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a b s t r a c t

Piezoelectric semiconductor with optical, electrical and mechanical multifunctions has great potential
applications in future optoelectronic devices. The rich properties and applications mainly encompass the
intrinsic structures and their coupling effects. Here, we report that lanthanide ions doped piezoelectric
semiconductor CaZnOS:Sm3þ showing strong red emission induced by dynamic mechanical stress.
Under moderate mechanical load, the doped piezoelectric semiconductor exhibits strong visible red
emission to the naked eyes even under the day light. A flexible dynamic pressure sensor device is fab-
ricated based on the prepared CaZnOS:Sm3þ powders. The mechanical-induced emission properties of
the device are investigated by the optical fiber spectrometer. The linear characteristic emissions are
attributed to the 4G5/2-

6H5/2 (566 nm), 4G5/2-
6H7/2 (580–632 nm), 4G5/2-

6H9/2 (653–673 nm) and
4G5/2-

6H11/2 (712–735 nm) f–f transitions of Sm3þ ions. The integral emission intensity is proportional
to the value of applied pressure. By using the linear relationship between integrated emission intensity
and the dynamic pressure, the real-time pressure distribution is visualized and recorded. Our results
highlight that the incorporation of lanthanide luminescent ions into piezoelectric semiconductors as
smart materials could be applied into the flexible mechanical-optical sensor device without additional
auxiliary power, which has great potential for promising applications such as mapping of personalized
handwriting, smart display, and human machine interface.

& 2016 Elsevier B.V. All rights reserved.
1. Introduction

Piezoelectric semiconductors, i.e., ZnO, GaN, CdS, and ZnS etc.
have been widely studied during the past decade because of their
rich physics and widespread applications in photonics, electronics,
sensors, and energy harvest [1–3]. By using the two-way coupling
effect between their instinct, piezoelectricity and photoexcitation
properties, the mechanical stimulation can induce piezoelectric
potential which has the capability to improve the optoelectronic
performance of the materials and devices. For instance, ZnO and
GaN show a remarkably mechanical-induced enhancement of
electroluminescence which has enable them to be used in the
pressure-sensor for static pressure mapping [4–6]. On the other
hand, mechanical induced light emission in piezoelectric materials
fpan@binn.cas.cn (C. Pan).

hapingba District, Chongqing
has aroused great interest for their great importance in smart and
energy-saving mechanical–optical–electric devices [7–15]. Re-
cently, the doped piezoelectric semiconductors ZnS:Mn2þ ,
ZnS:Cu2þ , ZnS:Al3þ/Cu2þ , ZnS:Mn2þ/Cu2þ , ZnS:Al3þ/Mn2þ/
Cu2þ , and CaZnOS:Mn2þ/Cuþ showing strong light emission di-
rectly activated by mechanical stimuli without additional auxiliary
power, have been demonstrated their state-of-the-art applications
in wide areas such as, light sources, displays and dynamic pressure
sensor for mapping personalized handwriting [11,12,16,17]. De-
spite these attractions, the stress activated luminescence dis-
covered in the piezoelectric semiconductors is generally restricted
to transitional metal activators such as Mn2þ and Cu2þ ions.
Lanthanide ions represent another large family of luminescent
activators characterized by large stokes shift and sharp emission
bandwidth and show abundant of luminescent transitions [18].
Recently, mechanically-induced emissions (MIE) have been ob-
served from lanthanide ions, e.g. praseodymium ions doped
(Ca,Ba)TiO3 and samarium ions doped Srnþ1SnnO3nþ1 perovskite
systems [9,14]. However these materials belong to insulating di-
electrics rather then piezoelectric semiconductors and could not
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meet the integrated applications of the future piezoelectric semi-
conductor devices.

CaZnOS is an attractive piezoelectric semiconductor material
with a direct band gap of �3.7 eV comparable to that of the piezo-
semiconductive ZnS (3.67 eV), and high piezoelectric constant, d33
¼38 pm V�1, which is four times larger than that of ZnS
(8 pm V�1) [19,20]. What's more, the advantages of this material
also include the mechanical and chemical stabilities, cost effective
elements and easy substitution of various metal ions for Ca2þ and
Zn2þ for achieving luminescence [13,21,22]. As the good host
material, CaZnOS piezoelectric semiconductor is expected to show
mechanical-induced emission by incorporating of lanthanide ions.
In this work, we reported the strong visible emission of
Sm3þ-doped CaZnOS piezoelectric semiconductor under me-
chanical stress. A flexible dynamic pressure sensor device is fab-
ricated based on the doped powder samples. The correlation be-
tween emission intensity and dynamic pressure applied under the
device is studied, showing linear intensity response to the applied
dynamic pressure.
Fig. 1. Characterization of the CaZnOS:Sm3þ powders. (a) XRD pattern of the
CaZnOS:Sm3þsample. (b) The SEM images of CaZnOS:Sm3þ . (c) EDS spectrum of
the CaZnOS:Sm3þ particles. (Illustration) a magnified SEM picture of the
2. Experimental

Doped CaZnOS powder samples are prepared by solid-state
reaction at high temperature. The starting materials are analytical
grade CaCO3 (99.99%, Aladdin), ZnS (99.99%, Aladdin), and Sm2O3

(99.99%). The powder mixtures are fired in molybdenum crucibles
at 1100 °C for 4 h in a horizontal tube furnace under a flowing Ar
atmosphere. The crystalline phase of the powders is examined by
X-ray diffraction (XRD) θ–2θ scan with Cu-Kα radiation using
philips X'PertPW-3040 diffractometer. The morphology and the
elemental components of the phosphors are studied by field-
emission scanning electron microscopy (FESEM) (FEI QUAANTA
FEG 450) equipped with energy dispersive X-Ray spectroscopy
(EDX) (EDAX TEAM EDS). For MIE properties measurement, the
CaZnOS:Sm3þ particles are collected by further grinding and
screening. The synthesized MIE phosphors are ultrasonically dis-
persed in methyl methacrylate (PMMA) (at the weight ratio of
1:1), followed by a rapid transfer onto a 5�5 cm2 sized poly
ethylene terephthalate with a thermoplastic ethylene-vinyl acetate
copolymer (PET-EVA) thin film and its edges are enclosed by using
a rectangular frame mold. After the solidification of PMMA, a flat
lamina of CaZnOS:Sm3þ phosphors with great uniformity are de-
posited on the film. Finally, the film is covered by another piece of
PET-EVA thin film face-to-face and sent into a thermal laminator
for heat sealing. The photoluminescense measurement of the
samples is recorded by a fluorescence spectrometer (EI/FL S980-
S2S2-STM) with a Xe lamp at room temperature. Otherwise,
home-made measuring equipment is built to measure MIE prop-
erties for the pressure sensor devices. A ballpoint is fixed on a
linear motor to apply periodic stress on the device by moving the
pen. The dynamic spectra are collected from the force-bearing
point of the devices via a spectrometer (Ocean Optics QE65pro) in
the range of 200–900 nm. The output optical powers are measured
by a power meter (Thorlabs PM100D) equipped with the probe
(Thorlabs S120VC). In the meantime, the vertical contact force is
measured by a stress sensor (ATI Nano17).
CaZnOS:Sm3þ pellet samples.
3. Results and analysis

The compositions and morphology of the CaZnOS:Sm3þcom-
pounds are investigated. Fig. 1(a) shows the XRD pattern of the
CaZnOS:Sm3þ doped sample and the CaZnOS standard pattern
(PDF 01-072-3547) for comparison. The XRD results reveal that the
synthesized CaZnOS:Sm3þ is composed of main CaZnOS phase
combined with a small amount of CaO impurity, which is con-
sistent with the previous report [13]. The ionic radii of Sm3þ

(r¼0.958 Å, CN¼6) is similar to that of Ca2þ (r¼1.00 Å, CN¼6),
but much larger than that of Zn2þ (r¼0.6 Å, CN¼4). Due to a
compatable ionic radii, Sm3þ ions are doped into the host to
substitute Ca site. The morphology of the doped CaZnOS powders



Fig. 2. (a) Schematic configuration of the flexible stress sensor device. (b) A pho-
tograph of the pressure sensor devices is demonstrated.

Fig. 3. Comparisons of photoluminescence (407 nm excitation) and mechanical-
induced emission of CaZnOS:Sm3þ .
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is examined by SEM (Fig. 2(b)). It can be clearly seen that the
CaZnOS:Sm3þ phosphor powders are made up of spherical-like
particles with size about 5 μm. Fig. 1(c) shows the energy dis-
persive spectrum (EDS), two small peaks of Sm are presented in
the EDS data for the CaZnOS:Sm3þ sample. A little peak of C is
observed due to the karbogel used during sample measurement.

For the investigation of the MIE properties of the doped piezo-
semiconductive powders, we prepare a flexible stress sensor de-
vice. Fig. 2(a) and (b) shows the schematic configuration and the
real photograph of the flexible device respectively. As shown the
pressure sensor devices with a sandwich-like structures are sim-
plify constructed by the mix of CaZnOS:Sm3þ powders and PMMA
in the middle layer, packaged by the PET-EVA film at top and
bottom. It should be noted that the PMMA acts as the encapsulant
that disperse and fix the CaZnOS:Sm3þ to form flexible composite
particles. At the same time, the transparent PET-EVA as the pro-
tective films after heat sealing. All above, a flexible pressure sensor
device is made for the further measurement.

Fig. 3 shows the mechanical-induced emission spectra of
CaZnOS:Sm3þ under a writing force of 19 N. To investigate the
origination of the stress-induced emission, the photoluminescence
spectrum under 407 nm excitation is list as a comparison. As show
in the figure MIE spectrum of CaZnOS:Sm3þ sample exhibits red
emission which composed of peaks at about 566 nm, 580–623 nm,
653–673 nm and 712–735 nm, corresponding to the 4G5/2-

6HJ

(J¼5/2,7/2, 9/2,and 11/2) transitions of Sm3þ , respectively. Com-
parably, the MIE spectrum matches well with the PL spectrum,
indicating that the MIE emission originates from the same lumi-
nescence center as PL.

The MIE features of these devices are researched by applying
different pressures. A full MIE spectrum derived from a device
under a series of loaded forces is shown in Fig. 4(a). The integral
emission intensity which responds to each wavelength shows a
unidirectional increase with increasing of the applied force. Once a
moderate mechanical stress is applied on the film devices, for
instance, slight scraping by a piece of thin glass slide, a bright and
vivid red light emission is clearly observed by the naked eye even
in the daylight. To evaluate the absolutely MIE intensity, the out-
put optical powers are measured to be circa serial tens nano-watt
by a power meter in our experimental condition under different
pressures. In addition, the integral intensity versus external pres-
sures is plotted in Fig. 4b, and the slope of the curve is defined as
the sensitivity of the device, and has a good linearly increasing
trend in the range of 13–65 MPa. As presented in the Fig. 4(c), we
write “a b c” on a device and record this visible dynamic pressure
process by an ordinary camera of a smart phone using specious
software with a delay imaging capability. The MIE response time of
the device is measured, the value is 10.01 ms. Given the time re-
solution of our spectrometer being 8 ms, the real response time of
our devices can be much shorter than this value. Meantime, the
corresponding 2D distribution of relative MIE intensity derived by
extracting gray scale from Fig. 4(c) is shown in Fig. 4(d). It clearly
demonstrates the intensity and distribution of the light emission.
So, the stress information input during the writing process can be
recorded and mapped by analyzing the intensity and distribution
of the photograph.

The mechanism of mechanically-induced emission is also dis-
cussed. The optical band gap at room temperature of CaZnOS is
estimated at 3.7 eV [19]. Besides, the charge transfer band of Sm3þ

in CaZnOS is observed around 3.3 eV determines the position of
the Sm 4f ground state with respect to the top of the valence band
in Fig. 5(a) [22]. To date, several kinds of mechanisms have been
proposed for the MIE process, while the piezoelectric potential
plays an important role in the MIE process of CaZnOS [23]. The
steps involved in the MIE process in CaZnOS:Sm3þcrystals are as
follows Fig. 5(b): ① when a mechanical stress is applied, piezo-
electric polarization charges will be induced due to the non-
centrosymmetric characteristic of the crystal structure of CaZnOS,
then the conduction and valance bands of CaZnOS are tilted under
the potential generated by the piezo-charges; ② as a consequence,
the trapped electrons in the upper electron defect state become



Fig. 4. (a) MIE spectra under different load for a pressure sensor device. (b) Integral intensity over 550–800 nm under a series of dynamic pressure with a pen of 0.7 mm
diameter. (c) A handwriting “a b c” reflects the visualization of dynamic pressure distributions. (d) The gray scale is derived from (c) which is corresponding 2D distribution of
relative MIE intensity.

Fig. 5. The proposed mechanism of photoluminescence and mechanical-induced emission in the Sm3þ doped CaZnOS.
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much easier to be detrapped or released into the conduction band
of CaZnOS:Sm3þ; ③ release of energy non-radiatively during the
electron–hole recombination and transfer energy to Sm3þ ions; ④
excited Sm3þ ions fall back to the ground state with red light
emission. As presented in Fig. 5(c), the PL emissions process in-
volve the 4f electrons of Sm3þ

first nonradiatively relax to 4G5/2
from the high level of 4G7/2, and then recombine to lower levels of
6HJ (J¼5/2, 7/2, 9/2, 11/2) when the electrons are excited.

4. Conclusions

We report that the Sm3þ-doped CaZnOS piezoelectric
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semiconductor shows strong red emission induced by mechanical
stress. Under moderate mechanical stimuli, the doped samples
exhibit strong visible red emission to the naked eyes even under
the day light. Based on the prepared samples, a flexible pressure
sensor device is fabricated and the mechanically-induced emission
properties are studied. The spectrum of mechanically-induced
emission is well agreement with the PL spectrum, suggesting they
originate from the same luminescent center. The real-time pres-
sure distribution is visualized and recorded through the obvious
linear relationship between integrated MIE intensity and the ap-
plied pressure. Our results show that the lanthanide doped pie-
zoelectric semiconductors could be applied into the flexible pres-
sure sensor devices and provide the opportunities for applications
in mapping of personalized handwriting, smart display, and hu-
man machine interface.
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