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Eu?*-doped phosphors SroMgSizO;: xEu?™ (x = 1-5 mol%) with blue color are synthesized by the co-
precipitation method. The X-ray diffraction patterns of these phosphors indicate a tetragonal crystal structure.
The emission peak centered at 486 nm is attributed to the 4 F’— 4F°5D! transitions of Eu?* ions with CIE co-
ordinates of (x = 0.176, y = 0.637). We use SroMgSi»O7: 4 mol% Eu®**" phosphors to find latent fingerprints
(LFPs) with visible patterns on different surfaces under 337 nm UV light. The results indicate that this phosphor
may possess the potential to be used for LFP recognition. Three calculated models mimicking the crystal host,
Eu®* ion-doped phosphor, and Eu?* ion-doped phosphor with oxygen vacancy are built using CASTEP software
to perform density functional theory (DFT) calculations. The geometry optimization results of the Eu?* doping
ion reveal that a coordinate covalent bond is formed by the Eu*" doping ion with its neighboring oxygen atoms.
The oxygen vacancy Vo causes obvious changes in the electron orbitals of Si and O atoms as well as the 5d empty

orbital of Eu*" ions.

1. Introduction

Long afterglow phosphors have great potential for application in
many fields such as lighting [1-3], traffic signs [4,5], watches and clocks
[6,7]1, luminous paints [8], sensors and detectors [9,10], biomedical
imaging [11,12], photocatalysis [13,14], and solar cells [15,16]. Among
various kinds of phosphors, silicates can be used in a wide range of
applications due to their easy preparation [17], low cost [18], stable
crystal structure [19], long persistence time [20-22], physical and
chemical stabilities [23,24], excellent water resistance [25], environ-
ment friendliness [26], varied luminescent colors [27], and strong ab-
sorption in the near-UV region.

The family of materials MaMgSioO; (M = Ca, Sr, Ba), which are
called alkaline earth akermanites, are the most widely studied persistent
luminescent silicates [28-34]. Ions of rare earth elements are the most
common doped ion to be used as an activator in phosphors. Luminescent
Eu?" ions can emit light from the UV to the infrared region on different
host matrices because the involved 5d orbital of a Eu?" ion is external
and strongly influenced by the crystal field. Activator Eu?" ions are used
to make SrpMgSi,O; based blue phosphors, and their broadband

* Corresponding author.

emission usually consists of transitions from 455 d! to the 4f” ground
state.

The host of SroMgSi2O; (SMSO) has a tetragonal crystal structure.
The Sr?* ion in this crystal structure occupies a position that is con-
nected with eight neighboring 0%~ ions. Obviously, when Eu®" is doped
into the SMSO crystal, the electronic structure of SMSO is not changed
because their ionic radii are almost the same, and no charge compen-
sation is required for the replacement of Sr*>* with Eu?". Therefore, we
adopted the density functional theory (DFT) calculation in the Cam-
bridge Sequential Total Energy Package (CASTEP) software and used a
simple primitive crystal model to study how the Eu?" doping and oxygen
vacancies affect the electronic orbitals in the crystal structure.

Among the various synthesis methods, the co-precipitation method
[35-53] is known to produce phosphor powders with uniform, narrow
size distribution, and a homogeneous distribution of the activator ions.
Therefore, the co-precipitation method was chosen to prepare
SroMgSis07: Eu?t phosphors with various doping concentrations of
Eu?" ions. According to our experimental results, the optimum Eu?*
doping concentration was 4 mol%, and the optimum sintered tempera-
ture and time were 1150 °C and 11 h, respectively.
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Fig. 1. Top (al) and side (a2) views of the calculated model Sr4Mg,Si4O14 of host SroMgSizO, top (b1) and side (b2) views of the calculated model 1 Sr3Mg2SisO14:
Eu?* as well as top (c1) and side (c2) views of the calculated model 2 Sr3sMg,Si4O13: Eu?" (Vo) of phosphor Sr,MgSi,0,: Eu?*. Top (a'1, b’1, ¢’1) and side (a’2, b’2,
¢’2) views of the calculated geometry optimization results of SrsMg,Si4014, SrsMg2Si4014: Eu?t (model 1) and Sr3Mg,SisO13: Eu?" (Vo) (model 2), respectively.

In addition, the crystal phases and structures of these synthesized
phosphors were studied by X-ray wide-angle diffraction (XRD) and field
emission scanning electron microscopy (FESEM). The photo-
luminescence excitation (PLE) and photoluminescence (PL) spectra of
these phosphors were studied using a fluorescence spectrophotometer.
The binding energies of each surface composition of this phosphor were
determined by X-ray photoelectron spectroscopy (XPS). The loss of

weight during the synthesis period was studied by thermogravimetric
analysis (TGA).

Owing to the advantages of SroMgSi»Oy: Eu?* blue phosphor powder
such as low cost, ease of synthesis, lack of human toxicity, and envi-
ronment friendliness, we try to explore the possibility and feasibility of
its application to LFP discovery. For this, the pattern identification of
LFPs on the surfaces of various materials is evaluated.
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Fig. 1. (continued).

2. Experimental section
2.1. Powder synthesis

Sr,MgSis07: xEu®" (x = 0.01, 0.02, 0.03, 0.04, 0.05) phosphors were
synthesized using a co-precipitation method. Magnesium nitrate hexa-
hydrate (Mg(NO3)2-6H50, 99+%, Acros Organics, Belgium), strontium
nitrate (Sr(NOs)2, 99+%, Acros Organics, Belgium), europium(III) ace-
tate hydrate (Eu(CyH302)3-xH20, 99.9%, REacton, Alfa Aesar, U.S.A.),
tetraethyl orthosilicate (Si(OC2Hs)4, 98%, Acros Organics, Belgium),
deionized water, anhydrous alcohol (CoHs0H, 99.5+%, ECHO Chemical

Co., Ltd, Taiwan), and ammonium hydroxide (NH4OH, 28-30%, Fisher
Chemical, U.S.A.) were used as the starting materials.

First, stoichiometric amounts of Mg(NOs)s+6H50, Sr(NO3)s, and Eu
(C2H302)3-xH0 were placed in a beaker, and deionized water was
added. These materials were heated and stirred at 300 rpm for 30 min at
a temperature of 60 °C (so that they were evenly dissolved) to form
solution A. A stoichiometric amount of Si(OCyHs)4 was fully dissolved in
anhydrous alcohol and stirred for 30 min to form solution B. Then, so-
lution B was poured into solution A, and the mixture was heated and
stirred at 300 rpm for 30 min at a temperature of 60 °C to obtain a
uniformly mixed solution C. Subsequently, ammonium hydroxide was
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Fig. 2. XRD patterns of (a) SroMgSi>O: xEu?* (x = 0.01, 0.02, 0.03, 0.04,
0.05) (b) SroMgSi>07: 4mol% Eu?* phosphor sintered from 7 to 13 h at 1150 °C
(¢) SryMgSis0;: 4mol% Eu®" phosphor sintered from 950 to 1150 °C as
compared to the standard pattern, respectively.
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Fig. 3. DTA-TGA analysis of precursors after co-precipitation of Sr,MgSi>O:
4mol%Eu>".

dropped into solution C until the solution was completely turbid (white
color). It was poured into a plastic test tube and centrifuged at 6000 rpm
for 30 min to obtain a white solid.

The obtained white solid was washed with deionized water and
anhydrous alcohol and then baked at 80 °C for 20 h to remove excess
water. The white precursor was ground in a mortar, after which it was
placed in a crucible and sintered in a high-temperature furnace. After
final grinding of the resulting product, bright blue phosphor powder was
obtained. A series of SroMgSizO7: xEu?* phosphors doped with 1, 2, 3, 4,
and 5 mol% Eu?" were sintered at 1150 °C for 11 h. The optimum doped
SroMgSiaO7: 4 mol% Eu®* phosphor was sintered at 950, 1050, and
1150 °C for 11 h as well as for 7, 9, 11, and 13 h at 1150 °C.

2.2. Characterization

The crystal structures of the synthesized phosphors were recorded on
a 2D high-temperature D8 Discover (Bruker AXS Gmbh, Karlsruhe,
Germany) X-ray wide-angle diffractometer (XRD) with Cu ko g =
1.54184 A radiation at 40 kV and 40 mA. Their particle size was
analyzed using a nanoparticle analyzer (HORIBA Scientific SZ-100Z).
The morphology was observed by field emission scanning electron mi-
croscopy (FESEM) (JEOL-6330). The photoluminescence (PL) and pho-
toluminescence excitation (PLE) spectra as well as their decay time of
phosphors were examined at room temperature using a fluorescence
spectrophotometer (Hitachi Fluorescence Spectrophotometer F-7000)
having a 150 W Xe lamp as an excitation source. The CIE color co-
ordinates of the prepared phosphor were calculated by radiation spec-
troscopy. X-ray photoelectron spectroscopy (XPS) was performed to
determine the binding energy of each component element (JEOL, JAMP-
9500F Auger Electron Spectroscopy). Thermogravimetric analysis
(TGA) and differential thermal analysis (DTA) were performed in air
using a TA SDT 2960 system having a heating rate of 10 °C/min from
25 °C to 900 °C.

2.3. Computational details

In addition to the host model of SMSO, the Eu?* - doped model
(model 1) and the model with extra oxygen vacancy (model 2) were
built based on the primitive SrsMgsSi4O14 crystal cell shown in Fig. 1
(al-c2). The calculated models (model 1 and model 2) were expressed
as Sr3MgsSis014: Eu?" and Sr3Mg»SisO13: Eu?"(Vo), respectively. In
model 1, one Sr atom was replaced by one Eu?" ion in the primitive
crystal cell to study the Eu?t ion-doping effect. In calculated model 2
also, one Sr atom was replaced by one Eu®" ion in the primitive crystal
cell. Simultaneously, the oxygen atom between two Si atoms in the Si;O;
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Spectrum 1

(a)

20pm ! Electron Image 1

Fig. 4. (a) EDS analysis chart of SroMgSi>O7: 4 mol% Eu?* (b) the range of EDS analysis in SroMgSi>O7: 4mol% Eu?* particle, (¢ ~ g) O, Mg, Si, Sr and Eu element

mark of EDS analysis, respectively.

skeleton near the Eu?" doping ion was removed to understand the ox-
ygen vacancy effect.

The geometry optimization task of the band structures and partial
density of states (PDOS) of the calculated host model, model 1, and
model 2 were performed using the CASTEP program [54-59] with the
generalized gradient approximation (GGA) based on the Per-
dew-Burke-Ernzerhof (PBE) formulation. The charges of these models
had to be modified to +1 to ensure normal execution of the calculation

tasks. The kinetic cutoff energy was 340.0 eV for the host model and
430.0 eV for both model 1 and model 2. The k-point sampling scheme of
a 3 x 3 x 5 Monkhorst-Pack grid and ultrasoft pseudopotential were
used for the primitive cell.

The top and side views of the host model of SMSO are shown in Fig. 1
(al) and (a2), respectively. The top and side views of model 1 with an
Eu?" doping ion are shown in Fig. 1(b1) and (b2), respectively. The top
and side views of model 2, which includes one oxygen vacancy near the



S.-H. Yang et al.

Table 1
Weight, atomic percentage and theoretical value of each element of
Sr2MgSi207:4mol%Eu2+.

Element Weight% Atomic% Theoretical Atomic%
Sr 54.16 21.70 16.33
Mg 6.45 9.31 8.33
Si 16.23 20.28 16.67
o 22.09 48.46 58.33
Eu 1.08 0.25 0.33

Eu?t doping ion are shown in Fig. 1(c1) and (c2), respectively. For
convenience of comparison, the calculated geometry optimization re-
sults are shown at the bottom of Fig. 1. The top and side views of the
calculated results for the host crystal model, doped model 1, and doped
model 2 are shown in Fig. 1 (a’1 - ¢’2).

3. Results and discussion

The X-ray diffraction (XRD) patterns of SroMgSizO7: xEu?t (x = 0.01,
0.02, 0.03, 0.04, and 0.05) sintered at 1150 °C for 11 h are shown in
Fig. 2(a). The measured results are roughly consistent with the standard
card JCPDS 75-1736 of SroMgSisO;. All these have a tetragonal crystal
structure. As the concentration of Eu?* ions increases, the distance be-
tween Eu?" ions narrows, and the probability of energy transfer among
Eu?" ions increases. Therefore, the concentration of Eu?* doping ions
must be appropriate to avoid the effect of concentration quenching.
When the doping concentration is increased to 4 mol%, the Eu?" ions
can be better incorporated into the host, resulting in fewer impurities
such as Sr3MgSiOg, EuSiOs3, and SiO;. The main peak is located at
30.40°, with the major phase characterized by the (211) plane. Its full
width at half maximum (FWHM) was analyzed, and the results showed
that the FWHM decreases gradually with an increase in concentration
until 4 mol%. This indicates that the best crystallinity of the phosphor
powder is at 4 mol%.

The XRD patterns of SroMgSi2O7: 4 mol% Eu®" phosphors sintered
for 7,9, 11, and 13 h at 1150 °C, as well as those sintered at 950, 1050,
and 1150 °C for 11 h are shown in Fig. 2(b) and (c). The results agree
with the peak position shown in JCPDS 75-1736 for SroMgSi2Oy, which
has a tetragonal crystal structure. Only a small amount of SrsMgSiOg
impurity was present in the sample sintered for 11 h. With a decrease in
the sintering temperature, the peaks of impurities such as EuySizO7,
EuSiO3, EuSiOy, and SiO5 appeared in the XRD pattern. The minimum
FWHM values for the samples sintered for 11 h at 1150 °C indicate that
the samples achieved the best crystallinity under these conditions. When
the sintering temperature was higher than 1150 °C, the samples adhered
to the crucible to form a bulk and could not form a powder.

The phosphor sintered at 1150 °C had a significantly narrower peak
than those sintered at other temperatures, and no other impurities were
produced. With a decrease in the sintering temperature, the main peak
combined with the peaks of other impurities. This blue phosphor
possessed the best crystallinity at 1150 °C. The small amount of Eu*
doping ions that was applied to the phosphor samples did not have any
influence on the phase of the phosphors. From the above results, it can
be seen that a higher doping concentration and longer sintering time will
produce more impurities.

Fig. 3 shows the Sr,MgSizO7: 4mol%Eut precursor subjected to
DTA-TGA after precipitation. The weight loss is understood to be caused
due to the increase in temperature during the sintering process. From
this figure, the reaction process and the minimum temperature required
to produce the final product can be inferred. When the temperature rises
to 56 °C and 450 °C, the precursor loses weight significantly. The former
can be attributed to the loss of the organic solvent and evaporation of
absorbed moisture from the material. The latter is caused by the syn-
thetic reaction of SrSiO3 and SiO5 as well as the removal of excess im-
purities. According to the results of X-ray diffraction, this blue phosphor
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needs to be synthesized at a higher temperature.

From the SEM images, it can be seen that there were no significant
changes in the particle size and appearance of the phosphor powder
regardless of the sintering time and temperature. The particle size was
approximately 4 pm and the crystal structure was tetragonal. To confirm
that the Eu?* ion was indeed doped into the SroMgSi>O7 host, we per-
formed energy dispersive spectrometry (EDS) analysis to understand the
composition ratio of the elements.

The results of EDS analysis of SroMgSioO7: 4 mol% Eu®" are shown in
Fig. 4(a). Fig. 4(b) shows the range of the EDS analysis performed on the
SroMgSisO7: 4mol%Eu®* particles. Fig. 4(c-g) show the O, Mg, Si, Sr,
and Eu element distributions in the particle, respectively. From the re-
sults shown in Fig. 4, the existence of each element of the host
SroMgSi2O7 and the presence of the doped ion Eu®" can be observed.
These elements and Eu?" ions are distributed evenly in the particle.
Fig. S2 shows the SEM images for various sintering times (from 7 to 13 h
in al-a4), sintering temperatures (from 950 to 1150 °C in b1-b3), and
various doping concentrations of Eu* (from 1 to 5 mol in c1-c5).

The weight and atomic percentages of each element are listed in
Table 1. Except for O and Eu, the contents of Mg, Si, and Sr are higher
than the theoretical values. The weight and atomic percentages of the
doped ion and the host material generally agree with the theoretical
values. The particle size of the phosphor is roughly distributed in the
range of 3-5 pm, and the average particle size is approximately 4 pm
(the particle size analysis chart of SroMgSi07: 4 mol% Eu?™ is shown in
Fig. S1). According to this result, the particle size of the phosphor
powder should correspond with the requirement of a latent fingerprint
application.

Fig. 5(a) shows the full-scan X-ray photoelectron spectroscopy (XPS)
analysis of SroMgSioO7: 4 mol% Eu?*, and the presence of all the ele-
ments in the SroMgSiaO7: 4 mol% Eu®* sample can be observed in this
figure. The C 1s peak at 285 eV was used to calibrate the energy scale of
the other elements. The binding energies of Si 2p and Sr 3d core elec-
trons can be observed near 100 eV and 133 eV, respectively. The binding
energies of the 1s electrons of O and Mg are approximately 534 eV and
1305 eV, respectively. The signals of all the elements can be clearly seen
in Fig. 5(b)-5(e).

Owing to rigidity of the tetragonal structure of the Si,O7 frame, the
shapes of the binding energies of Si and O are clearly visible. There is a
small signal at 105 eV, as shown in Fig. 5(c), which can be attributed to
the signal caused by SiO,. Mg and Sr ions are flexible in the phosphor,
and hence their XPS shapes are unstable. Because the concentration of
doped Eu ions is very low, the noise is too high to identify the complete
signal. The binding energies of Eu are very small and are estimated to be
about 1125 and 1155 eV (Fig. S3). The binding energies assigned to Eu
3d3/2 and Eu 3ds,; are usually located at about 1167.3 and 1136.4 €V,
which indicate that the valence state of Eu is +3 [60]. In the XPS of Eu
ions, the peaks of the binding energies located at about 1155.7 and
1125.3 eV originate from the Eu?* 3ds/, and 3ds,, levels, respectively
[61]. This indicates that the bright blue-emitting light of this phosphor
radiates from the Eu?* ions instead of Eu>" ions.

Fig. 6(a) and (b) show the excitation PLE and emission PL spectra of
the SryMgSi07: xEu?" phosphors sintered at 1150 °C for 11 h with
various sintering concentrations of 1, 2, 3, 4, and 5 mol%. The PLE and
PL spectra of SroMgSioO7: 4 mol% Eu®" at various sintering tempera-
tures from 950 to 1150 °C are shown in Figs. S4(a) and (b). The phos-
phor was excited by NUV light at 337 nm and monitored at 486 nm in
the PLE spectra. The excitation band is attributed to the 4 F/— 4F®5D!
transition of the Eu?* ion. The phosphor powder excited at 337 nm also
emits blue light at 486 nm due to the electronic transition of 4F%5D! to 4
F/. When the doping concentration of Eu?>* was more than 4 mol%, the
amount of activator was very high, and the energy transfer between ions
became frequent. The conversion efficiency of the radiant energy was
reduced, resulting in a decrease in the luminous efficiency. Thus, the
effect of concentration quenching caused a reduction in the lumines-
cence intensity.
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Fig. 5. (a) XPS analysis chart of SroMgSi»O7: 4mol%Eu®" phosphor; and XPS diagram of (b) O (1s), (c¢) Si (2p), (d) Mg (1s) and (e) Sr (3d) orbitals in

Sr,MgSiz07:4mol% Eu?" phosphor.

The shapes of the PLE and PL spectra of the SroMgSi2O7: 4 mol%Eu*
phosphors sintered at 1150 °C for various sintering times (7, 9, 11, and
13 h) did not change significantly. When the sintering temperature was
lowered from 1150 to 1050 °C, the radiation intensity was significantly
reduced, and there was almost no radiation in the PL spectrum at 950 °C.
This means that the optimum sintering temperature for the phosphor
powder Sr,MgSisO7: 4 mol% Eu®" is approximately 1150 °C. If the
crystal field is stronger, the degeneracy of the energy levels splits

further, which will cause a red shift in the band.

The decay curves of the SroMgSisOy: xEu®* (x = 0.01, 0.02, 0.03,
0.04, 0.05) phosphors and the influence of Eu?>* concentration on the
lifetime are shown in Fig. 6(c). The monitoring wavelength was 486 nm
with an excitation at 337 nm. The fitting curves overlap with the
experimental data to a first-order exponential decay equation. This
means that this phosphor has only a single illumination mechanism.
When the concentration of doping ions increases, the non-radiative
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Table 2
CIE color coordinates of Sr2MgSi207: xEu2+ (x = 0.01, 0.02, 0.03, 0.04, 0.05).
Concentration(mol%) CIE X CIEY
1% 0.1871 0.6181
2% 0.1780 0.6286
3% 0.1791 0.6350
4% 0.1755 0.6366
5% 0.1800 0.6347

energy conversion between ions also increases, resulting in a decrease in
the decay time. The decay times obtained by fitting the concentrations of
1-5 mol% are 3.25, 3.04, 1.99, 1.93, and 1.87 ms, as shown in Fig. 6(d).
The decay time of the obtained phosphor decreases gradually as the
doping concentration increases. The measured external quantum effi-
ciency of this blue phosphor is approximately 30%. Because of the blue
emission band, it can be excited by a near-UV excitation source of at
least 310-380 nm. Thus, the blue phosphor obtained in our work
matches the excitation wavelength of the NUV LED chip.

The Sr,MgSizOy: 4 mol%Eu?" phosphor powder with the strongest
radiation intensity was heated to various temperatures ranging from
30 °C to 110 °C and excited at 337 nm for PL analysis. The luminous
intensity at each temperature is plotted in Fig. 7. The intensity decay
curve of this phosphor is almost linear. When this phosphor is heated to
110 °C, the remaining intensity is approximately 94% of the original
luminous intensity.
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CIE 1931 Chromaticity Diagram

1931 2-degree Observer
Chief Technology

Fig. 8. The CIE chromaticity diagram of SroMgSi»O7: xEu®* (x = 0.01, 0.02,
0.03, 0.04, 0.05) phosphors at 337 nm excitation. Inset shows the photographs
of SroMgSi»07: 4mol% Eu?" under the UV lamp.

The probability of the thermal quenching process is dependent on the
activation energy. The activation energy of the SroMgSi>O7: 4 mol%
Eu?t phosphor was calculated using the Arrhenius equation to explore
the thermal stability and is shown in the inset of Fig. 6. The calculated
activation energy of this phosphor was 0.4051 eV. This proves that this
phosphor has an extremely high thermal stability. The high anti-thermal
quenching property could be due to the rigid network of silicate (Si2O7)
layers in its crystal structure. The activation energy of this phosphor is
between those of silicate based orange-red SrSiOs:Eu>" and bluish-green
BaSiy0oNy:Eut phosphors, whose activation energies are about 0.94 eV
[62] and 0.305 eV [63], respectively. This shows that the host
Sr,MgSis0y7 is superior and possesses significant potential for applica-
tion in LED lighting.

Based on the calculation of the PL spectrum, the CIE color co-
ordinates of each SrgMgSi207:xEu2+ sample are listed in Table 2. The
CIE color coordinates of the optimally doped SroMgSisO7: 4 mol% Eu?*
phosphor are (0.1755, 0.6366). These coordinates are shown in the CIE
chromaticity color coordinates in Fig. 8. The coordinates of these
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phosphors are located in the bright blue area, except for the 1 mol%
sample, which is close to the white light area. The CIE color coordinates
are stable and do not change significantly with increase in doping con-
centration. It is almost impossible to change the color by modifying the
concentration of doping ions. The inset shows that the SroMgSizO7: 4
mol% Eu?" phosphor powder is excited by ultraviolet light in a dark
room and emits blue light. The luminous intensity of the SroMgSi»O7: 1
mol% Eu?" phosphor is very low; hence, its measured CIE coordinate
could be from the environmental light.

The basic structural units of SMSO crystals are composed of [SiO4]
tetrahedron, [MgO4] tetrahedron, and [SrOg] polyhedron, and its
framework, which consists of a [Mg(Si2O7)] island group formed by
corner-sharing of [SiO4] tetrahedral with an inserted Mg atom, is well
known [64]. From Fig. 1(a’1) and (a’2), it can be seen that the calculated
results of host geometry optimization are almost the same as the initial
construction. The calculated results of geometry optimization with
doped Eu®" ions (model 1) are shifted from the initial construction are
shown in Fig. 1(b’1) and (b’2). The Eut doping ion causes distortion in
the crystal lattice and the shift of the SipO7 skeleton. The bridging ox-
ygen connected two SiOy4 tetrahedra linked to the Eu?t doping ion,
forming a linkage with a distance of 2.39 A (the shortest distance) on one
side and two linkages with a distance of 2.42 A on the other side. At
these distances, a coordinate covalent bond could be formed by the Eu?*
doping ion with its neighboring oxygen atoms. This caused the Sr atoms
to shift from the crystal lattice.

The role of oxygen vacancies as the electron trap center in this
SroMgSiz0y: Eu?* phosphor has been identified in Ref. [65]. An oxygen
vacancy labeled as Vo was created by removing the bridging oxygen
connected to two SiO4 tetrahedra to study the effect of oxygen vacancies.
The Eu?" doping ion and the oxygen vacancy Vo caused a distortion in
the crystal lattice, and the SipOy skeleton shifted from the initial con-
struction. The calculated results of geometry optimization on model 2
are shown in Fig. 1(c’1) and (c’2). The loss of the bridging oxygen atom
causes the Si;O7 group to become Si;Og group. The Si atom labeled as
Sil in the SizOg group is different from the Si atom labeled as Si2 in the
SiO; group. The O atom labeled as O1 in the Si;O¢ group is also
different from the O atom labeled as O2 in the Si;O; group. The bridging
oxygen atom in the Si»Oy skeleton was labeled as O3. This oxygen va-
cancy causes the Sr atom to possess two different electronic structures;
the Sr atom near Vg is labeled as Sr1 and the other is labeled as Sr2. The
Eu* doping ion and the oxygen vacancy Vo cannot cause any change in
the Mg atom.

The CASTEP band structure of the host model is shown in Fig. 9(a).
The calculated band gap energy was 4.532 eV. Its valence band
maximum (VBM) and conduction band minimum (CBM) are vertically
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Fig. 9. The CASTEP band structure of (a) host model (Sr,MgSi»O7) (b) doped Eu?" ion model 1 (Sr3Mg,Sis014: Eu®) (©) doped Eu®* ion and oxygen vacancy Vo

model 2 (SrsMg,Sis013: Eu®t (Vo).
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Fig. 10. (continued).

aligned, and the band gap is direct. The minimum band gap exists at the
G point marked as a red line. The CASTEP band structures of the
calculated models, namely model 1 and model 2, are shown in Fig. 9(a)
and (b). Their calculated band gap energies are 0.396 and 0.452 eV,
respectively. Because the calculated doped models are too simple
compared to the real phosphor, the calculated band gap energies are not
precise. However, their vertically aligned VBM and CBM, direct band
gaps, and the minimum band gap existing at the G point can be
consulted.

The calculated partial density of states (PDOS) of Sr, Mg, Si, and O
atoms in the host model are shown in Fig. 10(al-4). The PDOS of Sr, Mg,
Si, and O atoms as well as Eu?* ion in model 1 are presented in Fig. 10
(b1-5). The blue, red, green, and light blue curves represent the s, p, d,
and f electron orbitals of each element. Although pseudopotential has
been used throughout this work, there is another way to read out the
principal quantum number of element atoms so that in PDOS plots, the
usual labeling of the atomic shell can be applied. This involves finding
the energy eigenvalue of atomic levels from the pseudopotential
generating process, and then performing a single pseudo-atom calcula-
tion to match the valence orbital energy levels. The 4s, 4p, 5s, and 3d
orbitals of the Sr atom are presented in Fig. 10(al) and (b1). The 2p, 3s,
and 3p orbitals of the Mg atom are presented in Fig. 10(a2) and (b2). The
3s/3p hybrid orbitals and the 4s and 4p electron orbitals of the Si atom
are presented in Fig. 10(a3) and (b3). The 2s, 2p, 3s, and 3p orbitals of
the O atom are presented in Fig. 10(a4) and (b4). When the Eu' ion
replaces the Sr atom, there is no change in its s and p electron orbits;
however, there is some change in the shape of the 3d empty orbit of the
Sr atom. There is also no change in the s and p electron orbits of the Mg
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atom. Eu?" doping has a significant effect on the s and p electron orbitals
of Si and O atoms. Even the s and p electron orbitals in their inner layer
are changed significantly. This means that the Eu?* ion forms a coor-
dinate covalent bond with its adjacent O atom in the Si;O; framework,
which can also be proved from their distances of 2.39 A and 2.42 A.
The PDOS of Sr, Mg, Si, and O atoms as well as Eu®" ion in model 2
are presented in Fig. 10(c1-9). The oxygen vacancy Vg causes changes in
the orbitals of Si and O atoms; these changes also occur in the orbitals of
Sr atoms. Therefore, we use two kinds of symbols to mark them, namely
Srl and Sr2. It is interesting to note that there are no changes in the s and
p orbits, but the 3d empty orbits have changed significantly. The 4s, 4p,
5s, and 3d orbitals of Sr1 and Sr2 atoms are presented in Fig. 10(c1) and
(c2). Sil and Si2 are the Si atoms that exist in the Si;Og and SiO7
skeletons, respectively. The 3s/3p hybrid orbitals and the 4s and 4p
electron orbitals of the Sil and Si2 atoms are presented in Fig. 10(c3)
and (c4). From the above two figures, we can see that the shapes and
values of the s and p orbits are different. This oxygen vacancy Vg causes
the energy gap in the Sil atom to decrease, and its parts of the s and p
orbitals are even located on the Fermi surface. The oxygen vacancy Vo
causes the electron orbitals of O atoms in the silicon skeleton to split into
three kinds of O atoms: O1 to O3. The 2s, 2p, 3s, and 3p orbitals of O1,
02, and O3 atoms are presented in Fig. 10(c5), (c6), and (c7), respec-
tively. Among them, O2 is the closest to the O atom in the original host,
and the electron orbits of O1 and O3 have been changed significantly.
The electron orbitals of the O3 atom move toward the inner layer, and
the changes in the electron orbitals of the O1 atom are relatively small.
The 2p, 3s, and 3p orbitals of the Mg atom in model 2 are presented
in Fig. 10(c8). The orbitals of the Mg atom at different positions look the
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Fig. 11. The images of latent fingerprints identification on surfaces of (A, a) plastic card, (B, b) aluminum foil and (C, c) glass piece colored with Sr,MgSi»O: 4mol%

Eu?" phosphor in fluorescent lamp and UV light, respectively.

same, and the Vg has no effect on these orbitals. This is similar to the
electron orbits of Mg atoms in the host. The 5s, 5p, 4f, 5d, 6s, and 6p
electron orbitals of the Eu>" ion in models 1 and 2 are shown in Fig. 10
(b5) and (c9). These two figures show that the oxygen vacancy Vg has no
obvious effect on the s, p, and f orbitals of Eu®" ions, but it has a sig-
nificant effect on the 5d empty orbital. This means that there may be
some electrons flowing into this 5d empty orbit.

The fingerprint is an important information for identifying a person,
because it is a permanent record of each person. For this reason, the
detection of fingerprints is an important process in forensic science. In
particular, the confirmation of invisible latent fingerprints (LFPs) is a
powerful evidence for the identification of suspects. Hence, many
methods have been developed to discover LFPs, such as powder dusting
[66], multi-metal deposition [67], superglue fuming [68], carbon dots
[69], and fluorescent dyes [70]. Among them, the powder dusting
method allows LFPs to be visualized within a short time and does not
have any complicated requirements. However, traditional powder
dusting methods have drawbacks such as low resolution, low sensitivity,
low contrast, high background noise, and even toxicity [71,72]. Highly
efficient luminescent materials with small particle sizes are potential
solutions to overcome these weaknesses and to make LFPs more visible
[731.

Fingerprints have interesting characteristics such as whorl, curve,
and circle ridges that do not change with age. There are three levels of
fingerprints. Level 1 provides pattern information such as the arches,
loops, and whorls of LFPs. Level 2 describes the minutiae points
including core, bifurcation, delta, bridge, enclosure, island, short ridge,
and hook. Their random combinations result in the uniqueness and
invariability of fingerprints. Level 3 refers to the shape, number, and
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location of sweat pores, and although they alone cannot be used to
detect LFPs, they provide reference information for partial defects or a
blurry level 2 of LFPs [74-77]. Although this SMSO phosphor has been
used in many products and fields, there has not been any research
regarding the application of this phosphor to LFP recognition. Therefore,
we try to understand the possibility of this application.

In Fig. 11, we can see the spreading of SroMgSi2O7: 4 mol% Eu?*
phosphor on the surface of various materials and the identification of
LFP. Fig. 11(A, a), (B, b), and (C, c) show LFP identification on the
surfaces of a plastic card, aluminum foil, and glass piece, respectively,
colored with this blue phosphor and viewed under a fluorescent lamp
and UV light. They are all able to show the fingerprint patterns. Fig. 12
shows various features of the ridges and cracks of the marked finger-
print. The level 2 patterns of the eye, scar, bifurcation, island, delta, and
terminate could emerge on the uneven surface of the aluminum foil. This
indicates that this silicate-based blue phosphor has the potential to be
used for the recognition of LFPs on irregular metallic surfaces. This
SMSO phosphor powder is a strong candidate for the identification of
LFPs on surfaces.

4. Conclusion

In this investigation, the blue phosphor powder SroMgSisO7: Eu®*
was successfully prepared using the co-precipitation method. According
to our experimental results, the ideal condition for synthesizing the
optimum doped concentration of SroMgSisO7: 4mol% Eu?" phosphor is
sintering at 1150 °C for 11 h. The luminescence characteristics of XRD,
PLE/PL, and XPS as well as the decay time, CIE color coordinates, and
thermal stability of this phosphor were studied. Its external quantum
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Fig. 12. The pattern images of LFP identification for fingerprint detection of
SroMgSis07:  4mol%Eu®t phosphor print on the surface of uneven
aluminum foil.

efficiency was approximately 30%. The phosphor has excellent thermal
stability, and its calculated activation energy (0.4051 eV) is higher than
that of the general host material. This phosphor undergoes a linear
decay with respect to the heating temperature, indicating its potential
for application in temperature sensing. This phosphor powder can
indicate the details of fingerprints on different surfaces, so it is consid-
ered as a promising candidate for identifying LFPs.

According to our DFT calculated results, Eu?" doping has a signifi-
cant effect on the electron orbitals of Si and O atoms; however, it does
not influence the electron orbitals of Sr and Mg atoms. This means that
the electronic flow is from the Si;O; framework to the Eu®>" ion. The
oxygen vacancy Vg not only causes changes in the electron orbitals of Si
and O atoms but also changes the orbitals of Sr atoms. Regardless of the
Eu?" doping, the oxygen vacancy Vo has no effect on the electron orbits
of Mg atoms. The oxygen vacancy Vo caused almost no change in the s,
p, and f electron orbitals of the Eu*" ion; only its 5d empty orbit was
changed.
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