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ABSTRACT
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Mechanoluminescent materials that convert mechanical stimuli to light emission
have attracted extensive attention for potential applications in human–machine
interactions. Here, we report a simple and available novel approach for the
oxygen-assisted preparation of ZnS:Mn particles by solid-state reaction at
atmospheric pressure without the formation of the corresponding oxides.
The existence of O2 has a positive impact on the formation of S vacancies in
wurtzite-phase ZnS, leading to the introduction of Mn2+ ion luminescent centers
and shallow donor levels, which can improve the electron–hole recombination
rate. The O2 ratio and Mn2+ ion doping concentration have significant effects on the
luminous efficiency, which is optimal at 1%–20% and 1 at.%–2 at.% respectively.
In addition, a device based on the piezo-photonic effect with excellent pressure
sensitivity of 0.032 MPa–1 was fabricated, which can map the two-dimensional
pressure distribution ranging from 2.2 to 40.6 MPa in situ. This device can be
applied to real-time pressure mapping, smart sensor networks, high-level
security systems, human-machine interfaces, and artificial skins.
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1

Introduction

Mechanoluminescent materials, which can convert
mechanical stress to light emission, have attracted
extensive attention because of their advantages in
zero-powered stress visualization [1–4]. They are
promising candidates for applications in tactile imaging,
human-machine interfaces, self-powered systems,
Address correspondence to cfpan@binn.cas.cn

and information security [5–9]. Recently, elastic
mechanoluminescence (EML)—one form of mechanoluminescence (ML) [10]—has attracted interest
worldwide due to nondestructive analysis [11] that can
be detected in inorganic crystalline materials including
fluorides, chalcogenides, phosphates, oxysulfides,
titanates, and aluminates [12–19]. SrAl2O4 and ZnS
stand out among these ML compounds due to their
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high luminous efficiencies and the regulation of color
and chemical stability by introducing various dopant
ions [20–22]. However, the typical preparation technique
for ZnS:Mn is based on a vacuum solid-state reaction,
which results in the large loss of elements and
imprecise control of the doping amount owing to
the saturated vapor pressure.
The physical mechanism of the ML process in
ZnS:Mn can be explained by the piezo-photonic effect
[23–27], which is a two-way coupling effect between
piezoelectricity and photo-excitation properties. Upon
imposition of strain, a piezoelectric potential is
generated within wurtzite ZnS from the introduction
of piezoelectric polarization charges [28, 29]. The
potential tilts the band structure, resulting in the
detrapping of electrons in the conduction band. The
energy is transferred to excite Mn2+ ions by the nonradioactive recombination of detrapped electrons and
holes. Then, excited Mn2+ ions go back to the ground
state (6A1 (6S) → 4T1 (4G)), giving off orange emission.
During the entire ML process, the strain-induced
piezoelectric potential plays a significant role in tuning
and controlling the photo-excitation process. According
to this mechanism, two-dimensional pressure distribution can be observed by analyzing the visible
light emitted from ZnS:Mn [30–32].
Here, we demonstrate a simple and novel method
for the synthesis of ZnS:Mn particles via solid-state
reaction at normal pressure with the help of oxygen.
This can effectively reduce the loss of products and
thus control the doping amount. Meanwhile, it offers
a direct method to understand the effects of S
vacancies induced by O2, which can generate additional
luminescence centers of Mn2+ ions and introduce
shallow donor levels to accelerate electron–hole
recombination. The O2 ratio and Mn2+ ion doping
concentration—whose optimal values are 1%–20% and
1 at.%–2 at.%, respectively—play essential roles in the
photoluminescence (PL) and ML processes. Moreover,
a device with outstanding pressure sensitivity of
0.032 MPa–1 in the range 2.2–40.6 MPa was fabricated
for dynamic pressure mapping to convert mechanical
stimuli to optical signals without applying external
power. The visible display of pressure distribution
demonstrated by the device illustrates potential
application for intelligent electronic skins, human–

machine interfaces, tactile imaging, and information
safety [33–36].

2

Results and discussion

ZnS:Mn particles were prepared via high-temperature
solid-state reactions at normal pressure in atmospheres
with different ratios of Ar and O2. Figure 1(a) gives a
schematic illustration of the reaction equipment.
Briefly, ZnS and MnCO3 powders were mixed well in
a certain ratio (e.g. 1 at.% Mn2+ ions) and then compacted into an alumina boat. Unlike the vacuum
environment used in previous works [8, 37], we
synthesized the samples at atmospheric pressure with
the assistance of O2. The original air was taken out
using a pump and a mixture of Ar and O2 with constant
velocity was immediately added into the quartz tube.
The valve was opened after the pressure reached 105
Pa to keep the pressure constant during the sintering
process. The role of O2 during the reaction process
can be interpreted as follows
ZnS + 1/2O2 → ZnO + 1/2S2
2ZnO + O2 + S2 → 2Zn(g) + 2SO2

(1)
(2)

Obviously, free Zn atoms can be formed in the
presence of oxygen and a small amount of sulfur leaves
the lattice in the form of sulfur dioxide. According to
chemical thermodynamics theory [38], the change of
free energy, ΔG, is given by ΔG=ΔH–TΔS at constant
temperature and pressure, where ΔH and ΔS are the
changes of enthalpy and entropy, respectively, T is
the sintering temperature. Reaction proceeds spontaneously if ΔG < 0. Hence, it is found that reaction (1)
might occur spontaneously at any temperature while
the sintering temperature should be higher than
526 °C for reaction (2). In this work, the samples were
sintered at 1,100 °C for 3 h, which provided a favorable
condition for the formation of free zinc atoms.
Subsequently, these free zinc atoms would enter the
positions of Zn2+ ions in the ZnS lattice by physical–
chemistry processes like absorption and diffusion.
Thus, a complex defect structure with sulfur vacancies
and interstitial zinc atoms is achieved to maintain
electrical neutrality in the crystal. Additionally, these
defects are the key condition for the formation of Mn
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Figure 1 Synthesis and characterization of ZnS:Mn particles. (a) Schematic of the reaction system. (b) Photographs of ZnS:Mn
samples (prepared in atmospheres with different O2 ratios) under sunlight and UV light. (c) SEM image of the ZnS:Mn particles doped
with 1 at.% Mn2+ ions sintered at 1,100 °C for 3 h when the O2 ratio is 2.5%. (d) XRD patterns of samples (logarithmic Y-axis) synthesized
at different O2 ratios.

centers, which can introduce MnO into the crystal.
Therefore, it is inferred that the presence of O2
promotes the formation of crystal defects, resulting
in the effective generation of activator centers.
The morphologies and crystal structures of the
as-synthesized samples were investigated. Figure 1(b)
shows the powders sintered in atmospheres with
different O2 contents. It was found that the colors of
the samples start from grey then turn to white and
finally yellow (under sunlight) with the increase of
O2 ratio. Furthermore, the samples emitted yellow light
when activated by ultraviolet (UV) light. Compared
with the first four samples, the last one, however,
showed no evident changes. Hence, we presume that
the particles synthesized with low-O2 atmospheres
have superior fluorescence properties when activated
by UV light, while the samples prepared under high-O2
atmospheres change the original compositions and
thus have no apparent luminescence. Upon further
grinding and screening, the samples prepared at
different O2 ratios had similar morphologies. The
scanning electron microscopy (SEM) image of a typical
sample at 2.5% O2 ratio is presented in Fig. 1(c),
demonstrating that the average size of particles was
about 5 μm. X-ray powder diffraction (XRD) was
carried out to further confirm the crystal structures of

the as-synthesized samples, shown in Fig. 1(d). It is
clear that only wurtzite-phase ZnS and a small quantity
of sphalerite-phase ZnS existed in the samples when
the O2 ratio was ≤ 1%. No other diffraction peaks of
oxide and manganese compounds were obtained. This
result indicates that the presence of O2 can accelerate
the phase transformation of ZnS without introducing
other corresponding oxides. However, the volume
ratio of wurtzite-phase ZnO increased with O2 content
when the O2 ratio was more than 2.5%. Only a small
amount of wurtzite-phase ZnS was observed when it
increased to 100%, i.e., the sample changed significantly
from ZnS to ZnO, stopping the orange light emission
under UV light (370 nm). As discussed above, it can
be deduced that the samples start getting oxidized at
2.5% O2, but still mainly consist of ZnS despite the
formation of small amounts of ZnO when the O2 ratio
is less than 50 at.%, which also demonstrates fine
fluorescence properties.
The elementary compositions of the products were
further characterized by energy dispersive spectrometry (EDS). Figures 2(a)–2(c) shows the elemental
distributions of Zn, S, Mn, and O in a couple of typical
samples sintered in atmospheres with different O2
ratios. In samples with O2 ratios from 1% to 50%, the
major components were Zn and S, and Mn element
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Figure 2 Elemental analysis of ZnS:Mn particles. (a)–(c) EDS images: corresponding elemental maps of Zn, Mn, S, and O when the
O2 ratios are 1%, 50%, and 100%, respectively. (d) and (e) Energy dispersive X-ray spectra of the samples. (f) Changes of each element
in the products as a function of the O2 ratio.

was evenly distributed in the scanned area without
agglomeration, illustrating the presence of ZnS:Mn.
However, when the O2 ratio reached 100%, O became
the main constituent of the sample (instead of S).
Detailed elemental information of these samples is
semi-quantitatively described in Figs. 2(d) and 2(e).
Normalizing by the zinc molar concentration, we
obtained changes of each element with the O2 ratio, as
shown in Fig. 2(f). It was found that the atomic ratios
of O and S remained nearly constant when O2 ratio
varied from 0 to 33.3%, which is consistent with the
XRD results discussed above. Meanwhile, the concentration of O suddenly increased and that of S
decreased significantly when the samples were sintered
in a complete oxygen atmosphere. Additionally,
the molar concentration of Mn (about 0.7 at.% by
calculation) was close to the original doping concentration (1 at.%), which remained constant. Crucially,
the proportion of positive ions was greater than that
of negative ions in any sample, which provides direct
evidence of the existence of sulfur vacancies.

The effects of sulfur vacancies on the band structure
and electric properties of ZnS were illustrated by
first-principles calculations based on density functional
theory (DFT). Figures 3(a) and 3(b) show the energy
band structure, and the partial and total electronic
densities of states (PDOS and DOS) of a pure ZnS
supercell system in which the Fermi energy level is
0 eV. It is obvious that the bottom of the conduction
band and the top of the valence band are located
at the same k-point (G), indicating that it is a direct
band gap semiconductor. Inevitably, the band gap
calculated using local density functional theory is
always lower than the experimental value due to the
neglect of excited states. Nevertheless, the results can
still be suitable for qualitative analysis after corrections
using the scissors approximation. In this work, the
band gap of pure ZnS was estimated to be 2.158 eV,
which is significantly smaller than the experimental
value (3.77 eV), and thus a scissors correction of 1.61 eV
was employed. Moreover, the conduction band (2 to
5 eV) is mainly composed of the Zn 4s and S 3p states
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Figure 3 Band structure and electric property of ZnS. (a) Band structure of intact ZnS and its total density of states. (b) Partial density
of states of intact ZnS. (c) Band structure of ZnS with S vacancies and its total density of states. (d) Partial density of states of ZnS with
S vacancies.

while the valence band consists of two parts in which
the upper valence band (–5.3 to 0 eV) is chiefly
dominated by S 3p states and the lower valence band
(−6.4 to −5.3 eV) is dominated by Zn 3d states.
Compared with the pure ZnS model, the energy band
structures and DOS display remarkable variation due
to the presence of sulfur vacancies, as shown in Figs. 2(c)
and 2(d). The bottom of the conduction band moved
to the low-energy region and the top of the valence
band moved toward the high-energy region. That is,
the band gap between impurity-induced bands became
smaller (1.604 eV), which resulted from the change in
DOS of Zn 4s states when S vacancies were introduced.
As discussed above, we can infer that the presence
of S vacancies helps introduce shallow donor levels,
resulting in band-gap reduction, which in turn assists
in the process of electron–hole recombination and
increases the luminous efficiency.
The PL properties of products with different Mn2+
ions doping concentrations sintered in different
atmospheres were carefully investigated using a
continuous laser (325 nm). Figure 4(a) shows the

corresponding PL spectra of samples with 1 at.% Mn2+
ions synthesized in atmospheres with different O2
ratios. These spectra had a common peak near 585 nm
in the emission range 500–700 nm, corresponding to
orange light. The spectral intensity integrated over
500–700 nm as a function of O2 ratio is presented in
Fig. 4(b). The emission intensity increased with the O2
ratio initially and dropped when the O2 ratio exceeded
33.3%. Actually, during the solid-state reaction, higher
O2 partial pressure in the sintering atmosphere
enhanced the concentration of S vacancies, which
promoted the formation of Mn2+ ion luminescent
centers and introduced shallow donor levels. Hence,
PL property will be significantly improved with
increasing O2 ratio in the beginning. However,
increasing numbers of ZnO particles were formed
when the O2 content increased further, which no longer
could be activated to emit orange light, leading to
gradually weakening luminescent intensity. In addition,
the Mn2+ ion doping concentration also had a primary
effect on optical performance, as shown in Figs. 4(c)
and 4(d). Similar spectra were obtained from samples
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Figure 4 Characterization of PL performance. (a) PL spectra of samples sintered in atmospheres with different O2 ratios. (b) Integrated
intensity over 500–700 nm of these spectra versus O2 ratio. (c) PL spectra of the samples with different Mn2+ ion doping concentrations.
(d) Integrated PL intensity as a function of Mn2+ ions doping concentration.

with different doping concentrations; the integral
PL intensity increased at first and then declined. We
infer that more luminescence centers can be formed
by increasing the Mn2+ ion doping concentration,
resulting in the linear and remarkable enhancement of
PL intensity. However, the decrease of luminescence
intensity results from the existence of excessive Mn2+
ions and Mn-Mn pairs when the doping concentration
exceeded 2% [8]. Thus, the concentrations of both S
vacancies and Mn2+ ions are key factors contributing
to the PL performances of the products. The optimal
O2 ratio is 0–30%, and Mn2+ ion doping concentration
is 1 at.%–3 at.%.
ML performances of the samples were subsequently
characterized by applying different pressures on
as-synthesized devices. The device preparation method
and the test equipment are mentioned in previous
works [7, 8]. A device with 0.5 g ZnS:Mn particles
packaged in 0.1 mm thick polyethylene terephthalate
(PET) was employed to obtain the ML performance.
Figure 5(a) demonstrates the ML spectra of the device
under different load forces, illustrating that the
emission intensity increased with applied force. The
wavelength of the luminescence center was around

585 nm, which is consistent with the PL data. In fact,
the ML of ZnS:Mn particles is based on the piezophotonic effect, which is a coupling effect between
piezoelectricity and photo-excitation [24, 39–41]. Briefly,
piezoelectric polarization charges are induced in ZnS
due to its non-central symmetry after application of
pressure, leading to tilting of the band structure and
non-radioactive recombination between electrons and
holes. By transferring energy, the Mn2+ ions are excited
and then fall to the ground state by emitting orange
light (4T1→6A1). It is obvious that the piezoelectric
potential plays a valuable role in the ML process.
Additionally, the pressure sensitivity of the product,
defined as the slope of ML intensity versus applied
pressure, was estimated to be about 0.032 MPa–1 in
the range 2.2–40.6 MPa after standard calibration, as
shown in Fig. 5(b). Finally, we explored the influences
of the concentrations of S vacancies and Mn2+ ions on
ML properties. Similar to PL characterization, both
factors had their optimal parameters: 1%–20% and
1 at.%–2 at.% for the O2 ratio and the Mn2+ ion doping
concentration, respectively, as shown in Figs. 5(c)
and 5(d).
Notably, the as-synthesized ZnS:Mn particles had
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Figure 5 Characterization of the ML performance. (a) ML spectra of the products under different applied forces. (b) Integral ML
intensity over 500–700 nm as a function of pressure. (c) Influence of the concentration of S vacancies on the ML property. All samples
were prepared via a normal pressure solid-state reaction by sintering at 1,100 °C for 3 h with 1 at.% Mn2+ ions. (d) Influence of the
Mn2+ ion doping concentration on the ML property. All samples were sintered at atmospheric pressure with 2.5% O2 ratio.

high sensitivity in the high-pressure regime (> 1 MPa),
which can be used in intelligent signatures, artificial
electronic skins, and human–machine interactions.
Here, we demonstrated the application of the device
to dynamic stress imaging. An image acquisition
and processing system controlled by a computer with
self-developed software was employed to complete
the recording and processing of optical signals in
parallel [7, 8]. Figure 6(a) presents a schematic illustration
of the operation of the device. Orange light with
different intensities will be emitted from the device
when the applied pressure changes, which will be
detected by the image processing system. Then the
visual pressure distribution is obtained in real-time by
signal processing techniques. A detailed illustration
of the dynamic pressure mapping process is shown
in Fig. 6(b), which exhibits the capture of handwritten
letters “A”, “B”, and “C” at different pressures. Twodimensional distribution of ML intensity was first
obtained by the measurement system, as shown at the

bottom of Fig. 6(b). By extracting and analyzing the
gray scale of the captured image, three-dimensional
distribution of the light intensity was subsequently
observed. Hence, the pressure profile can be calculated
from the linear relationship between the ML intensity
or gray value and the applied stress, as shown in the
top of Fig. 6(b). In this manner, the device can convert
mechanical stress to an optical signal, which is then
precisely monitored and reveals pressure information
through the measuring system.

3

Conclusions

We demonstrated a novel method for the preparation
of ZnS:Mn particles via solid-state reaction with the
assistance of oxygen as a promising way to exactly
control the doping amount. The presence of O2
accelerates the formation of S vacancies, which
introduces additional Mn2+ ion luminescence centers
and introduces shallow donor levels to reduce the
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Figure 6 Performance of the device for intelligent signature. (a) Schematic illustration of the pressure mapping process. (b) Detecting
the ML intensity and recording the pressure distribution.

band gap. It was noted that no other corresponding
oxides were formed when the sintering atmosphere
contained low levels of oxygen, according to the XRD
and EDS analyses. The influences of the concentrations
of S vacancies and Mn2+ ions on the PL and ML
properties were explored, indicating that the optimal
O2 ratio and Mn2+ ion doping concentration are 1%–20%
and 1 at.%–2 at.%, respectively. Additionally, a device
with excellent pressure sensitivity of 0.032 MPa–1 in
the range 2.2–40.6 MPa was fabricated for the secure
collection of electronic signatures that can convert
mechanical stress into an optical signal and exhibit
the pressure distribution upon data processing.
We predict that the synthetic method presented can
be widely used in the fabrication of other mechanoluminescent materials that will possess extensive
application in information safety, human–machine
interfaces, and intelligent electronic skins.

4

Experimental

4.1 Synthesis and characterization of ZnS:Mn
particles
ZnS:Mn particles were synthesized by a high temperature solid-state reaction at atmospheric pressure.
ZnS (99.99%, Aladdin) and MnCO3 (99.95%, Aladdin)
powders were used as raw material. The two powders
were mixed in a certain proportion by wet grinding.
The mixture was compacted into an alumina boat
and loaded in a furnace and sintered in atmospheres
with different O2 ratios at 1,100 °C for 3 h. Finally, the
products were ground and screened to characterize

their crystal structures. X-ray diffraction with Cu-Kα
radiation in the θ–2θ scanning mode was employed
to study the crystallization of the powders (X’Pert3
Powder). Field-emission scanning electron microscopy
(Hitachi, SU8020) was utilized to observe the morphologies of the samples and energy dispersive X-ray
spectroscopy (IXRF, SDD2830-300D) was carried out
to analyze the elemental components.
4.2

Model and calculation method

Crystal structure data of wurtzite ZnS with the space
group P63/mc (a = b = 3.8195 Å, c = 6.2552 Å, α = β =
90°, γ = 120°) was used to optimize the geometry and
calculate electronic properties. A series of 2 × 2 × 2
ZnS supercells with and without sulfur vacancies were
constructed to study the effect of sulfur vacancies on
band structure, as depicted in the inset of Figs. 3(a)
and 3(b). All calculations were performed using the
Cambridge Serial Total Energy Package (CASTEP) in
Material Studios 8.0, which contains first-principles
calculations based on density function theory (DFT).
The ultra-soft pseudo-potential was employed to
substitute the electron-ion interactions and Perdew–
Burke–Ernzerhof functional (PBE) under the generalized
gradient approximation (GGA) was adopted to
describe the exchange and correlation potentials of
the electronic–electronic interaction. In our calculation,
the energy cut-off was set to 350 eV and the Brillouin
zones were built by a 4 × 4 × 2 k-point mesh.
4.3

PL and ML measurements

Photoluminescence spectra were collected using

| www.editorialmanager.com/nare/default.asp

9

Nano Res.

LabRAM HR Evolution. A home-made measurement
system including the acquisitions of optical signal
and stress analysis was used to obtain the ML spectra.
In this system, a spectrometer (Ocean Optics QE65pro)
was used to collect the emitted light and a pressure
sensor (Nano17 ATI) was employed to detect the stress
on the device.
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