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A B S T R A C T

Recently, there has been an increasing research interest in the emerging fields of piezophotonics, which is the
great interesting physics responsible for numbers of important technologies such as light source, smart sensor
and mechanoelectronics. Piezophotonic effect is the coupling between the piezoelectric polarization and the
photonic excitation in crystal that has a non-central symmetry. The strain-induced piezopotential can stimuli the
photon emission without additional energy excitation such as light and electricity, which also offers great new
opportunities of manipulating and fabrication of flexible optoelectronic devices. In this review, we will give a
detailed description of the piezophotonic effect including its theoretical fundamental and practical applications.
The piezophotonic light emission in doped ZnS CaZnOS, SrAl2O4 and LiNbO3 attract great interesting during the
past years, and researchers have executed many scientific inquiries into flexible/stretchable optoelectronic de-
vices. Until now, significant breakthroughs have been achieved on piezophotonic e-signature system, visible
wearable electronic devices and multi-physical coupling devices. Certainly, rapid innovations in this field will be
quite significant to the future of human life.

1. Introduction

With the development of the advanced material science and op-
toelectrical technology, numbers of electronic devices are becoming
increasingly functionalized, miniaturize and intellectual [1–6].
Searching for renewable and functional materials that possessing two or
more desirable properties in a single entity have attracted broad in-
terest. During the past decades, researchers from physics and material
science have been keeping continuous interest of exploring the prop-
erties of the materials for their integration and coupling effects [7].
Multifunctional functional materials such as porous silicon, magnetic
semiconductor, piezoelectric semiconductor, multiferroeletrics, topo-
logical insulator, and graphene superconductor have been widely stu-
died [8–14]. Among these functional materials, piezoelectric semi-
conductors have been drawn lots of attention for their great potential
optoelectronic applications [15–18].

Piezoelectricity is an effect that the production of electrical

potential in a substance as the pressure on it changes. The piezoelectric
effect results from the linear electromechanical interaction between the
mechanical and electrical states in crystalline materials with no inver-
sion symmetry [19–21]. Piezoelectric materials both in the form of big
single crystals/ceramics and nanostructures have uniquely electrical,
mechanical, thermal and optical properties, which result in great im-
portant applications in optoelectronic devices [7].

In the past decades, piezoelectric semiconductors, especially II-VI
and III-V compound with wurtzite structures, have been drawing in-
creasing attention because of their interesting coupling physics and
wide spread applications in photonics, electronics, sensors, and energy
harvester [22–25]. By utilizing the advantages offered by their multiple
functionalities of piezoelectricity, semiconductor and photon excita-
tion, an unprecedented new optoelectronic fields have been created by
taking advantages of the piezopotential on the transport behavior of
charge carriers [26,27]. Electronics fabricated by using inner crystal
piezopotential as a gate voltage to control the charge transport behavior

https://doi.org/10.1016/j.nanoen.2018.11.014
Received 30 September 2018; Received in revised form 5 November 2018; Accepted 6 November 2018

⁎ Corresponding author at: CAS Center for Excellence in Nanoscience, Beijing Key Laboratory of Micro-nano Energy and Sensor, Beijing Institute of Nanoenergy and
Nanosystems, Chinese Academy of Sciences, Beijing 100083, PR China.

E-mail address: cfpan@binn.cas.cn (C. Pan).
1 These authors contributed equally to this work.

Nano Energy 55 (2019) 389–400

Available online 08 November 2018
2211-2855/ © 2018 Elsevier Ltd. All rights reserved.

T

http://www.sciencedirect.com/science/journal/22112855
https://www.elsevier.com/locate/nanoen
https://doi.org/10.1016/j.nanoen.2018.11.014
https://doi.org/10.1016/j.nanoen.2018.11.014
mailto:cfpan@binn.cas.cn
https://doi.org/10.1016/j.nanoen.2018.11.014
http://crossmark.crossref.org/dialog/?doi=10.1016/j.nanoen.2018.11.014&domain=pdf


is named piezotronics, which have large ranges of applications in me-
chanical stimulated electronic devices, sensors and logic units [28–30].
Piezo-phototronics is a new field that is coined using three-way cou-
pling among piezoelectricity, photonic excitation and semiconductor
transport, which can turn/control electro-optical processes by strain-
induced piezopotential [31], and thus have been used in the applica-
tions of piezo-light emitting diode (LED), piezo-solar-cell, piezo-photon-
detector, piezo-photon-catalysis [32–36]. In 2007 and 2010, Wang first
introduced the fundamental principle of piezotronics and piezo-
phototronics, respectively as shown in Fig. 1 [22,37]. In 2008, Wang
summarized the fundamental principle piezophotonics as the two way
couplings of piezoelectricity and photoexcitation [38]. Among the large
numbers of piezoelectric materials, semiconductors e.g. ZnS and in-
sulators e.g. LiNbO3 have been reported to show magic light emission
under the mechanical force.

This review focuses on the introduction of the piezophotonic effect
for advanced flexible optoelectronic applications. The main contents
include the following aspects: i) Theoretical fundamental of piezotronic
effect and piezophotonic effect. The strain-induced piezopotential can
stimuli the photon emission, which is the core content of the piezo-
photonic effect. ii) The introduction of flexible/stretchable optoelec-
tronic devices based on the piezophotonic effect. Significant break-
throughs have been achieved on piezophotonic e-signature system,
visible wearable electronic devices and multi-physical coupling devices.
iii) Advances in piezophotonics materials and future trends. We in-
troduce several representative preparation process and materials, and
summarize novel trends for visual electronic skin.

2. Fundamentals of piezophotonics

2.1. Piezoelectricity and piezopotential

Piezoelectricity is an effect that the generation of the electric charge

is in response to applied pressure in certain solid materials, and thus has
been extensively used in many fields such as electromechanical sensors,
astronautics, communication, and so on [7]. Especially, certain semi-
conductor materials, such as ZnO, GaN, InN, and ZnS, not only have
excellent semiconductor properties, but also possess piezoelectric
properties due to their wurtzite-structure (non-centrally symmetric
crystal structure) [22]. For example, ZnO has a hexagonal wurtzite
structure, containing two interconnecting hexagonal closed packed
sublattices of Zn2+ and O2-, as shown in Fig. 2a [39]. Due to its non-
central symmetry, it exhibits anisotropic properties in the directions
along and perpendicular to the c-axis, which is also a key factor in
crystal growth, etching and defect generation. On the other hand, each
Zn2+ ion is tetrahedrally connected to O2- ion, demonstrating the co-
inciding center of positive charges and negative charges, leading to the
electric neutrality of the crystal under strain-free condition. Whereas,
the centers of cations and anions are slightly separated along the c-axis
under a stress applied on the top of the tetrahedron, resulting in the
induction of a dipole moment. Hence, a macroscopic piezoelectric po-
tential, piezopotential, is created along the straining direction in the
crystal with the accumulation of all the units. This inner piezopotential
makes it possible to tune or control the electronic transport properties
across an interface/junction.

2.2. Piezotronic effect

In 2006, Wang's group firstly demonstrated a piezoelectric field
effect transistor in which the piezoelectric potential induced by the
applied pressure worked as a gate voltage to drastically control the
transport properties of charge carriers. Then, a series of systematical
works and concepts were reported to explain piezotronic effect that the
piezopotential can tune/control the charge transport characteristic
across an interface/junction. Notably, the piezotronic effect on metal-
semiconductor (M-S) contact and p-n junction, as two most

Fig. 1. Scheme of piezophotonics and recently developed
devices for advanced flexible optoelectronic applications.
“Piezophotonic e-signature system” [45,46], (Reproduced
with permission. Copyright 2015, Wiley VCH; Copyright
2018, Springer Nature); “Wearable electronic devices”
[58,60,61], (Reproduced with permission. Copyright
2014, Royal Society of Chemistry; Copyright 2017, Wiley
VCH; Copyright 2017, Royal Society of Chemistry);
“Multi-physical coupling devices” [64,66,69], (Re-
produced with permission. Copyright 2016, Elsevier Ltd.;
Copyright 2017, Wiley VCH; Copyright 2012, Wiley VCH).
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fundamental structures in semiconductor devices, was deeply in-
vestigated for the theoretical and practical value [40,41].

The metal-semiconductor contact is a common constitution in var-
ious kinds of semiconductor electronic devices. A Schottky barrier is
induced at the M-S junction area by contacting a metal and a semi-
conductor if the electron affinity of the semiconductor is significantly
smaller than the work function of the metal, as shown in Fig. 2b [37].
For an n-type semiconductor, electrons need extra potential energy
(eϕi) to pass through the Schottky barrier (eϕSB). On the other hand,
piezoelectric polarization charges are created under applied strain if the
semiconductor also possesses piezoelectric property. Then, a negative
or positive piezopotential at the M-S interface can effectively enhance
or reduce the local Schottky barrier height to eϕ’. In other words, the
piezotronic effect on M-S contact is that the strain-induced piezo-
potential at the interfacial region can effectively modulate the local
contact properties, which can further tune/control the charge carrier
transport process of the device.

Similarly, the piezopotential can also significantly change the local
band structure on the p-n junction. Indeed, a charge depletion zone will
be created by contacting an n-type semiconductor with a p-type one to
balance the local potential at the interfacial p-n junction, as depicted in
Fig. 2c [31]. It's notable that such a carrier-free zone has a positive
effect on the piezoelectric effect due to the maximal retention of the
piezo-charges. Taking a p-n junction with piezoelectric n-type semi-
conductor as an example, the strain-induced negative piezo-charges at
the interface can make the local band structure upward bend slightly.
This bending band will be effective to trap more holes from the p-type
semiconductor, resulting in the enhancement of the electron-hole re-
combination rate. Conversely, the strain-induced positive piezo-charges
at the p-n junction create a dip in the local band structure, leading to
the accumulation of electrons from the n-type side, and thus modify
carrier transport characteristics. As discussed above, it's clear that the
strain-induced piezopotential can modify the local band structure near
the interfacial region so that to effectively tune/control the generation,
separation, recombination, and transport of charge carriers [42–44].

2.3. Piezophotonic effect

In 2008, Wang's group had designed and performed an experiment
to investigate the lifetime of the piezopotential created in ZnO NW. It
was found that the piezopotential had a positive influence on the strong
trapping electrons in vacancy or surface states. Subsequently, it was
pointed out that the strain-induced piezopotential might make these
trapped charges drop to the valence band, leading to photon emission,
which is also called piezophotonic effect [38]. Similarly, for a p-n
junction, the electrons on the piezoelectric n-type semiconductor may
drift to the p-type semiconductor for the electron-hole recombination
with the assistance of the strain-induced piezopotential, thus realizing
the photon emission, as shown in Fig. 2c [37]. However, little relevant
experimental data on the piezophotonic effect was obtained based on
the ZnO NW due to some rigorous restriction conditions. For example,
the induced piezopotential (> ϕi) should be large enough to drive the
electrons passing through the p-n junction. Then, charge carriers tra-
verse the depletion zone in a time shorter than the time for the electron-
hole recombination. Additionally, there should be enough carriers
available within the field of piezoelectric potential.

On the other hand, one property of photonic materials is the photon
emitting, which have been extensively investigated for century because
of their interesting physics and widespread applications. As the photon
emitting material, the types of light emission may be distinguished by
the light excitation approach. Most of our well known light emission
materials can be excited by photon and electricity, for instance, pho-
toluminescence (PL) is excited by photon energy, and electro-
luminescence (EL) is stimulated by electric field. Different to the sti-
mulation by photon and electric field, there is interesting photonic
materials of which light emission can be directly excited by mechanical
energy or namely mechanically-induced light emission materials. Since
2015, we are trying to systematically explore the piezophotonic effect
based on the mechanoluminescent ZnS:Mn particles [45].

To better understand this mechanoluminescene (ML) process in
ZnS:Mn, we introduced the piezophotonic effect, strain-induced photon
emission, to give a possible explanation with the energy band theory, as

Fig. 2. (a) Atomic structure ZnO. Numerical calculation of the piezoelectric potential distribution along a ZnO nanowire under axial strain [39]. (Reproduced with
permission. Copyright 2012, Wiley VCH). (b–c) Piezotronic effect on the M-S interface and the p-n junction [37]. (Reproduced with permission. Copyright 2010,
Elsevier Ltd.).
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showed in Fig. 3a. At first, a piezopotential is created in ZnS by applied
force owing to the non-centrosymmetric crystal structure of ZnS,
especially around Mn2+ sites where local piezoelectric field could be
higher. The generated piezopotential leads to the conduction band (CB)
and valence band (VB) of ZnS tilting, which makes trapped electrons
possible to excite to CB. Then, these detrapped electrons recombine
with holes by a non-radiation energy transfer. Meanwhile, the released
energy may be transferred to Mn2+ ions, leading to their excitation.
Finally, those excited Mn2+ ions will fall back to the ground state, 4T1
(4G)-6A1 (6S), with the orange emission. Hence, it's clear that the strain-
induced piezoelectric potential plays a crucial role in modifying the
local band structure, and thus turns/controls the photon emission.
Better yet, the ML intensity increases with the applied pressure, espe-
cially exhibiting a fine linear increasing trend in the range of
10–50MPa, as shown in Fig. 3b [46].

Certainly, it should be clear that how the crystal structure, S va-
cancies, and doping concentration influence on the luminescent in-
tensity to further verify the significant effect of piezopotential in this
ML process of ZnS:Mn. Through optimizing technological parameters,
different crystal structures of ZnS were obtained, and we found that
wurtzite-type ZnS:Mn with a higher piezoelectric coefficient possessed
distinctly stronger ML intensity than sphalerite ZnS:Mn, as displayed in
Fig. 3c. Moreover, we developed a simple and available method for the
oxygen-assisted preparation of ZnS:Mn, which could also effectively
control the doping amount and deeply analyze the effects of S va-
cancies. As shown in Fig. 3d-e, the presence of O2 has a positive in-
fluence on the formation of S vacancies, which cannot only generate
more Mn2+ ions luminescent centers, but also create shallow donor
levels, thus leading to the significant improvement of luminous effi-
ciency [45,46].

Additionally, this piezophotonic effect not just exists in those tran-
sition metal doped ZnS, but in many piezoelectric materials, such as
CaZnOS, SrAl2O4, and LiNbO3. As illustrated in Fig. 4a, we synthesized
an Er-doped piezoelectric semiconductor CaZnOS:Er3+ [47]. It was
found that these particles not only have excellent mechanoluminescent
properties with green light emission, but also possess outstanding

temperature-sensitive upconversion luminescence characteristics (2H11/

2, 4S3/2 → 4I15/2). Subsequently, we reported a lanthanide ions doped
CaZnOS:Sm3+, whose mechanoluminescent emissions are contributed
to 4G5/2 → 6H5/2,

4G5/2 → 6H7/2, 4G5/2 → 6H9/2 and 4G5/2 → 6H11/2 f-f
transitions of Sm3+, as shown in Fig. 4b [48]. Moreover, Huang et al.
systematically investigated the mechanisms of strain-induced emission
in the transition metal-doped CaZnOS based on density functional
theory [49]. Two primary luminous mechanisms are summarized: one
is due to the formation of a deep or shallow energy trap induced by
doped ions in the band gap, such as Cu-doping; another occurs by the
energy transitions of doping ions from excited state to the ground state,
such as Mn-doping.

To date, different kinds of mechanoluminescent materials have been
known for over 400 years, but a complete unified discipline of this area
has not yet formed [50–54]. Because, it still does not fully understand
the underlying mechanism for a precise explanation of the mechanical-
photonic energy conversion. But undoubtedly, piezopotential plays an
important role to stimuli the light emission of certain materials. Espe-
cially for the nanogenerator and piezotronic materials with mechani-
cally induced photon emission effect, they usually have a strong elec-
tron-lattice coupling effect. The external mechanical stimulus can be
converted into the external electric field applied on these materials,
which is a prerequisite for a self-recoverable material. Huang et al.
summarized five dominant stages for the mechanically induced photon
emission effect (Fig. 4c) [24]. The materials will firstly convert the
external mechano-stimuli into equivalent electric-field as M-load mode
noted. Then, the external E-field induced electrical potential will be
proportionally and directly converted into the energy-input. The gain in
energy can further counteract the host for spatial-charge-separation of
defects (Charging mode), which has been also confirmed from the
electronic structures. This energy response and conversion can be ac-
complished within a short time or nearly simultaneous. When all re-
sponsible native defect complex is fulfilled the separation and charging,
the systematic energy has been leveled up at the relative high energy.
They will spontaneously experience a simultaneous process of ag-
glomeration and de-charging. There are substantial amounts of energy

Fig. 3. (a) Schematic illustration of band diagram of Mn-doped ZnS and the piezophotonic effect initiated the ML process due to the strain-induced piezo-potential
facilitate the detrapping of electrons [45]. (b–e) ML spectra under different applied forces [45,46]. (Reproduced with permission. Copyright 2015, Wiley VCH;
Copyright 2018, Springer Nature).
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released via the local lattice relaxation and support the electronic
transitions between different levels along the paths of zero-phonon line.
The corresponding energy will be released in forms of photon emissions
(Release mode). Additionally, take the LiNbO3 as an example, the
system energy gains with external electric field applied. The magnitude
of energy gains sufficiently covers and supports the neutrally paired
intrinsic defect complex to experience the process of separation and de-
charging (i.e. from A+B- to A°B°). This can be explained by the concept
of charge alternation pair linked with the negative effective correlation
energy (negative-Ueff). The charge alternation pairs (CAP) among the
intrinsic point defects of host lattice are bounded excitons and can be
stabilized by Coulomb potentials regardless the crossover distance. The
inter-level hopping of electrons and holes between these CAP defects
can be covered by the negative effective correlation energy (negative-
Ueff) in order to overcome the barriers with equivalent life-time. The
inter-level transitions of these charge carriers are actually along the
zero-phonon-line of the electronic structures. Therefore, the intrinsic
defects complex formed in CAP play a significant role in the electronic
transitions for assisting the energy transfer through the corresponding
correlated pairs. During the past decade, MILE in piezoelectric mate-
rials has renewed great interest due to their application in smart sensors
and energy saving illuminators. Better understanding the energy con-
version mechanism for piezophotonic effect will help us establishing
guidelines and a roadmap for developing and materializing the novel
electro-optical technologies.

3. Device for advanced flexible optoelectronic applications based
on piezophotonics

The piezophotonic effect is to use the piezopotential to trigger the
carrier transport, recombination, and energy transfer for exciting the
emission centers to emit photons under the dynamic mechanical sti-
mulations. During the past decade, we are witnessing a rapid

development of the research area of piezophotonics, and there are more
and more state-of-the-art applications such as smart sensors and energy-
saving illuminator and mechanical–optical–electric energy- inter-
changeable devices.

Different from the devices based on traditional electronics, the
photon emission of the piezophotonic effect is directly triggered by
mechanical force, such as bending, stretching, pinching, gliding and
impact, without extra applying power. In the early days, when the
phenomena being discovered, the stress luminescence was observed by
scraping, rubbing or bumping. While the process of exerting stress is a
reciprocating movement if consider a reversible application, the load of
the luminescent body needs to be elastic and flexible. The mostly ef-
fective way to incorporate the particles and powders into a flexible or
stretchable substrate. Organic elastomers with high transparency and
high elasticity and scalability have been frequently used for piezo-
photonic devices, for instance, epoxy resin, polyethylene terephthalate
(PET) and polydimethylsiloxane (PDMS) have been being used to in-
corporated piezophotonic unite the in the flexible devices [55,56].

3.1. Piezophotonic E-signature system

Recently, dramatically growing attention has been paid to digita-
lized feature recognition in human-machine interacting for information
process security. E-signature is a type of intelligent data which contains
signer's identity information in electronic form. It can provide users
with authentication and body record easily and conveniently through
the network. It also breaks through the limitation of time and space,
and is commonly used in the fields of communication, electronic
commerce, electronic government affairs and information security. At
present, reliable electronic signatures protected by law have been
widely used in daily life, such as handwritten signatures, private codes,
personal codes, fingerprints, sounds, retinal structures and so on.
Among them, handwritten digital signature is popular because of its

Fig. 4. (a) ML processes in the Er3+ doped CaZnOS [47]. (Reproduced with permission. Copyright 2015, American Chemical Society). (b) Mechanical-induced
emission in the Sm3+ doped CaZnOS [48]. (Reproduced with permission. Copyright 2017, Elsevier Ltd.). (c) Schematic diagram of the native defects and energy
conversion process [24]. (Reproduced with permission. Copyright 2018, Elsevier Ltd.).
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convenience, which plays an irreplaceable role in the unique fields of
digitalization, informatization and networking. However, as the threat
of personal information security is becoming more and more serious,
there is a huge challenge to the existing graphics and pattern processing
technology which only records the handwriting of users. Therefore,
searching for new human recognition feature information and exploring
other details in the signature process are the most urgent problems in
the field of information security.

Pressure sensor is the core component of handwritten e-signature
device. Current technology can only record the user's handwritten
graphics, while other information such as local pressure and writing
speed in the signature process cannot be further recognized.
Additionally, like fingerprints, sounds, retinas, etc. with personal
characteristics, writing pressure and speed cannot be easily imitated by
others, and thus used for authentication to effectively prevent forgery
and fraud. Therefore, these new sensors with personalized information
will have a wide range of potential applications in artificial intelligence,
electronic skin and other fields. At present, many research groups have
developed high-performance novel pressure sensor arrays based on the
change in capacitance, resistance and piezoelectricity. Nevertheless,
these works are based on static force imaging, and the device requires a
certain amount of energy consumption due to the electrical signal
transmission. Hence, we developed a piezophotonic e-signature system
which cannot only accurately image two-dimensional pressure dis-
tribution of dynamic stress in parallel, but also can directly convert the
stress to an optical signal without applying extra power [45].

In this system, a charge-coupled device (CCD), as the image acqui-
sition unit, is employed to obtain the information of the strain-induced
photon emission; and a self-compiled soft program, as the signal pro-
cessing unit, is used to carry out image processing for the real-time
visible stress distribution, as illustrated in Fig. 5a. The device was
constituted by packaging mechanoluminescent materials into two thin
plastic protective films to form a sandwich structure (Fig. 5b). It's noted
that those transparent polymeric films are benefit for the light trans-
mission, and thus light can be observed on both sides of the device
under applying pressure. Actually, both static pressure distribution and
dynamic stress trajectory can be monitored and recorded by this
system. By extracting the gray scale of the image, a two-dimensional
distribution of light intensity is then acquired, which is related to the
applied pressure, as shown in Fig. 4c. Indeed, this system is suitable for
many kinds of mechanoluminescent materials with different light
colors, such as ZnS:Cu [57], CaZnOS:Er3+ [47], CaZnOS:Sm3+ [48], as
exhibited in Fig. 5d–f. A demonstration of signature distinguishing via
our system is presented in Fig. 5g, in which four processed signatures
showing “piezo” signed by four people are listed together with their
light intensity distribution map. It's obvious that the morphology and
writing pressure of each signee are different. For instance, from the
intensity distribution map, we can infer that the one who signed the
signature (i) is used to write with a stronger force compared with the
one signed signature (ii), and both of them intend to write steadily. In
contrast, the third and fourth signees (iii & iv) are likely to write with a
stronger force in some special stroke e.g. a sharp turn. In a word, the

Fig. 5. (a–b) Schematic illustration of the device and the image acquisition and processing system [45]. (Reproduced with permission. Copyright 2015, Wiley VCH).
(c–f) Pressure mapping based on ZnS:Mn, ZnS:Cu, CaZnOS:Sr3+, CaZnOS:Er3+, respectively [46–48,57]. (Reproduced with permission. Copyright 2018, Springer
Nature; Copyright 2016, Wiley VCH; Copyright 2015, American Chemical Society; Copyright 2017, Elsevier Ltd.). (g) Demonstrations of recording the signing habits
of four signees by PSM devices under different signature pressure [45]. (Reproduced with permission. Copyright 2015, Wiley VCH).

X. Wang et al. Nano Energy 55 (2019) 389–400

394



optical signals are pivotal for next-generation information technology
instead of electrical signals, and more, unique and reliable personalized
information can be obtained by using the piezophotonic e-signature
system, such as the handwriting graphics, the applied local pressure/
force and the signing speed. This landmark breakthrough in demon-
stration of newly designed static/dynamic pressure sensor matrix may
enable unprecedented applications in pressure mapping, smart sensor
networks, signature collections for high-level security systems, human/
machine interface and artificial skins.

3.2. Stretchable fibers and wearable electronic devices

Recently, stretchable electronics have been paid more and more
attention for the application in semiconductor devices, artificial in-
telligence, human-machine interaction. Recently, many research groups
mixed the ML materials with elastic matrix to form stretchable fibers
that could generate photon emission under elastic deformation. Jeong
et al. first demonstrated a wind-driven ML device based on the
stretchable fibers consisting of zinc supplied particles and PDMS, which
possessed bright white ML and deep blue ML by using a gas flow
system, as shown in Fig. 6a [58]. On the other hand, it's necessary to
develop novel synthetic techniques for the exploration of new practical
applications based on these stretchable fibers. For instance, printings

are great technologies for optic-electronic devices. As shown in Fig. 6b
[59], Dinesh K. Patel et al. demonstrated a novel mechanoluminescent
ink composing of ZnS particles, PDMS and a platinum curing retarder.
Various kinds of complex 3 three-dimensional structures were designed
by using a one-step 3D printing technology.

In particular, these light-emitting stretchable fibers have great po-
tential applications for wearable electronic devices, with high-visibility
property. Jeong et al. exhibited high-strength mechanoluminescent fi-
bers consisting of PDMS and ZnS, which would generate photo emission
under mechanical stimulation, such as stretching, twisting, as illu-
strated in Fig. 6c [60]. The structure of the fiber frame was investigated
to enhance the adhesive force between the inorganic particles and
elastic matrix. A demo of ML textile was then fabricated with high-
visibility outfits. Additionally, Zhang et al. reported a highly stretchable
ML fiber with different kinds of metal-doped zinc particles to turn the
color of light emission, as shown in Fig. 6d [61]. The device also pos-
sessed excellent optical properties and stability after 10,000 cycles
stretching and releasing.

3.3. Multi-physical coupling devices

Recently, multifunctional electronics are becoming more and more
popular for their multiple-sensor integration. For ML materials, most of

Fig. 6. (a) Photograph of a partially sliced ML composite enclosed by a ring holder which will come about different color under different gas flow [58]. (Reproduced
with permission. Copyright 2014, Royal Society of Chemistry). (b) 3D printed ML candy, and a ring with a plus at the center, a hollow square, a ring, and a hollow
hexagon [59]. (Reproduced with permission. Copyright 2018, Royal Society of Chemistry). (c) Photograph of hand-loomed prototype of ML fabric [60]. (Reproduced
with permission. Copyright 2017, Wiley VCH). (d) Photographs of the mechanoluminescent fabrics based on mechanoluminescent fibers, ribbons and dots [61].
(Reproduced with permission. Copyright 2017, Royal Society of Chemistry).
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them also possess outstanding photoluminescence and electro-
luminescence properties. Jeong et al. demonstrated color-tunable
composite film by changing the proportion of two different ML mate-
rials (ZnS:Cu,Mn and ZnS:Cu), as shown in Fig. 7a [62,63]. By adding
electrodes on each side of the film, a bright electroluminescence phe-
nomenon has been observed under an alternating current (AC). It was
found that the frequency of AC and powder composition have great
influence on the emission intensity and light colors. Additionally, by
using patterning electrodes, different colors of light imaging could be
acquired under applying an AC electric field and stress, as illustrated in
Fig. 7b [64].

Furthermore, self-powered devices based on triboelectric nanogen-
erator (TENG) or the ML process are concerned in recent years, which
can directly convert mechanical external force into an electrical signal
without any power supplying. Since 2012, Wang group demonstrated
many different kinds of TENGs, including vertical contact-separation
mode, in-plane sliding mode, single-electrode mode and free-standing
triboelectric-layer mode, which are all based on the coupling effect
between contact electrification and electrostatic induction. In recent
years, researchers have found that the sensor based on TENG has good
pressure sensitivity, and thus a series of works have been reported on
the high-resolution triboelectric sensor matrix for the real-time tactile
mapping. Subsequently, we exhibited a stretchable triboelectric sensor
with electric/light dual-mode based on the ZnS:Cu powder, as shown in
Fig. 7c [65]. The device could convert the input mechanical stimuli to
either electric or light output. Moreover, pressure sensitivity, mea-
surement limit and pressure measurement range of the device are the
key factors that determine the practical application of the device.
Therefore, novel material systems or sensing mechanisms need to be
further explored in order to obtain devices with adjustable pressure

measurement range or full dynamic-range pressure sensor. Fortunately,
the device integrated the two different sensing mechanisms discussed
above could realize the full dynamic-range pressure detection and
imaging [66]: the TENG part covers the low-pressure regimes and the
ML part takes over in the high-pressure regimes, as shown in Fig. 7d.

Moreover, the coupling effect between the strain-induced piezo-
potential and the magnetic-induced luminescence (MIL) has been gra-
dually in the spotlight [67,68]. In 2012, Hao's group exhibited a com-
posite film with electric field-controllable luminescence, as shown in
Fig. 8a [69]. A ZnS:Mn film was grown on the piezoelectric Pb(Mg1/
3Nb2/3)O3-xPbTiO3 (PMN-PT) substrate. It was found that the lumi-
nescence and ultrasound signal of the integrated film can be turned
under an AC electric field owing to the converse piezoelectric effect in
PMN-PT. Subsequently, they systematically investigated the MIL phe-
nomenon by using a composite laminate system consisted of the metal-
ion-doped ZnS as phosphor materials and a magnetic actuator, as illu-
strated in Fig. 8b [70]. Notably, the photo emission of the device can be
tuned in reversible and dynamical manners even under a low magnetic
field. Additionally, as shown in Fig. 8c, the magnetic excitation fre-
quency has a major impact on the emission color of phosphor materials
[71]. For the implementation of chip integration, a patterned single-
crystal PMN-PT thin film was employed, and pixelated arrays with
outstanding color tenability was then explored, as shown in Fig. 8c
[72].

4. Advances in piezophotonics materials and future trends

4.1. Novel preparation process and materials

Recent studies demonstrated milestone works in this field that

Fig. 7. (a) Photographs of the photoluminescent and mechanoluminescent patterned composite film with three different colors: yellow, orange, and green [62].
(Reproduced with permission. Copyright 2013, Wiley VCH). (b) Photographs of the patterned EL, EL/ML and ML images under various electro-mechanical stress
conditions [64]. (Reproduced with permission. Copyright 2016, Elsevier Ltd.) (c) Working principle of the stretchable nanogenerator with optical/electrical dual-
mode [65]. (Reproduced with permission. Copyright 2016, Wiley VCH). (d) Illustration of the pressure mapping process by using full dynamic-range pressure sensor
arrays [66]. (Reproduced with permission. Copyright 2017, Wiley VCH).
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piezo-oxides, oxy-sulfides, sulfides and niobate could be easily applied
as high-performance mechanically induced photon emission materials
through nano-engineering, either transition metal or rare earth ion
doping, and achieved flexible color manipulations [73,74]. The re-
presentatives are shown in the Table 1. Reviewing the literatures, it can
be found that the most frequently used piezophotonic semiconductor is
transition metal doped ZnS which have two normal phases, blende and
wurtzite structures ZnS, composing of Zn and S element. ZnS powders
are the well-known phosphor. Recently, we reported an oxygen-assisted
method for the preparation of wurtzite structured ZnS:Mn via high
temperature solid-state reactions at normal pressure [46]. It's more
biocompatible and environment friendly. It was found that the presence
of O2 could promote the introduction of sulfur vacancies, and thus in-
crease the concentration of luminescence centers, resulting in the en-
hancement of the luminous intensity. Additionally, Gan and workers
demonstrated a controlled hydrogenation method to fundamentally
improve the ML performance of ZnS:Cu materials by introducing sulfur
vacancies, the representative results for the mechanism and enhanced
spectra, as showing in Fig. 9b [75].

As a new discovered piezoelectric semiconductor, CaZnOS shows
intensively visible light emission under various mechanical energy sti-
muli by doping with transitional metals, such as Mn and Cu. As shown

in Fig. 9c–d [76,77], the latter also shows mechanical quenching
properties. Beside visible emission, some lanthanide ions such Er and
Nd doping materials show near infrared ML emission (Fig. 9e) [78].
Insulators are also found to show sensitive ML properties by using the
piezoelectric effects. Tu and Xu reported a promising red-emitting
piezoluminescence dietetic material that is achieved by doping rare
earth Pr3+ into the well-known piezoelectric matrix, LiNbO3.
LixNbO3:Pr3+ exhibits unusually high piezoluminescence intensity as
shown in Fig. 9f [79]. Interestingly, LixNbO3:Pr3+ shows excellent
strain sensitivity at the lowest strain level, with no threshold for stress
sensing. These multipiezo properties of sensitive piezoluminescence in
a piezoelectric matrix possess good performance, which are ideal for
microstress sensing, damage diagnosis, electro-mechano-optical energy
conversion, and multifunctional control in optoelectronics. Interest-
ingly, Zhang reported a series of niobate that shows red emission, as
shown in Fig. 9g [80], while previous work reported that dopants or
non-doped niobate has green or blue color emission which might be due
to the impurities. Additionally, piezophotonic materials are not only
restricted in inorganic materials, they are also discovered in many or-
ganic complex.

4.2. Visual electronic skin

Electronic skin is a device that simulates human skin and senses
complex surroundings through electronic technology. Like wearable
devices, it has a variety of intelligent terminals. At present, there are
many breakthroughs in the human simulation system. For example, the
use of high-resolution cameras and high-fidelity sound system can re-
place human vision and voice. However, there are still many challenges
to tactile sensors with high sensitivity and rapid response. In fact, as
early as the 1970s, researchers began to focus on the application

Fig. 8. (a) The procedure used for measuring the luminescent and ultrasonic characteristics of ZnS:Mn film grown on PMN–PT substrate under an AC electric-field
[69]. (Reproduced with permission. Copyright 2012, Wiley VCH). (b) Implementation of MIL effect based on strain-mediated magnetoluminescent coupling in two
phases of magnetic elastomer and mechanoluminescence phosphor [70]. (Reproduced with permission. Copyright 2015 Wiley VCH). (c) Integrated emission intensity
as a function of the modulation frequency of the magnetic field at fixed strength [71]. (Reproduced with permission. Copyright 2017 Wiley VCH). (d) Demonstration
of four representative addressable light emission states is shown on the bottom photographs [72]. (Reproduced with permission. Copyright 2017 Wiley VCH).

Table 1
Typical piezophotonic materials.

Piezophotonic host Dopant Color Ref.

ZnS Cu/Mn Green/red [45,46,62]
CaZnOS Cu/Mn/

Sm,Er,Nd
Blue/green/red/near
infrared

[47,76]

LiNbO3/NaNbO3 Pr Red [79]
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prospects of tactile sensing, and showed some inspiring touch sensors,
such as artificial limbs with feedback systems and personal computer
touchscreens. In the 1990s, flexible devices and stretchable devices are
gradually becoming the hotspot. In just a few decades, high-perfor-
mance pressure sensors based on different physical mechanisms have
been reported. For example, transistor-based large-scale flexible sensor

arrays not only have excellent mechanical and electrical properties, but
also greatly reduce cross-talk between pixels in order to map pressure
distributions more accurately.

Recently, visual electronic skin has brought a new hot research
topic. Compared with electrical signals, optical signals are convenient
for parallel fetch thus are increasingly focused on and considered to be

Fig. 9. (a) Preparation of mechanoluminescent ZnS:Mn with oxygen assistance [46]. (Reproduced with permission. Copyright 2018, Springer Nature). (b) Conceptual
description for synthesizing defect-modified non-stoichiometric particles using the hydrogenation technique [75]. (Reproduced with permission. Copyright 2017
Royal Society of Chemistry). (c) Color manipulation of PL and ML from CaZnOS:Mn by different Mn2+ concentration effect [77]. (Reproduced with permission.
Copyright 2015 American Chemical Society). (d) ML properties of CaZnOS:Cu under different load pressure [76]. (Reproduced with permission. Copyright 2015
Springer Nature). (e) Emission spectra of CaZnOS:Nd3+ passing through the tissues with different thicknesses [78]. (Reproduced with permission. Copyright 2018
American Chemical Society). (f) Comparison of ML intensities for LixNbO3:Pr3+ with different x values [79]. (Reproduced with permission. Copyright 2017 Wiley
VCH). (g) Schematic illustration of the design strategy to create recoverable ML in piezoelectrics and recoverable ML in Pr3+ activated calcium niobate systems [80].
(Reproduced with permission. Copyright 2016 American Chemical Society).

Fig. 10. (a) Schematical device design for imaging pressure distribution using the piezophototronic effect. Optical image of the device with a convex mould on top is
shown on the right [82]. (Reproduced with permission. Copyright 2013 Springer Nature). (b) Large-scale transistor matrix for pressure visualization based on organic
light emitting diodes [87]. (Reproduced with permission. Copyright 2013 Springer Nature). (c) Self-powered triboelectric tactile sensor matrix for rapid tactile
mapping [88]. (Reproduced with permission. Copyright 2016, Wiley-VCH).
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pivotal for next-generation information technology [81]. In our pre-
vious work, we have succeeded in fabricating an optical-based pressure
sensor arrays based on the piezo-phototronic effect, as shown in
Fig. 10a [82–86]. The device can image two-dimensional strain dis-
tribution in parallel, which is to use the inner-crystal piezopotential to
tune the carrier separation, transport or recombination in optoelec-
tronic processes. Additionally, Ali Javey's reported a user-interactive
transistor matrix for pressure visualization based on organic light
emitting diodes, as shown in Fig. 10b [87]. The luminescent intensity
will enhance with the increasing pressure on the device, resulting in the
visualization of pressure. Moreover, we also reported certain works on
self-power large-scale, pressure-sensitive triboelectric sensor matrix for
pressure imaging, as shown in Fig. 10c [88,89].

In order to meet the needs of emerging areas including health
monitoring, prosthetic limb technology and clinical medicine, it's ur-
gent to obtain different types of artificial electronic skin with intelligent
feedback system. Shepherd et al. reported an EL material consisting of
transparent hydrogel electrodes and ZnS phosphor for stretchable dis-
plays, as shown in Fig. 11a [90]. By integrating the stretchable device
with a soft robot, it can realize dynamic color tuning and sensory
feedback under external and internal stimuli. In addition, Peng et al.
demonstrated flexible and stretchable EL fibers, which can be used in
dynamically textile displays of soft robotics, adjusting the color of
textiles according to environmental changes, as exhibited in Fig. 11b
[91]. Recently, Qian et al. systematically explored the effect of the
elastic modulus on the ML properties of a flexible device. As shown in
Fig. 11c [92], it was found that the luminescent intensity will change as
long as there are tiny changes in expression.

5. Conclusions

The research of piezophotonics and related area has been appre-
ciated only in recent years when flexible optoelectronic became in-
creasingly important. Materials with piezophotonic effect have me-
chanically induced light emission properties that can be stimulated by
using a rather wide range of mechanical energy, including stretch,
bending, friction, ultrasonic and wind, leading to highly flexible and

operable properties. The ultimate aim of the piezophotonics is in the
routine area of lighting, display and self-chargeable sensor and so on. In
comparison with conventional bulk piezophotonic materials, small size
of the particle would be resulted in some cutting-edge technologies such
as high resolution stress imaging. Moreover, the deep fundamental
mechanism from the energy band theory might be helpful for the me-
chanical-electrical-photonic energy conversion. All of those need sci-
entific group from diverse areas.

In this review, we highly summarize the major advances in piezo-
photonic effect from the theoretical fundamental and practical appli-
cations. The strain-induced piezopotential can induce the photon
emission without applying an external power. Generally, it's a common
phenomenon on those piezoelectric mechanoluminescent materials,
such as transition metal doped ZnS, CaZnOS, SrAl2O4, and LiNbO3.
Flexible/stretchable optoelectronic devices based on these mechan-
oluminescent materials were then widely investigated. More reliable
personalized information can be achieved by using the piezophotonic e-
signature system including the handwriting graphics and pressure dis-
tribution, which has great potential applications in high-level security
systems. Different kinds of visible wearable electronic devices and
multi-physical coupling devices are also developed to open up new
using field for smart sensor networks, human/machine interface and
artificial skins.
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