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light-generators, stress sensing, flexible, 
and stretchable displays, mechanical 
energy harvesting and conversion, and 
integrated tribotronic devices.[1–10] They 
can emit light and are regarded as smart 
creatures (like Noctiluca scintillans shining 
by the impact of waves) when exposed to 
external momentary stimuli.[11–14]

Many materials discovered in nature 
provide the capability to emit light in 
response to dynamic forces/pressures, 
whether natural or man-made, such as 
quartz and sugar.[15,16] There are two 
categories of ML materials systems: 
organics and inorganics;[17,18] however, 
most of the current organic ML mate-
rials emit photons by releasing energy 
from the breaking of chemical bonds, 
resulting in a poor recovery, or requiring 
recrystallization to reproduce the light 
emitting process. Inorganic ML mate-
rials can be divided into insulators and 
semiconductors. As one of the II–VI ML 
semiconductors, ZnS has very interesting 

mechanical-to-optical properties, owing to its labile changing 
elastic and plastic deformation crystal structure, as well as 
its special piezoelectric and friction characteristics.[19–24] The 
novel ML properties of ZnS-based composites have aroused 
broad research interest in recent years.[1,26–31] Semiconductors 
such as doped ZnS, can directly convert mechanical energy 
into light energy, providing broad application prospects in the 
fields of stress/strain sensing, wind/droplet driving displays, 

CaZnOS-based semiconductors are the only series of material system discov-
ered that can simultaneously realize a large number of dopant elements to 
directly fulfill the highly efficient full-spectrum functionality from ultraviolet to 
near-infrared under the same force/pressure. Nevertheless, owing to the high 
agglomeration of the high temperature solid phase manufacturing process, 
which is unable to control the crystal morphology, the application progress is 
limited. Here, the authors report first that CaZnOS-based fine monodisperse 
semiconductor crystals with various doping ions are successfully synthesized 
by a molten salt shielded method in an air environment. This method does not 
require inert gas ventilation, and therefore can greatly reduce the synthesis cost 
and more importantly improve the fine control of the crystal morphology, along 
with the crystals’ dispersibility and stability. These doped semiconductors can 
not only realize different colors of mechanical-to-optical energy conversion, 
but also can achieve multicolor luminescence under low-dose X-ray irradiation, 
moreover their intensities are comparable to the commercial NaI:Tl. They can 
pave the way to the new fields of advanced optoelectronic applications, such as 
piezophotonic systems, mechanical energy conversion and harvesting devices, 
intelligent sensors, and artificial skin as well as X-ray applications.

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/smll.202107437.

1. Introduction

Mechanoluminescence (ML) is a photon emission phenom-
enon in which luminescent objects directly convert mechanical 
energy into light emissions. As smart materials, ML semi-
conductors have attracted extensive attention and have made 
significant progress in recent years, owing to their impor-
tant potential applications in the fields of piezophotonics, 
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and commodity anti-counterfeiting. However, it can only realize 
copper and manganese pioezophotonic emissions. As deriva-
tives of zinc sulfide, CaZnOS[32–34] semiconductors are of great 
interest as inorganic ML materials, and have been intensively 
studied. CaZnOS has a band gap similar to that of zinc sulfide, 
but has a piezoelectric coefficient four times higher than that of 
zinc sulfide. CaZnOS has two cation sites, Ca and Zn; the ionic 
radius of Ca is similar to that of Ln3+ ions, whereas Zn is sim-
ilar to transition ions such as Mn and Cu. Accordingly, as the 
most efficient inorganic ML semiconductor, the host can realize 
good crystal compatibility and high-efficiency ML, as well as 
full spectral emissions from visible to near IR light[35] under the 
same force, making it advantageous for practical applications 
in sensing and mechanical-to-optical energy conversions. Their 
physical properties are presented in Table 1.

In general, as a light-emitting or sensing unit, one particle 
acts as an independent receptor; a mechanical response light-
emitting sensor is active, and does not require external power 
or electrodes. Therefore, the sensing and light-emitting per-
formance greatly depends on the shape and orientation of the 
particle itself, especially for anisotropic ML crystals. At present, 
the preparation of CaZnOS is an inert gas protection solid-state 
method (SSM).[36,37] The high-temperature SSM can easily lead 
to the direct agglomeration of crystals and irregular morpholo-
gies. Some alkaline earth oxide ions form flux, but can lead to 

serious chemical and physical agglomeration of particles. After 
firing, the obtained block requires mechanical ball milling; this 
can easily destroy the original growing crystal shape, and the 
particle size distribution is very wide and uneven. Therefore, 
despite the significant progress that has been made, there is an 
urgent need to develop a controllable, large-scale, and low-cost 
method for obtaining high-quality ML crystals.

The molten salt shielded (MSS) method is a method for 
growing crystals at relatively low temperatures (lower than 
those of the traditional SSMs) by using salt with a low melting 
point. It does not need to react in an inert gas atmosphere. 
At present, many popular materials have been synthesized by 
this method; for example, large-scale Ti3ZnC2, InP, and CdS 
quantum dots have been synthesized using molten methods, 
thereby providing a green and feasible route for the preparation 
of oxidation-prone materials.[38–42] Depending on the intrinsic 
melting point of the salt, the alternative temperature ranges 
from 100 to 1000 °C, allowing access to a broad range of inor-
ganic crystalline materials.

In this work, as a novel approach, we synthesized CaZnOS-
based ML semiconductor materials using an MSS method, the 
process is described in Figure 1. This method only needs to be 
synthesized in air without ventilation, largely reducing the cost; 
in addition, the flake single crystal synthesized by our method 
has a regular shape, uniform size distribution, and high 

Table 1. Physical properties comparisons of ZnS and CaZnOS.[36] ZnS can only be effectively doped with copper and manganese to form ML, whereas 
CaZnOS can be not only doped with copper and manganese to form luminescence, but also with various lanthanide ions.

ZnS CaZnOS

Direct semiconductor Yes Yes

Piezoelectric constants 8 pmV−1 38 pmV−1

Band gap 3.7 eV 3.67 eV

Crystal structure

Luminescent dopants Cu, Mn Transition metals: Cu, Mn, etc

Lanthanide ions: Eu, Pr, Tb, Sm, etc

Dopant concentration <5% Transition metals: <5%

Lanthanide ions: <10%

Atmosphere Vacuum, N2-O2, H2 Ar, N2, H2-Ar, H2-N2

Figure 1. Schematic diagram of in air molten salt process for CaZnOS: a) Filling of samples in corundum crucible before reaction; b) placing corundum 
crucible in the furnace and annealing at 1000 °C in air for 4 h, washing NaCl in reaction product with deionized water, drying the washed reaction 
product, and finally obtaining CaZnOS:Mn crystals; c) a photograph under an UV lamp.
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crystallization. It is very convenient for fabricating coatings on 
the surfaces of printed matter, handicrafts, or various structures 
for research on strain sensing, anti-counterfeiting, information 
security, and piezoelectric photonics devices, thereby paving the 
way for large-scale industrial applications. At the same time, 
the transition metal and lanthanide ion-doped semiconductor 
single crystal synthesized by this MSS has many luminescent 
properties, and can actively regulate its photoluminescence (PL) 
and X-ray excited luminescence (XEL). Therefore, as an impor-
tant functional optical material, it can expand the research 
scope of traditional semiconductors, such as advanced flexible 
optoelectronic applications, and allow for the development of 
new light generators, as well as piezo-photonic materials and 
devices of third-generation semiconductors.[18,43,44]

2. Results and Discussion

Powder X-ray diffraction (XRD) characterizations were per-
formed to evaluate the crystal structure of the obtained crys-
tals. Figure  2a shows the XRD pattern comparisons between 
the CaZnOS:Mn powders fired at different temperatures and a 
standard powder diffraction file (PDF) from card No. #01-076-
3819. All the standard diffraction peaks are well aligned with 
that of our samples, indicating that the CaZnOS phase is suc-
cessfully formed. In all of the powders fired from an evaluated 
temperature of 900–1100  °C, no dopant impurity (except trace 
ZnS phases) diffraction peaks are detected, indicating that the 
dopant of Mn2+ does not change the structure of the CaZnOS 
host; all of the dopants are evenly integrated into the crystal, and 
doped successfully. Considering the coordination number and 
ionic radius, Mn2+ (Coordination Number (CN4), 0.66 Å) can 
easily replace the position of Zn2+ (CN4, 0.60  Å).[45] Figure  2b 
shows the peak shift of the strongest diffraction from 31° to 32° 
in the 2θ range. As the temperature increases, the peak position 
does not evidently move. Figure  2c shows the XRD compari-
sons between different Ln3+ lanthanide-doped CaZnOS crystals 
synthesized at 1000  °C and a standard PDF card of CaZnOS, 

showing that the CaZnOS phosphors doped with different lan-
thanide ions synthesized by the molten salt method are also 
single-phase, that no new lanthanide-ion oxide impurity phases 
are produced in the matrix, and that Ln3+ mainly replaces the 
position of Ca2+ sites owing to the similar ion radii of the lantha-
nide ions and Ca2+ (CN6, 1.00 Å). CaZnOS is a non-centrosym-
metric structure with a space group P63mc, and is composed 
of homogeneously folded hexagonal ZnS and CaO layers. The 
arrangement of these layers comprises [ZnOS3] tetrahedrons 
arranged in parallel, thereby generating polarization and piezo-
electric behaviors.[46,47] In addition to the ability to synthesize 
the above-mentioned monophasic luminescent materials, this 
MSS method can also be used to synthesize more complex 
structures, such as oxysulfides and sulfide heterojunctions. Mn-
doped ZnS/CaZnOS heterojunctions are successfully obtained 
by this method, and XRD diffraction measurements prove that 
the desired phases are also synthesized (Figure S1, Supporting 
Information). Notably, all lanthanide-doped CaZnOS phosphors 
synthesized in air by the MSS method are achieved for the first 
time; this approach is convenient for obtaining uniform crystals 
and can greatly reduce the synthesis cost, making it beneficial 
for large-scale industrial operation.

Mechanoluminescent crystals are often used as stress sen-
sors and the single particles are separate sensors; thus, the 
morphologies and sizes of the crystals will have great influ-
ences on the performance of their sensing properties. Figure 3 
shows the scanning electron microscopy (SEM) images of the 
CaZnOS crystals doped with manganese ions synthesized 
at different temperatures using the MSS method. The SEM 
images represent samples annealed at different temperatures 
from 900 to 1100 °C.

Generally, compared with the traditional solid-phase method, 
the phosphor synthesized by the MSS method has a regular 
and controllable morphology, and the crystals generally exhibit 
a sheet-like structure. Moreover, the SEM images show that the 
samples tend to grow into a flat shape at a lower temperature. 
As the temperature increases, the crystals gradually form a full 
round drum-like crystal with evident layered stacking structure. 

Figure 2. X-ray diffraction (XRD) spectra of the samples prepared by molten salt shielded (MSS) method: a) the XRD of CaZnOS samples doped with 
Mn ions annealed at 900, 950, 1000, 1050, and 1100 °C; b) refined XRD peaks of CaZnOS:Mn located from 31° to 32°; c) XRD of CaZnOS samples 
doped with lanthanide ions annealed at 1000 °C.
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In addition to the Mn2+ ions doped crystals, the lanthanide 
ion-doped samples also have similar morphological character-
istics (Figure S2, Supporting Information), for example, the 
SEM and energy dispersive X-ray spectroscopy (EDS) spectra 
of the CaZnOS doped with lanthanide ions such as Gd3+ and 
Ho3+ ions. It can be seen that our obtained samples are still 
regular and generally exhibit a layered-like structure. The EDS 
element map image shows that Ca, Zn, O, S, and Gd/Ho atoms 
are uniformly distributed throughout the selected area. We 
applied the focused ion beam technique to get a proper thin 
sample and further carried out characterization through a high-
resolution scanning transmission electron microscopy (STEM) 
(Figure  S3, Supporting Information). We finally confirm our 
sample is single crystalline structure. During the course of the 
experiment, we found that the samples doped with Ln3+ ions 
were harder than the samples doped with Mn2+ before washing 

with deionized water, and agglomerated more compactly in the 
crystalline molten salt. Therefore, some samples would slightly 
grind the whole sample into small pieces before washing.

Semiconductor doping through a small amount of lumi-
nescent center transfers the energy absorbed by the host to 
the doped ions through energy transfer. For example, zinc 
sulfide doped with manganese elements can achieve good 
PL performance through a small amount of doping. To study 
the luminescence properties of CaZnOS samples obtained 
under different synthesis conditions and different doping 
ions, we conducted PL tests. We systematically studied the 
PL spectra, including the excitation and emissions of the 
CaZnOS:Mn crystals synthesized at different temperatures, 
as shown in Figure 4. It can be seen that as the temperature 
increases, the integrated PL intensity continues to increase. 
This is because the increase in temperature is conducive to 

Figure 3. Scanning electron microscopy (SEM) images of the samples prepared by MSS method a–i): the CaZnOS samples doped with Mn ions 
annealed at 900, 950, 1000, 1010, 1020, 1030, 1040, 1050, and 1100 °C, respectively. Different from the traditional solid-state method, our crystal has 
high crystallinity and dispersion, the crystal surface is smoother than the samples prepared by traditional solid-state reaction. j) EDS images of Mn 
doped CaZnOS.
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the diffusion of Mn2+ (CN4, 0.66 Å) more effectively into the 
lattice, theoretically replacing the positions of the Zn2+ (CN4, 
0.60 Å) ions. As the doping concentration of Mn2+ is fixed at 
2 mol% (relative to ZnS), we observe a strong band emission 
at 615 nm, as derived from the strong 4T1(4G) → 6A1(6S) emis-
sion of Mn2+; this is consistent with previous reports.[45] The 
corresponding excitation spectrum, monitored at 615  nm, is 
shown in Figure  4a. At high temperature, a small amount of 
manganese is actually not excluded from entering the calcium 
site, resulting in the shift of the excitation peak (Figure  4a). 
The red shift of the excitation peak may also be related to the 
anisotropy of the crystal. We found that the stacking of layered 
crystal particles becomes thicker with the increase of temper-
ature, resulting in a change in the coordination transmission 
of manganese ions. Interestingly, with the change in tempera-
ture, the wavelength of the emission spectra is red-shifted. We 
normalize at the 270–310  nm range of the spectrum to make 
it easier to see this shift as a red-shift of ≈10 nm, as shown in 
Figure 4b. Notably, we need to spread a layer of NaCl on top of 
the reactants before placing the mixtures into the muffle fur-
nace and heating. The melting point of the NaCl is ≈801  °C. 
After melting at a high temperature, it can not only isolate 
oxygen and prevent Mn2+ and S2− ions from being oxidized, but 
can also provide a liquid reaction environment. Increasing the 
reaction rate is conducive to a more complete reaction. How-
ever, the molten salt volatilizes to an extent at high tempera-
tures; this phenomenon has been noticed by us, especially after 

the temperature reaches 1100  °C. Accordingly, a large amount 
of NaCl should cover the upper layer of the mixtures to prevent 
the Mn2+ ions from becoming oxides such as MnO2. Once this 
reaction takes place when the temperature exceeds the molten 
salt NaCl boiling point, the former manganese oxide (high 
valence manganese) quenches the luminescence of the sample, 
and may reduce the intensity of the luminescence as a whole. 
The volatilization of molten salt increases the Mn2+ concentra-
tion in the reaction environment, shifting the excitation peak 
of the main lattice from 284 (900 °C) to 294 nm (1100 °C) to a 
longer wavelength. More interestingly, a new excitation peak at 
342 nm of the long-wavelength UV spectrum is observed in the 
sample synthesized by the MSS method of CaZnOS:Mn. This 
provides more convenient approaches to the multi-wavelength 
excitation of samples. The addition of chloride ions may be 
involved in the energy transfer in the luminescence process, 
and the defect luminescence caused by them is overlapped 
with the spectra of manganese. Therefore, when we monitor 
different wavelengths, the excitation spectra are different. This 
phenomenon may also be caused by various factors or dif-
ferent occupations of manganese. It cannot be ruled out that a 
small amount of manganese may enter the calcium cation site, 
making the coordination field around the manganese ions dif-
ferent. The other excitation peaks at ≈398 and 496 nm can be 
attributed to the electronic transitions of 6A1(6S) →4T2(4D) and 
6A1(6S) →4T2(4G). As shown in Figure  4a, the intensity of the 
excitation band of the main lattice is much stronger than that 

Figure 4. Photoluminescence spectra of CaZnOS:2% Mn crystals prepared under the different temperatures (from bottom to top is 900, 950, 1000, 
1050, and 1100 °C): a,d) the excitation emission spectra monitored by 615 and 590 nm, respectively, b,e) the corresponding magnified normalized photo-
luminescence spectra, showing the red shift, and c,f) the excitation spectra of 290 and 342 nm, respectively. We notice that the excitation peak is quite 
different from the traditional solid-state method. At the same time, for the excitation peak, the synthesis temperature can cause the shift of manganese 
luminescence peak, which has not been observed in the previous research methods. Our method can adjust the spectral characteristics more flexibly.
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of the latter, indicating that the energy is effectively transferred 
from the main lattice of the crystalline host to the Mn2+ ions. 
We found that the crystals grown by molten salt method have 
higher quantum yield (QY) than those grown by traditional 
SSM. As we can see, the CaZnOS:Mn (Figure  1c) can emit 
strong red fluorescence under UV lamp irradiation. We tested 
the QY of the phosphor under 290 nm  excitation, the spectra 
are shown in Figure S4, Supporting Information. The QY of the 
phosphor synthesized by MSS method is 57.45%, this value is 
much higher than that of the sample prepared by solid state 
reaction method (CaZnOS:Mn, QY = 27.3%),[35] the high QY 
is attributed to the higher crystallinity and larger and uniform 
grain size of our samples.

In addition, we also investigated the PL spectra of the lan-
thanide ions in the CaZnOS semiconductor, as shown in 
Figure 5, where the blue line represents the excitation spectra, 
and the other lines are the corresponding emission spectra. 

To scan the luminescence peak in the visible region and its 
extension, we recorded the PL spectra for all the lanthanide 
ion-doped samples from 250 to 800 nm with a test slit of 1 nm, 
step size of 1 nm, and dwell time of 0.2 s. We selected a part 
of the excitation spectra from 250 to 500  nm for comparing 
the similarities and differences between the matrix excita-
tion and intrinsic excitation of the different lanthanide ions, 
as shown in Figure  5. The complete excitation spectra are 
shown in Figure S5, Supporting Information. Because the ion 
radius of Ln3+ is similar to that of Ca2+ ions, lanthanide ions 
tend to replace calcium sites independently in CaZnOS crys-
tals. The excitation spectra of the different lanthanide ions 
are distributed in different positions, some near 280–290 nm, 
and some in the longer wavelength region, such as blue light; 
for example, the dominant excitation spectra of a crystal 
doped with Eu3+, Tb3+, and Yb3+ are located at ≈290 nm. This 
originates from the CaZnOS host, indicating that the energy 

Figure 5. Room temperature excitation (blue line) and emissions (corresponding to the light-emitting color line) spectra of CaZnOS microcrystals 
doped with different lanthanide elements a) Pr, b) Sm, c) Eu, d) Tb, e) Dy, f) Ho, g) Er, f) Tm, and i) Yb), showing our method can not only realize host 
sensitization, but also realize self-sensitized luminescence of lanthanides, which is different from the previous traditional methods.
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transfer efficiency from the host to the dopant is relatively 
high, whereas other samples such as the Pr3+, Dy3+, Ho3+, and 
Er3+ doping samples mainly show a longer excitation charac-
teristic, as respectively determined by the characteristic f–f 
transition peak of the lanthanide dopant. Neutrally, the sam-
ples of Sm3+ and Tm3+ balance to an equal level; that is, they 
can be effectively excited by both the matrix and lanthanide 
ions themselves, as related to the doping and defect energy 
levels formed in the matrix.[48,49] The energy level matching 
and excitation energy transfer efficiency are related to the 
configuration of the final excitation spectrum. These provide 
rich options for flexible excitation and the manufacturing of 
semiconductor-integrated displays in the future. The different 
spectral peak positions correspond to transitions of different 
energy levels. We organized them into tables; details can be 
found in the appendix (Table S2, Supporting Information).

As lanthanide ion elements also emit light in IR light, pro-
viding options for real applications including therapy, laser, bio-
imaging, monitoring, and IR communication, we also investi-
gated the PL emissions of Nd-, Pr-, Yb-, and Er-doped CaZnOS, 
respectively, as shown in Figure S6, Supporting Information. 
Nd doping has received great attention as an efficient near-IR 
luminescent dopant.[37,50] Therefore, we successfully synthe-
sized doped micro single crystals and synthesized CaZnOS 
doped with Nd, consistent with previous literature reports, 
as shown in Figure S7, Supporting Information. The transi-
tion metals of Cu-and Pb-doped crystals were also successfully 
obtained by using the MSS method; the doped samples show 
green and deep blue emissions, respectively, and their charac-
teristic luminescence is obtained even with a low concentra-
tion of dopants, for example, 0.1% Cu and 0.1% Pb mol doping, 
respectively. In addition, doping characteristic emissions 
(rather than those of the matrix) can be seen (Figures S8,S9, 
Supporting Information). By using this method, we can realize 
the intrinsic luminescence of all luminescent ions, as long 

as the dopants can be successfully doped into the crystal. To 
further demonstrate that our method can enrich the PL emis-
sions of various structures, such as heterojunction structures, 
the PL spectra of the ZnS-CaZnOS:Mn heterojunction synthe-
sized by the MSS method as shown in Figure S10, Supporting 
Information and its corresponding strong emissions can be 
observed under UV light excitation (especially at 290  nm). 
The crystals synthesized by the high-temperature SSM have the 
characteristics of uniformly dispersed crystal particles. After 
treatment in the high-temperature solid-state molten salt, the 
crystal has a smooth crystal surface, and the crystal surface with 
the lowest energy is mainly exposed outside the crystal, thereby 
resisting the corrosion of ions in the environment; therefore, 
it has the chemical characteristics of a high temperature, and 
can be stored in air or water for a long time without decomposi-
tion. The samples fired using the MSS method are chemically 
stable in the ambient environment. As shown in Figure  S11, 
Supporting Information, we retested the PL spectra of the 
CaZnOS:Mn samples after 6 months; the PL configuration and 
intensity of the samples prepared by the MSS method are basi-
cally the same as when first synthesized.

After considering the PL, we studied the ML. Figure 6 shows 
the ML spectra of different doped (Mn2+ and Ln3+) CaZnOS syn-
thesized by the MSS method. Figure 6a shows the ML spectra 
of CaZnOS:Mn synthesized at 1000  °C under different forces. 
Figure  6b is the integral intensity diagram from Figure  6a. It 
can be seen that as the force increases, the luminous intensity 
also increases; this is different from the behavior of previously 
reported samples annealed by the traditional SSM, and may 
be caused by the anisotropy of the uniform sheet-like crystals. 
The samples emit light more easily under higher pressure, so 
the overall luminescence enhancement trend is more evident. 
We further conduct ML test under high pressure (200–1000 N), 
the ML intensity integral of phosphor exponentially increase 
with the applied force. (Figure S12, Supporting Information). 

Figure 6. a) ML spectra of CaZnOS:Mn synthesized at 1000 °C under different forces; b) ML intensity integrals under different forces; c) ML spectra; 
d) intensity integrals under 20 N force; e) ML spectrum of Ln3+ doped CaZnOS under a force of 30 N; f) chromaticity coordinates of ML.
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Figure  6c shows the ML spectrum of samples synthesized 
at different temperatures under a force of 20 N, whereas 
Figure 6d shows the intensity integral diagram corresponding 
to Figure 6c.

When the temperature reaches 1010 °C, the ML intensity of 
the CaZnOS:Mn under the same force has the largest value. 
This may be attributed to the crystal anisotropy. CaZnOS has 
a hexagonal asymmetric crystal structure, and the c-axis is 
the crystal polarization axis. That is, if the crystal grows along 
the c-axis, it will be easier to trigger the internal potential to 
increase the light emission, as widely observed and reported for 
other semiconductors such as ZnO, GaN, and CdS.[51,52] This is 
consistent with the SEM morphology observed in the present 
study. The crystal shows a longer sheet structure and a trend of 
c-axis-preferred growth. This preferred trend facilitates the for-
mation of the built-in potential under the action of an external 
force, which is conducive to the realization of ML emissions. 
In addition, it is related to the recent rate of ion diffusion and 
scattering in the high-temperature molten salts. Ion diffusion 
and scattering are competitive. When the temperature reaches 
a certain level, the optimal state is formed, and is conducive to 
a more uniform distribution of manganese ions in the crystal. 
This affects the uniformity of luminescence, and will eventu-
ally affect the overall intensity of the ML. The degree of external 
force in contact with the crystal is also related to the final lumi-
nous intensity of the crystals. This leads to the fact that the syn-
thesis temperature of the sample with the best ML is not the 
highest temperature, but a moderate one. Figure 6e shows the 
ML spectra of the Ln3+-doped CaZnOS. The ML configurations 
of the different doped samples are consistent with the sam-
ples synthesized by the traditional solid-phase method.[35] We 
extracted the chromaticity coordinates for the Ln3+-doped and 
Mn2+-doped CaZnOS samples from the ML spectra. As shown 
in Figure 6f, the different dopants can achieve different colors. 
This will provide a large number of alternative colors for the 
ML display, from visible to near-IR.

In addition, the ML spectra for the ZnS/CaZnOS:Mn hetero-
junction sample were recorded under different forces; the spec-
tral range is basically the same as in our previous measured 
results; the ML spectra for the heterojunctions prepared by the 
MSS method are shown in Figure S13, Supporting Informa-
tion. Because mechanoluminescent materials emit light under 
the action of force, they do not require light, such as UV or IR 
excitation accordingly, they have important application pros-
pects for pressure imaging, electronic signatures, and infor-
mation anti-counterfeiting. We can achieve an ML prototype 
device through screen printing. Figure 7a shows photographs 
of handwriting on the ML film, showing yellow, green, and 
red colors with the same host CaZnOS semiconductors doped 
with different luminescent lanthanide ions; all of the samples 
were prepared by our MSS method (see also Videos S1–S7, Sup-
porting Information for details of the ML-lighting process). We 
also integrated the ML, PL, and long-lasting luminescence char-
acteristics of the same material, and prepared a multi-modal 
lightweight print that does not easily crack and shows a multi-
modal luminescence effect, as displayed in the multi-modality 
and new fluorescence. The crystals have important promising 
applications in the field of anti-counterfeiting (see Video S7, 
Supporting information). We show a novel screen-printed 

butterfly pattern with delayed luminescence, different from 
ordinary fluorescence, in addition to having ML characteris-
tics (Figure 7a–d); the patterns have a phosphorescent property 
(Figure 7e–j) with a delayed effect.

As a method of high energy excitation, X-rays are now widely 
used to excite fluorescent materials. Recent studies have shown 
that mechanoluminescent materials are usually accompanied 
by good X-ray excitation PL properties. Therefore, we further 
studied this feature systematically. When using X-rays to excite 
CaZnOS samples doped with different lanthanide ions, we can 
achieve intensive multi-color X-ray fluorescence, as shown in 
Figure  8. We chose the X-ray source operating at U  = 50  kV 
and I = 40 µA as the excitation for obtaining the XEL spectra. It 
can be observed that the CaZnOS for different lanthanide ions 
will show different luminescence properties after being excited 
by X-rays. The inset picture in Figure  8 shows a fluorescence 
microscope photo-image of the X-ray excitation from the ML 
film. We set the exposure time to 2 s and the sensitivity (ISO) to 
3200, and the image was captured in a darkroom environment. 
The different luminous intensities of the samples after excita-
tion are directly reflected in the brightness and darkness of the 
physical image.

To further verify the feasibility of non-doped luminescence, 
we prepared un-doped CaZnOS samples and irradiated them 
with X-rays. A stronger yellow emission was observed, as shown 
in Figure 9. Figure 9a shows the X-ray excited PL spectrum and 
fluorescent microscope photo-image. We compared the inten-
sity of commercial scintillation crystals under year-on-year con-
ditions and irradiated the same dose of X-rays with the scintil-
lator NaI:Tl, as commonly used in industry applications. Inter-
estingly, the XEL integrated intensity of the undoped CaZnOS 
was higher than that of NaI:Tl. To compare the effects of the dif-
ferent doped lanthanide ions, we calculated the integrated inten-
sity of the XEL spectrum, as shown in Figure 9b; as shown, the 
three doped samples, Pr3+, Sm3+, and Tb3+ (2 mol%) have rela-
tively higher luminous intensities. This corresponds to the real 
picture. Next, we tested the XEL spectrum of CaZnOS doped 
with a low concentration (0.2 mol%). When the doping con-
centration decreases to an order of magnitude, the XEL spectra 
broadly show a spectrum ranging from 500 to 700 nm, whereas 
the intrinsic luminescence of the lanthanide ions is retained 
in other positions, and the doped ions can still be seen in the 
characteristic peak position, as shown in Figure 9e,f. Compared 
with the high concentration of lanthanide ions, the intrinsic 
emission peak of the lanthanide still shows a certain degree of 
suppression. Therefore, by adjusting the doping concentration, 
the luminescence of the host and lanthanide ions can be flex-
ibly adjusted, thereby flexibly adjusting the color of the lumines-
cence. This provides potential application value for future X-ray 
excited semiconductor display devices. To accurately obtain the 
chromaticity coordinates of the XEL for different lanthanide 
ions, we extracted the XEL spectra to calculate the chromaticity 
coordinates of each doping element, as shown in Figure  9d, 
allowing us to achieve multi-color X-ray fluorescence.

The current development of medical and industrial diag-
nostic technology has led to accelerated research on X-ray 
excitation scintillation systems.[53–58] For example, lanthanide 
ion-doped lead halide perovskite materials exhibit intensive 
X-ray excitation luminescence. However, they usually contain 
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a high amount of lead, silver, or even a high concentration 
of heavy lanthanide ions to form the matrix, with long-term 
adverse effects on the environment, as well as high costs for 
the raw material and synthesis; they also suffer from poor sta-
bility and are not easy to store in high-temperature and humid 
environments, which is not conducive to wide application in 
the market. We believe that our material is a biocompatible and 
multifunctional fluorescent material. With the introduction of 
the nano-synthesis process into the system, uniform monodis-
perse colloids could be obtained, such as 0D quantum dots, or 
2D single-layer semiconductors could be realized by the addi-
tion of a liquid-phase stripping process.

3. Conclusions

In this work, a series of high quality monodisperse CaZnOS 
single crystals were synthesized by a simple MSS method 
in air for the first time. We can not only fine-tune the mor-
phology of the crystal by simply controlling the annealing tem-
perature, but can also successfully achieve multi-luminescence 
of a large number of transition metal or lanthanide ions. By 
using different dopants, we can achieve versatility in the lumi-
nescence for doped CaZnOS-based semiconductors in terms 
of ML, PL, and XEL, and for the first time, we discovered 
that un-doped CaZnOS has a higher XEL luminous intensity 

Figure 7. a) Photographs of handwriting on the ML film with a pen, showing yellow, green, and red color with CaZnOS:Sm, CaZnOS:Ho, and CaZnOS:Mn 
powders prepared by the MSS method, we set the exposure time of the camera to 3 s and the sensitivity to 1000; b–d) we use CaZnOS:Mn to screen 
print a pattern drawn on ordinary A4 paper and shoot it under an incandescent lamp; we use a pen to slide on the pattern. A very bright luminescence 
can be seen, based on irradiating a pattern with a 254 nm UV lamp; e,f) irradiating a butterfly mold with a 254 and 365 nm UV lamp, respectively, 
where the butterfly mold is filled with different samples; g–j) overlapping the logo of Shenzhen University painted by CaZnOS:Bi with the bird painted 
by CaZnOS:Mn by using screen printing technology, shoot the pattern irradiated with a 254 nm UV lamp under an incandescent lamp; i) the pattern 
when the UV lamp is turned off; j) the picture after 5 s after turning off the UV lamp.
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relative to standard commercial NaI:Tl; moreover, other ele-
ments are mixed to have a certain inhibitory effect on XEL, 
facilitating the moderation of the spectra of different colors as 
a X-ray detection and imaging material. As a new type of mul-
tifunctional piezo-photonic third-generation semiconductor 
with environmentally friendly and biocompatible elements 
such as Ca, Zn, O, and S, the multi-luminescent properties of 

CaZnOS semiconductors prepared by our method have great 
potential for multifunctional advanced lighting and imaging, 
sensing, and energy applications. This method opens a door 
for the rapid and high-yield synthesis of oxidation prone mate-
rials such as 2D layered structure, such as disulfide or black 
phosphorus, chalcogenide, or oxysulfide semiconductor crys-
tals with functionalities.[40–42]

Figure 8. X-ray excitation luminescence (XEL) spectra of CaZnOS doped with different lanthanides. The inset is the corresponding photographs taken 
with a digital camera. The size of the light-emitting area is a rectangle of 3 cm × 3 cm; a) Ce; b) Pr; c) Nd; d) Sm; e) Eu; f) Gd; g) Tb; h) Dy; i) Ho; 
j) Er; k)Tm; and l) Yb, respectively, the doping concentration of all of the lanthanide ions is 2 mol%, indicating these crystals can achieve multi-color 
luminescence under low-dose X-ray irradiation.
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4. Experimental Section
Molten Salt Shielded Method Preparation of CaZnOS:Mn2+/

Ln3+: Monodisperse CaZnOS sheet-like powders were prepared by 
the MSS method, as described below. The raw chemicals included 
CaCO3 (purity >  99%, Sigma), ZnS (purity 99.99%, Aladdin), and 
MnCl2 ·4H2O, LnCl3·H2O, and NaCl (purity 99.8%, Aladdin). First, the 
CaCO3 was placed in a crucible for alumina; then, it was placed in a 
high-temperature muffle furnace heated by a resistance wire kept at 
1000 °C for 4 h to decompose and obtain pure CaO. Then, 5 g of ZnS 
and MnCl2·4H2O/LnCl3 (≈2 mol% to ZnS)/BiCl3/CuO/PbO were evenly 
mixed with ethanol as the dispersion medium, providing detailed melt-
salt compositions. After volatilizing and drying, the prepared CaO was 
added (with the same molar ratio as ZnS) into the mixture, ground 
for 10  min. The mixture was placed into a corundum crucible, and 
covered with 15 g NaCl on the upper surface of the mixture; it was then 
carefully compacted, and placed in a crucible in the air atmosphere of 
the high-temperature furnace and sintered at 900–1100 °C for 4 h. After 
the sintered product was naturally cooled to room temperature in the 
furnace, the NaCl solid crystals embedded in the sample were washed 
with deionized water, and finally dried in a drying oven at 80  °C to 
obtain the powder for subsequent characterization and usage. The flow 
diagram is shown in Figure 1. The detailed design of the experiment is 
presented in Table S1, Supporting information.

Production of Mechanoluminescent Film: As a typical experimental 
process, 0.3  g of the sample and 0.06  g of a UV curing adhesive 
(LEAFTOP 9307) were weighed, placed it into 10 mL centrifuge tube. 
Then, 9  mL of absolute ethanol was added and the mixture was 
shaken fully to make the sample mix evenly with UV curing adhesive, 
before quickly being transferred into a 3 cm × 3 cm rectangular mold. 
An abrasive tool was placed in the inner layer laminating film (Deli, 
No. 3817). One layer of each protective film was ≈15 microns thick 
and covered with thermoplastic on one side, and the mold was placed 
in a drying oven at 80 °C. After all of the ethanol was dried, the mold 
was removed, the protective film was sealed, and the sample was 
irradiated with an UV lamp to cure the adhesive. The ML film was 

used for subsequent ML tests and X-ray irradiation to obtain XEL 
spectra.

Screen Printing Details: The masked plate patterns (17 cm  × 8 cm, 
150 mesh), including the logo of Shenzhen University, dragon, magpie, 
and Wechat QR code, were customized for screen printing. The plain UV 
ink and phosphor were mixed in the ratio of 10:1 and blade-coated evenly 
to the screen, which attached the designed patterns on the top side, 
while an A4 paper closed up the bottom side. After blade-coating and 
painting over and over again, the ML ink pattern wrapped with phosphor 
will appear on the paper to form the printed pattern. The thickness of 
the pattern was controlled by the number of times of coating. Finally the 
paper was put in an oven drying at 80 °C for 5 min.

Materials Characterization: XRD was performed using a high-
resolution X-ray diffractometer. SEM and EDS were performed using 
a Thermo APREO S instrument to observe the morphology and 
elemental distributions of the samples. High-resolution TEM Images 
were characterized by STEM HADDF-STEM (Titan3 Cubed Themis 
G2). The PL spectra and QY were measured using an Edinburgh 
FSL1000 spectrometer equipped with an integrating sphere. An X-ray 
source working under U  = 50  kV and I  = 40 µA was used as the 
excitation source to obtain the XEL spectrum. The ML spectrum was 
recorded using a self-made measuring instrument equipped with 
a linear motor, digital push-pull instrument, and QE65pro optical 
fiber spectrometer (Ocean Optics). The ML film was pasted on a 
quartz glass sheet. On the front of the quartz glass sheet, a digital 
push-pull instrument with metal accessories was fixed on a platform; 
the platform was connected to a linear motor, and on the back, the 
optical fiber was connected to the fiber spectrometer. The pressure of 
the metal accessories on the ML film was adjusted by the push-pull 
meter, and the motion of the platform was controlled by a linear motor. 
In the test process, the movement of the stainless steel sliding head 
metal bearing on the multilayer film produced light emissions, and 
the optical fiber synchronously collected signals. By applying different 
forces and selecting different points, each force was measured more 
than five times to ensure the accuracy of the data when obtaining the 
ML spectra.

Figure 9. a) CaZnOS; b) the integrated intensity calculated from the XEL spectrum, CZ represents undoped CaZnOS; c) NaI:Tl emission spectrum; 
d) under the excitation of an X-ray source with U = 50 kV and I = 40 µA, chromaticity coordinates calculated by XEL spectrum; e) XEL spectrum of 
CaZnOS:Tb (0.2%); f) XEL spectrum of CaZnOS:Tm (0.2%).
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