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A B S T R A C T

In this work, manganese doped zinc sulfide (ZnS: Mn2+) powder was synthesized, which was further composited
with epoxy resin. In addition to the bright photoluminescence (PL), two types of mechanoluminescence (ML),
i.e., friction and compression induced luminescence, were observed in ZnS: Mn2+/epoxy composites. To deeply
understand the mechanoluminescent mechanisms of ZnS: Mn2+, the performance differences between PL and
ML were investigated. The results suggested that the piezoelectric effect induced electroluminescence should not
be the exact mechanism of ML. Moreover, load effects on the friction and compression induced ML as well as the
thermoluminescence (ThL) were investigated. The variations of trap depth and carrier density in ZnS: Mn2+

before and after mechanics stimulation provided direct evidence that the release of electrons from traps should
be responsible for ML. The load effects of ML also supported the proposed trap-based mechanisms, and the
underlying theory was discussed in detail. This work first presents solid evidences for the trap-based mechan-
oluminescent mechanisms of ZnS: Mn2+ in elastic region.

1. Introduction

Mechanoluminescence (ML) is a phenomenon that materials emit
light when they are mechanically stimulated, such as stretch, com-
pression, impact, fracture, etc. [1–3]. Due to the widespread existence
of mechanical activities in various fields, ML materials present great
application values in lighting and displaying systems, mechanical sen-
sors, aerospace and military damage detection, ceramic material crack
monitoring and so on [2–8].

ML was first discovered by Sir Francis Bacon in 1605 when breaking
the sugar crystals, which was called triboluminescence [8]. Till now,
nearly 30% of organic molecular solids and 50% of inorganic com-
pounds have been confirmed to have ML [2,9]. In the initial stage of ML
research, it relied on the subjective visual observation of the ML re-
sponse as a function of quantity and time [2]. In addition to the sucrose,
researchers found ML from rocks, quartz, alkaline halide, molecular
crystals, and some organic materials [8]. However, the discovered
mechanoluminescent materials showed either low luminous efficiency
or structural destruction. As a result, mechanoluminescent materials
were initially thought to have no practical applications. In the year of
1999, C.-N. Xu and coworkers introduced strontium aluminate based

mechanoluminescent materials into epoxy resin and obtained an me-
chanoluminescent elastic composite [7,10,11]. Such breakthrough
generated ML with structural non-destruction, and opened the door for
ML applications. Based on the above development, a series of decent
work related to the applications of mechanoluminescent elastic com-
posites have been explored, e.g., flexible handwriting device [12],
mechanically driven light generator [13], non-contacting torque sensor
[14], etc.

At present, rare earth doped strontium aluminate and transition
metal doped zinc sulfide are well recognized as the representative
mechanoluminescent materials for fabricating elastic composites
[6,8,10,15–29], among which manganese doped zinc sulfide (ZnS:
Mn2+) has been proved to possess the highest mechanoluminescent
efficiency (using PL quantum yield as a measurement of the efficiency
of different mechanoluminescent materials) [2]. Although the me-
chanoluminescent elastic composites have attracted extensive attention
recently, the basic physical theories still lack of research. Since me-
chanoluminescent materials are triggered by the mechanical stimula-
tors, the relationship between the mechanics and mechanoluminescent
properties should be comprehensively studied, which could not only
allow deeply understanding the mechanoluminescent mechanisms, but
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also could guide the structural design of the composites for various
applications.

In this work, ZnS: Mn2+ mechanoluminescent powders were syn-
thesized and composited with epoxy resin. Two types of ML, i.e., fric-
tion and compression induced luminescence, were realized in the as-
prepared composites. The doping concentration of Mn2+ was first op-
timized to obtain ZnS: Mn2+/epoxy composites with the highest me-
chanoluminescent intensity. After that, the load effects on the friction
and compression induced ML as well as the thermoluminescence (ThL)
were investigated and discussed. Based on the load effects and the
different behaviors between PL and ML, the underlying mechanisms for
the ML of ZnS: Mn2+ in elastic region were demonstrated in detail.

2. Experimental

2.1. Materials and synthesis

ZnS: Mn2+ powders were synthesized by a solid state method. ZnS
(≥ 99.99%), MnCl2·4H2O (≥ 99.0%), MgCl2·6H2O (≥ 98.0%) and
NaCl (≥ 99.5%) were used without any further purification. MgCl2 and
NaCl were used as fluxing agents in this experiment, which accounted
for 15 wt% of the raw materials with the molar ratio of MgCl2 and NaCl
to be 2: 3. The stoichiometric starting materials were mixed fully by
grinding in an agate mortar. The mixture was then loaded into a cor-
undum crucible and transferred to a muffle furnace (GSL-1600X). Then
the mixture was sintered at 900 °C for 1 h under the atmosphere of
nitrogen. After cooled to room temperature, the sample was taken out
and washed by deionized water for three times to remove chlorides. The
sample was dried in an oven and ZnS: Mn2+ powders were obtained.
For synthesis of ZnS: Mn2+/epoxy composites, 1.2 g of ZnS: Mn2+

powders were thoroughly mixed with 8.4 g of epoxy resin. The mixture
was then transferred to a mold (4 cm in diameter and 0.8 cm in thick-
ness) and cured at 60 °C for 3 h in an oven. Finally, ZnS: Mn2+/epoxy
composites were obtained.

2.2. Measurements and characterization

A Rigaku D/Max-2400 X-ray diffractometer (XRD) with Ni-filtered
Cu Kα radiation (1.54056 Å) operating at 30 kV and 15mA was used to
check the crystalline phases of the obtained samples. The absorption
spectra were measured on an ultraviolet-visible (UV–vis) spectro-
photometer (PE lamda 950) using BaSO4 as a reference.
Photoluminescence (PL) emission and PL excitation spectra were re-
corded using a fluorescence spectrometer (Omni-λ300i) with a Xe 900
lamp (500W) as the excitation source at room temperature. For PL
tests, the slit width and scanning step were set to be 1.5mm and 1 nm,
respectively. The thermoluminescence (ThL) curves were detected
using a FJ-417A ThL meter in the temperature range from 40 to 400 °C
with a heating rate of 1 K s−1. The frictional experiments were operated
on a rotary friction testing machine (MS-T3001) by employing a self-
made stainless steel friction pair with a radius of 0.2mm under the
rotational speed of 200 rpm. The compressive experiments were oper-
ated on a universal testing machine (WDT-5), which was preloaded to
200 N at a rate of 50 N/s and then loaded to 2000 N at a rate of 200 N/s.
The produced ML of the ZnS: Mn2+/epoxy composites was in situ de-
tected by a spectrometer (Omni-λ300i) equipped with a CCD camera
(IVAC-316) at a frame rate of 50 fps.

3. Results and discussion

The XRD patterns of the as-prepared ZnS: Mn2+ powders are shown
in Fig. 1. It can be found that the variation of Mn2+ concentration
shows no effect on the crystal phase. All diffraction peaks of the samples
match well with those of the cubic sphalerite structure of ZnS
(PDF#05–0566) without producing any impurity phase. The formation
of cubic sphalerite structure of ZnS: Mn2+ should be attributed to the

sintering temperature of 900 °C, which is lower than the transition
temperature (1020 °C) from cubic to hexagonal phase in ZnS [30].

Fig. 2 shows the UV–vis absorption spectra of ZnS host and ZnS:
Mn2+ samples. For ZnS host, the dominant absorption in the short-
wave part (less than 340 nm) should be attributed to the fundamental
band-to-band absorption [31]. For ZnS: Mn2+ powders, absorption
band from 400 to 650 nm appeared compared with the host, which
could be ascribed to the electron transfer between Mn2+ energy levels.
When the doping concentration of Mn2+ was increased from 0.6% to
2.8%, the absorption band of Mn2+ enhanced monotonically. Such
results suggest that Mn2+ ions have been successfully introduced in
ZnS.

When irradiated by a UV light, ZnS: Mn2+ shows bright orange
emissions. Fig. 3a shows the PL emission spectra of ZnS: Mn2+ samples
under the excitation of 355 nm. Two broad bands, one from 400 to
530 nm and the other one from 530 to 700 nm, were found. They cor-
respond to the zinc vacancy (VZn) emission and the 4T1→

6A1 electron
transition of Mn2+, respectively [32]. With the increase of the doping
concentration, the 4T1→

6A1 emissions increase first and then decrease
with the optimal Mn2+ doping concentration of 1.8%. Such con-
centration quenching is aroused by the competition between the ra-
diative and non-radiative transitions of the luminescent centers [33]. It
is also found that the emission intensity of VZn continuously decreases
along with the increase of Mn2+ doping concentration. This is because
that more Mn2+ doping would be beneficial to transfer the excitation
energy to Mn2+ luminescence centers, and thus reduce the electron
transfer rate to VZn. The PL excitation spectra of ZnS: Mn2+ monitored

Fig. 1. XRD patterns of ZnS: Mn2+ powders with Mn2+ doping concentration
from 0.6% to 2.8%.

Fig. 2. UV–vis absorption spectra of ZnS and ZnS: Mn2+ measured at room
temperature.
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by 585 nm are presented in Fig. 3b, which shows similar intensity
variation trend with the 4T1→

6A1 emission in PL.
ZnS: Mn2+ is a well-known mechanoluminescent materials because

of its high luminescent efficiency. To obtain elastic ML, ZnS: Mn2+

powders were further composite with epoxy resin. When the surface of
ZnS: Mn2+/epoxy composites was scratched or rubbed, intense lumi-
nescence could be emitted, which was bright enough to be catched by
naked eyes as shown in the inset of Fig. 4. Such behavior is called
friction induced luminescence or triboluminescence, which is one type
of ML. The friction induced mechanoluminescent spectra of ZnS: Mn2+/
epoxy composites are shown in Fig. 4, in which there is only one broad
emission band corresponding to the 4T1→

6A1 electron transition of
Mn2+. It should be noted that the emission of VZn in ZnS: Mn2+ in blue-
green light region is absent in the mechanoluminescent spectra. In
addition, the optimal doping concentration for ML is 0.9%, which is far
below that of the PL doping concentration (1.8%). Both of the absence
of the VZn emission and the different optimal doping concentration

suggest that the mechanoluminescent mechanism should be different
from that of PL. Previous reports proposed that the possible mechan-
oluminescent mechanisms of ZnS: Mn2+ should come from the piezo-
electric effect induced electroluminescence [34]. However, it is found
that the electroluminescent spectra of ZnS: Mn2+ in literatures also
showed obvious emission of VZn [35]. It indicates that the piezoelectric
effect induced electroluminescence should not be the exact mechanism
of ML.

Since ML is the process stimulated by mechanics, it is highly im-
portant to directly establish the relationship between the mechanical
behaviors and mechanoluminescent properties to explore the under-
lying mechanoluminescent mechanisms. Fig. 5 shows the friction in-
duced mechanoluminescent spectra of ZnS: Mn2+/epoxy composites
under various applied normal loads. The mechanoluminescent spectra
were tested in situ on a friction testing machine (MS-T3001) by em-
ploying a stainless steel tip as the upper friction pair, and the rotation
speed and radius were kept constant. Along with the increase of the
normal load from 1 to 10 N, the friction induced mechanoluminescent
intensity was gradually increased (as shown in the inset of Fig. 5). It
should be noted that the variation of mechanoluminescent intensity is
almost linear when the applied load is below 8 N. However, the increase
of the mechanoluminescent intensity exceeds the linear variation re-
gion when the applied normal load is higher than 8 N. This is because
that too high normal load could cause remarkable surface destruction of
the elastic composites. The determined ML at the applied load of 10 N is
actually the integrated emission from both of the surface and interior of
the composites, aroused by elastic and plastic deformation as well as
fracture. Since this work focused on the ML of ZnS: Mn2+ in elastic
region, the last data point in the inset of Fig. 5 was excluded for fitting.

In addition to the friction induced ML, the ZnS: Mn2+/epoxy com-
posites could also show ML by compression. Fig. 6 exhibits the com-
pression induced ML spectrum of ZnS: Mn2+/epoxy composites with
the doping concentration of Mn2+ at 0.9% under a load of 1000 N. The
ML spectrum was tested in situ on a universal testing machine (WDT-5)
at a loading speed of 200 N/s from 200 to 2000 N. The compression
induced ML spectrum shows same shape and peak location as those of
friction induced luminescence. The overall variation of the compression
induced mechanoluminescent intensity is similar to the ML induced by
friction that it gradually increases with increasing the applied com-
pression load. The mechanoluminescent intensity increases linearly first
when the applied load is below 1300 N. However, when the compres-
sion load is further increased from 1300 to 2000 N, the variation degree
of mechanoluminescent intensity is decreased, which is different from
that of the friction induced ML.

Fig. 3. (a) PL emission spectra (λex = 355 nm) and (b) PL excitation spectra
(λem = 585 nm) of the ZnS: Mn2+ samples; the insets in (a) are the corre-
sponding PL emission photos and the PL emission intensity variation dependent
on the doping concentration of Mn2+; the inset in (b) shows the PL excitation
intensity variation dependent on the doping concentration of Mn2+.

Fig. 4. The friction induced mechanoluminescent spectra of ZnS: Mn2+/epoxy
composites with Mn2+ doping concentration from 0.6% to 1.8%; the insets
show the corresponding mechanoluminescent photos and the mechan-
oluminescent intensity variation as a function of doping concentration.

Fig. 5. The friction induced ML spectra of ZnS: Mn2+/epoxy composites with
the Mn2+ doping concentration of 0.9% under different normal loads; the inset
is the relationship between mechanoluminescent intensity and the applied
normal load for the friction induced ML.
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To further explore the reasons of the above mechanoluminescent
behaviors as a function of load, ThL spectra of the ZnS: Mn2+ before
and after compression was measured as shown in Fig. 7. The position of
ThL band represents the trap depth, whereas lower temperature re-
presents to shallow traps and higher temperatures corresponds to
deeper traps. The exact trap type, trap depth and carrier density could
be calculated by a classical multi-peak fitting method developed by
Chen et al. as shown in Eq. (1) [36].
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where I is the glow-peak intensity, s is the frequency factor, and n0 is the
concentration of trapped carriers, E is the trap depth, k is the Boltzmann
constant, b is the kinetics order parameter, and v is the heating rate
(1 K s−1 for our experiment). According to the work by Kitis et al. [37],
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maximum.
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The calculated values of trap depth (E), kinetics order parameter (b),
frequency factor (s) and carrier density (n0) are summarized in Table 1.
Two kinds of traps located at different depths were determined (Trap 1
and trap 2 correspond to the shallow and deep traps, respectively).
Comparing the trap depths as well as the carrier densities before and
after compression at an applied load of 1000 N, it is obviously found

Fig. 6. Compression induced ML spectrum of ZnS: Mn2+/epoxy composites
with the Mn2+ doping concentration of 0.9% under load of 1000 N; the upper
left inset shows the variations of emission intensity and applied load as a
function of time for the compression induced ML; the right insets show the
mechanoluminescent photos of the ZnS: Mn2+/epoxy composites under various
applied loads.

Fig. 7. ThL curves of ZnS: Mn2+ (a) before and (b) after compression under a load of 1000 N; diagrams for the processes of (c) PL and (d) ML.
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that the trap depth moves to shallow position regardless trap 1 or trap
2. Moreover, most of the trapped carriers are released after compres-
sion. Since the applied compression corresponds to the mechan-
oluminescent process, the observation of released carries provides a
direct evidence for the mechanism that the trapped carries should be
responsible for ML. Therefore, a trap-based mechanoluminescent me-
chanism is proposed as shown in Fig. 7d. For the PL processes (Fig. 7c),
electrons were first excited from valence band (VB) to conduction band
(CB) by the UV light. Most of the excited electrons were transferred to
the excited levels of Mn2+, generating the characteristic orange emis-
sion band. The rest of the excited electrons were then transferred to the
energy levels of VZn, producing the blue-green luminescence via the
recombination of electrons and holes. For ML (Fig. 7d), the stored
electrons in the traps could be released under a stress stimulation. Be-
cause there was no defect state (VZn) emission in the mechan-
oluminescent spectra of ZnS: Mn2+, the exact migration processes of
the released electrons should be directly from traps to the excited state
levels of Mn2+ based on the tunneling effects. It should be noticed that
the PL of ZnS: Mn2+ comes from the continuous excitation of the UV
light, while the ML is originated from the energy of released electrons.
With the increase of Mn2+ concentration, the energy transfer efficiency
from the trapped electrons to Mn2+ would be increased first. However,
since the amount of trapped electrons in ZnS: Mn2+ is limited, the
energy transfer in ML is not as continuous as that in photoluminescent
process. As a result, the ML of ZnS: Mn2+ shows a relatively low
quenching concentration (Fig. 4).

In addition to explain the absent of defect state emission and low
quenching concentration of ML, the trap-related mode could also be
utilized to explain the relationships between load and mechan-
oluminescent intensity in both of friction and compression induced
luminescence. Based on the theory developed by Chandra et al. [38],
the total number of released electrons from traps can be expressed as:

=n aQt
2 (6)

where a is a constant and Q is the surface charge density.
By differentiating Eq. (5), the release rate of the trapped electrons

can be described as:

= =v dn
dt

aQ dQ
dt

2t
(7)

The pressure should theoretically reach the set value in a moment.
However, in the actual experiment process, the pressure reaches the set
value should take a certain time. Taking d0 as the localized piezoelectric
constant near the Mn2+ centers, P0 as the set pressure, t as the time for
the rise of pressure, and ζ as the rate-constant for the rise of pressure,
the generation rate of piezoelectric charges can be expressed as:
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Since the surface charge density depends on the released electrons
from traps and the relaxation of the electrons, the change rate of the
surface charge density could be evolved to:

= − = − −dQ
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where γ is the rate-constant for the relaxation of surface charges. By

integrating Eq. (8) and taking Q=0, at t=0, the following equation is
obtained:
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In this experiment, the deformation of the samples was fixed at a
strain rate, which arouse the detrapping of the electrons. Therefore,
dQ/dt should be constant (represented by c). Using Eqs. (7) and (10),
the release rate of the trapped electrons is given by:
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Since the pressure reaches the set pressure at a fast speed (ζ is much
larger than γ), the release rate of electrons v is approximately equal to
the electron-hole recombination rate R:
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Therefore, the mechanoluminescent intensity at a certain time can
be expressed as:
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where η is the emitting efficiency of Mn2+ centers during electron-hole
recombination.

By differentiating Eq. (13) and equating it to 0, the time t0 corre-
sponding to the strongest emission of ML can be expressed as:

=
−
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By substituting the value of t0 from Eq. (14) in Eq. (13), the stron-
gest intensity of ML could be obtained. Because ζ is much larger than γ,
the strongest intensity of ML I0 is approximately given by:
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Since a, c, η and d0 are fixed values, it is obvious that the strongest
mechanoluminescent intensity should be linear with set load in a sui-
table range, which is consistent with the observations in both friction
and compression induced ML. Similar to the explanation of the lowered
quenching concentration, the amount of trapped electrons in ZnS:
Mn2+is limited. Therefore, the linear relationship between load value
and mechanoluminescent intensity should appear under a suitable
mechanical stimulation with sufficiently releasing the electrons. When
the compression load is higher than 1300 N, the amount of released
electrons from traps is insufficient to maintain the theoretic linear re-
lationship. As a result, the intensity variation as a function of load
(higher than 1300 N) of compression induced ML is slowed down as
observed in Fig. 6.

4. Conclusions

In Summary, ZnS: Mn2+ and ZnS: Mn2+/epoxy composites were
synthesized in this work. By comparing the PL and ML, it is found that
the ML of ZnS: Mn2+ shows no emission from the defect of VZn, while its
quenching concentration is far below that of PL. Such performance
differences suggest that the mechanism of ML should be different from
that of PL. The load effect on the ThL properties of ZnS: Mn2+ presents
direct evidence that the migration of electrons from traps should be
responsible for ML, which could well explain the above different
spectral behaviors between PL and ML. The investigation of the re-
lationship between mechanoluminescent intensity and loads in both
friction and compression induced luminescence further confirms the
proposed trap model, and the underlying theory is discussed in detail.

Table 1
Fitting parameters of ThL peaks before and after compression at a load of
1000 N.

Samples Fitting E (eV) b s (s−1) n0 (cm−3)

Uncompressed 1 0.419 1.385 4.444× 104 2.927× 105

2 1.374 1.552 1.692× 1018 7.703× 104

Compressed 1 0.111 2 4.458× 10−1 1.746× 104

2 0.759 1.889 5.923× 105 1.863× 104
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This work presents solid evidences for the mechanoluminescent me-
chanisms of ZnS: Mn2+ in elastic region, which is valuable for the
structural design of mechanoluminescent materials for various appli-
cations.
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