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ABSTRACT: Mn2+-based  inorganic  scintillation  phosphors  have
attracted  considerable  attention  due  to  their  tunable  optical
properties,  low  toxicity,  and  high  luminescent  efficiency.  However,
their  practical  applications  commonly  suffer  from  extreme  thermal
quenching. In this paper, a lattice modification strategy involving the
introduction  of  Mg2+ into  Zn2SiO4:Mn2+ phosphors  is  proposed  to
improve  the  thermal  stability  and  luminescence  of  Mn2+.  The  X-ray
excited luminescence (XEL) intensity of Zn2SiO4:Mn2+,Mg2+ phosphors
is  493%  of  that  of  Bi4Ge3O12 powders  and  is  enhanced  by  2  times
compared  to  that  of  Zn2SiO4:Mn2+ phosphors.  The  corresponding
flexible  film  exhibits  a  high  spatial  resolution  of  20  lp/mm  and
excellent  stability  after  immersion  in  H2O  or  CH3CH2OH  for  10  d.  In
addition,  the  Zn2SiO4:Mn2+,Mg2+ phosphors  present  unique  anti-
thermal quenching luminescence. Its XEL intensity at 483 K is 126% of that at 303 K. Through thermoluminescence analysis, the anti-
thermal quenching of Mn2+ can be explained by the fact that Mg2+ incorporation effectively reduces structural defects induced by
Mn2+–Zn2+ substitution.  This  work  confirms  the  scintillation  potential  of  Zn2SiO4:Mn2+,Mg2+ phosphors  and  offers  a  meaningful
strategy for developing novel scintillators for advanced X-ray imaging applications.
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1    Introduction
Scintillators, which convert high-energy radiation (e.g., X-rays and
γ-rays) into ultraviolet or visible light, are fundamental to modern
applications  such  as  radiation  detection,  medical  imaging,  and
safety monitoring [1−6]. Currently, commercial bulk scintillators,
including single crystals (e.g., NaI, Bi4Ge3O12 (BGO)), transparent
ceramics  (e.g.,  Y3Al5O12:Ce3+ (YAG:Ce3+)),  and  glass,  have  been
widely  developed  and  exhibit  considerable  light  yield  [7−10].
However,  their  application  in  advanced  scintillation  fields  is
limited  by  poor  moldability  and  high  preparation  costs.  In
addition, some of these materials suffer from inadequate stability,
which  can  lead  to  luminescence  degradation  after  prolonged
exposure  to  high-temperature  or  high-humidity  environments
[7,11].  In  contrast,  scintillation  powders,  including  inorganic
phosphors,  perovskites,  and  metal-organic  frameworks,  possess
high plasticity  and cost-effective preparation [4,12−14].  They can
be  fabricated  into  fluorescent  coatings  or  films  and  readily
deposited  onto  various  surfaces  for  imaging  applications  where
commercial  bulk  scintillators  are  impractical.  Therefore,  the

development  of  inorganic  phosphors  with  high  scintillation
performance  and  thermal  stability  is  of  great  importance  for
advanced scintillation applications [15−17].

Among  the  diverse  types  of  scintillation  powders,  Mn2+-based
inorganic  scintillation  phosphors  have  been  widely  investigated
due  to  their  tunable  optical  properties,  low  toxicity,  and  high
luminescent  efficiency  [15,18,19].  The  unique  3d5 electron
configuration  of  Mn2+ couples  strongly  with  the  crystal  lattice,
resulting  in  broadband  emission  that  ranges  from  green  to
infrared,  depending  on  the  host  material  [20,21].  Nevertheless,
due  to  strong  electron-phonon  coupling,  the  luminescence  of
Mn2+ is  highly  sensitive  to  even  slight  lattice  vibrations,  which
leads  to  severe  thermal  quenching  during  heating  [22−24].  In
addition,  the  luminescence  of  Mn2+ may be  closely  related  to  the
local  coordination environment.  A high density of  defects within
materials  may also induce significant  thermal  quenching of  Mn2+

emission  [25−27].  Therefore,  developing  effective  strategies  to
improve  the  luminescence  stability  of  Mn2+ in  Mn2+-based
scintillation  phosphors  remains  a  major  challenge  for  practical
applications. 
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As  mentioned  above,  the  luminescent  behavior  of  Mn2+ is
significantly  influenced  by  host  material,  which  requires  careful
consideration.  Compared  with  germanates  and  gallates,  silicates
usually possess less intrinsic defects and exhibit weak self-activated
luminescence,  which  avoids  potential  optical  interference  from
host  on  Mn2+ emission  [28,29].  In  addition,  many  silicates  offer
high stability and low cost, making them promising candidates for
large-scale  production.  Zn2SiO4,  a  common  host  for  commercial
phosphors,  was  chosen  as  the  host  material  in  this  study.  When
Mn2+ is introduced, it can easily substitute for Zn2+ site due to their
comparable  ionic  radii,  resulting  in  bright  green  emission.
Although the photoluminescence (PL) properties of Zn2SiO4:Mn2+

have  been  widely  reported,  investigations  into  its  scintillation
performance  remain  relatively  limited.  Currently,  Jarý et  al. [30]
reported Zn2SiO4:Mn2+ glass-ceramics with relatively considerable
X-ray  excited  luminescence  (XEL).  Diana et  al.  [31]  investigated
the  thermoluminescence  (TL)  of  Zn2SiO4:Mn2+ phosphors  under
X-ray  irradiation.  However,  their  studies  on  scintillation
performance  lack  further  optimization  and  comprehensive
exploration  (Table  S1  in  the  Electronic  Supplementary  Material
(ESM)).  Generally,  radiative  recombination  defects  (e.g.,
vacancies)  can  act  as  trap  centers  that  compensate  for
luminescence  loss  during  heating  and  improve  thermal  stability
[32].  Nevertheless,  a  high  concentration  of  nonradiative
recombination  defects  (e.g.,  interstitials  and  structural  defects)
may  reduce  XEL  intensity  of  material  [33].  The  substitution  of
Mn2+ for  Zn2+ avoids  the  formation  of  cation  or  anion  vacancies,
which  preserves  the  structural  integrity  of  lattice.  However,  this
substitution induces local lattice expansion, as the ionic radius (r)
of Mn2+ (r = 0.66 Å) is slightly larger than that of Zn2+ (r = 0.60 Å).
Such  expansion  may  introduce  nonradiative  recombination
centers  or  structural  defects,  which  can  reduce  the  luminescent
efficiency  and  thermal  stability  of  Mn2+ [25,34,35].  To  overcome
this  drawback,  a  smaller-sized  Mg2+ (r =  0.57  Å)  is  intentionally
incorporated  to  replace  Zn2+.  As  a  result,  the  lattice  contraction
induced by Mg2+ can compensate for  lattice  expansion caused by
Mn2+ doping, thus suppressing the formation of structural defects.
Ivanova et  al. [36]  demonstrated the effectiveness  of  this  strategy
in  enhancing  PL  intensity.  Nevertheless,  the  effect  of  Mg2+

incorporation  on  the  scintillation  performance  of  Mn2+ remains
unexplored (Table S1 in the ESM).

Therefore,  the  effect  of  Mg2+ incorporation on the  scintillation
properties  of  Mn2+ is  systematically  explored  in  this  work.
Remarkably,  upon  Mg2+ incorporation,  the  XEL  intensity  of
Zn2SiO4:Mn2+,  Mg2+ phosphors  reaches  493%  of  that  of  BGO
powders and is  twice as high as that  of  Zn2SiO4:Mn2+ phosphors.
The  corresponding  flexible  film  exhibits  excellent  spatial
resolution (20  lp/mm) along with  good physicochemical  stability
in H2O and CH3CH2OH. Moreover, the integrated XEL intensity
of Zn2SiO4:Mn2+,Mg2+ phosphors at 483 K remains at 126% of that
at  303  K,  demonstrating  exceptional  anti-thermal  quenching
luminescence.  These  results  confirm  the  potential  of
Zn2SiO4:Mn2+,  Mg2+ phosphors  for  advanced  X-ray  imaging
applications.

2    Experiment
The  Zn2SiO4 host  and  Zn2SiO4:x%Mn2+,y%Mg2+ samples  were
synthesized  via  a  high-temperature  solid-phase  reaction.  The
flexible  film  containing  polydimethylsiloxane  (PDMS)  and
Zn2SiO4:0.3%Mn2+,0.4%Mg2+ powders  is  denoted  as  the
Zn2SiO4:Mn2+,Mg2+@PDMS  film.  Similarly,  the  film  based  on
BGO powders is denoted as the BGO@PDMS film. Further details
of  preparation  are  provided  in  Part  A  of  the  ESM  (Fig.  S1  in
the ESM).

3    Results and discussion

3.1    Characteristics of crystal structures

R3
As  shown  in Fig.  1(a),  the  Zn2SiO4 host  crystallizes  in  a
rhombohedral  structure  with  a  space  group,  and  the  lattice
constants of the unit cell are a = b = 13.939 Å and c = 9.309 Å. In
the unit cell,  each Zn and Si atom is coordinated by four oxygen
atoms,  forming  [ZnO4]  and  [SiO4]  tetrahedra,  respectively.  By
comparing r of  each  atom  with  the  same  coordination  number
(CN), Mg2+ (CN = 4, r = 0.57 Å) and Mn2+ (CN = 4, r = 0.66 Å)
tend to substitute for Zn2+ (CN = 4, r = 0.60 Å) rather than for Si4+

(CN = 4, r = 0.26 Å).
The  X-ray  diffraction  (XRD)  patterns  of  Zn2SiO4 host,

Zn2SiO4:x%Mn2+,  and  Zn2SiO4:0.3%Mn2+,y%Mg2+ samples  are
shown in Fig.  1(b)  and Fig.  S2  in  the  ESM.  All  diffraction  peaks
are in good agreement with the standard card (PDF#37-1485) of
Zn2SiO4 host, suggesting high phase purity of synthesized samples.
It  should be  noted that  the  diffraction peak shifts  from 34.00°  to
33.88°  due  to  the  lattice  expansion  caused  by  Mn2+–Zn2+

substitution  (Fig.  1(b)).  However,  when co-doped with  Mg2+,  the
peak  shifts  slightly  back  to  a  larger  angle  of  33.93°,  indicating  a
contraction  of  lattice  structure.  Figures  S2(c)–S2(e)  in  the  ESM
present  the  Rietveld  refinements  (based  on  primitive  cell)  of
Zn2SiO4 host,  Zn2SiO4:0.3%Mn2+,  and  Zn2SiO4:0.3%Mn2+,
0.4%Mg2+ samples.  The  low weighted R-factors  (Rwp <  15%)  and
profile R-factors  (Rp)  indicate  that  no  significant  impurities  were
introduced  by  the  substitution  of  Zn2+ with  Mn2+ or  Mg2+.  To
investigate  the  modifying  effect  of  Mg2+ on  the  crystal  lattice,  the
refined lattice parameters and B-factor—an indicator of structural
rigidity—are  summarized  in  Table  S2  in  the  ESM.  Upon  Mn
doping, the lattice parameters a and b show slight increases, while
c increases  notably  from  8.623  to  8.630  Å,  resulting  in  an
expansion  of  primitive  cell  volume  from  522.243  to  522.871  Å3.
Meanwhile,  the B-factor  rises  from  1.81  to  2.14  Å2,  indicating
reduced  structural  rigidity  after  Mn2+ doping.  The  more
pronounced  variation  along  the c-axis  can  be  attributed  to  the
intrinsic anisotropy of Zn2SiO4 [37]. With Mg2+ co-doping, both a
and b contract slightly, and c significantly shrinks back from 8.630
to  8.624  Å.  The  calculated  volume  contracts  to 522.440  Å3,  with
B-factor  correspondingly  decreasing  to 2.01  Å2.  The  Rietveld
refinement  results  confirm  that  Mg2+ co-doping  effectively
modifies the expanded crystal lattice and restores lattice rigidity.

As  shown in  the  scanning  electron  microscopy  (SEM) images
(Fig.  1(c)),  the  particles  of  Zn2SiO4:0.3%Mn2+,0.4%Mg2+ sample
exhibit  irregular  shapes  with  diameters  of  approximately  10  μm.
Elemental  mapping  confirmed  the  homogeneous  distribution  of
Zn,  Si,  O,  Mn,  and  Mg in  the  prepared  samples  (Fig.  1(d)).  The
valence  state  of  Mn,  which  is  closely  related  to  its  luminescent
properties,  was  determined  by  X-ray  photoelectron  spectroscopy
(XPS) analysis (Fig. 1(e)). The XPS signals could be fitted with two
peaks centered at  653.8 and 643.9 eV,  corresponding to the 2p3/2
and 2p1/2 orbitals of Mn2+, respectively [38]. Notably, no significant
XPS  signal  corresponding  to  Mn4+ was  observed  in  the  spectra,
indicating  that  Mn  predominantly  exists  as  Mn2+ in  all  prepared
samples.  As  shown  in  Fig.  S3  in  the  ESM,  the  band  gap  (Eg)  of
Zn2SiO4 host  is  4.3  eV,  as  determined from the diffuse reflection
spectra of Zn2SiO4 host (Fig. S3(a) in the ESM) [39].

The  photoluminescence  excitation  (PLE)  spectra  of  the
Zn2SiO4:0.3%Mn2+ sample, monitored at 525 nm emission, exhibit
a peak at 37784 cm–1 (~265 nm) (Fig. 2(a)). This PLE spectra can
be  deconvoluted  into  two subordinate  peaks.  Peak  1,  centered at
37,734  cm–1 (~280  nm),  originates  from  the  Mn2+–O2– charge
transfer  band  (CTB)  [40,41].  Peak  2,  centered  at  40,007  cm–1
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(~250  nm),  is  attributed  to  the  absorption  of  energy  by  the  host
lattice  [41].  As  shown  in Fig.  2(b),  the  PL  spectra  of
Zn2SiO4:0.3%Mn2+ sample (λex = 265 nm) exhibit a single emission
peak centered at 19,047 cm–1 (525 nm), which corresponds to the
4T1 → 6A1 energy transition of Mn2+ within the [MnO4] tetrahedron

[42,43]. The inset illustrates the coordination environment of Mn2+

and shows a real luminescent image of Zn2SiO4:0.3%Mn2+ sample.
According  to  the  concentration  optimization  of  Mn2+,

Zn2SiO4:0.3%Mn2+ sample  was  determined  to  be  the  optimal
sample for PL (Fig. S4 in the ESM). The fluorescence decay curve

 

Fig. 1    (a) Crystal structure of Zn2SiO4.  (b) XRD patterns of the Zn2SiO4 host,  Zn2SiO4:0.3%Mn2+,  and Zn2SiO4:0.3%Mn2+,0.4%Mg2+ samples,  with the standard card
(PDF#37-1485)  given  as  a  reference.  (c)  SEM  image  of  the  Zn2SiO4:0.3%Mn2+,0.4%Mg2+ sample.  (d)  Elemental  mapping  of  Zn,  Si,  O,  Mn,  and  Mg  in  the
Zn2SiO4:0.3%Mn2+,0.4%Mg2+ sample. (e) XPS signal of Mn2+ in Zn2SiO4:0.3%Mn2+,0.4%Mg2+.
 

Fig. 2    (a)  Fitted  PLE  spectra  and  (b)  PL  spectra  of  the  Zn2SiO4:0.3%Mn2+ sample.  Fluorescence  decay  curves  of  Mn2+ in  (c)  Zn2SiO4:0.3%Mn2+ and
(f) Zn2SiO4:0.3%Mn2+,0.4%Mg2+ samples. (d) PL spectra and (e) PL integrated intensity of Zn2SiO4:0.3%Mn2+,y%Mg2+ samples under 265 nm excitation.
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of  Zn2SiO4:0.3%Mn2+ sample  at  an  emission  wavelength  of
536  nm  was  measured  under  325  nm  excitation  (Fig.  2(c)).  The
average lifetime (τ)  of  T1 state  of  Mn2+ was  then calculated using
Eq. (1) [39]:

τ =

w
tI(t)dtw
I(t)dt

(1)

where I(t) denotes the emission intensity of the sample at time t.
The  calculated τ value  for  Zn2SiO4:0.3%Mn2+ sample  is
12.5  ms,  which  is  characteristic  of  the  typical  d-d  forbidden
transition  of  Mn2+.  This  suitable τ value  indicates  negligible
afterglow  and  a  low  nonradiative  relaxation  process  for  Mn2+ in
Zn2SiO4:0.3%Mn2+ sample [44−46]. In addition, the concentration
quenching  of  Mn2+ was  further  investigated  using  Stern–Volmer
model,  and  it  was  found  to  be  dominated  by  an  exchange
interaction mechanism (Figs. S5(a) and S5(b) in the ESM) [47,48].

Generally,  the  luminescence  of  Mn2+ can  also  be  affected  by
various  defects  within  materials,  such  as  structural  defects,
anion/cation  vacancies,  antisite  defects,  and  interstitial  defects
[49,50].  In  this  context,  structural  defects  include  local  lattice
distortion, which may be induced by the substitution of ions with
different  ionic  radii.  During  equivalent  substitution,  structural
defects  play  an important  role  in  influencing the  lattice  structure
[50,51]. In this work, the ionic radius of Mn2+ (CN = 4, r = 0.66 Å)
is  slightly  larger  than  that  of  Zn2+ (CN  =  4, r =  0.60  Å).  The
equivalent  substitution  of  Mn2+ for  Zn2+ may  therefore  lead  to
lattice  expansion,  which  can  introduce  structural  defects  and
subsequently cause luminescence quenching.

To compensate for the local lattice expansion induced by Mn2+,
a smaller Mg2+ (CN = 4, r = 0.57 Å) was intentionally incorporated
into Zn2SiO4:0.3%Mn2+ sample. The PL spectra (λex = 265 nm) of
Zn2SiO4:0.3%Mn2+,y%Mg2+ samples are shown in Fig.  2(d).  Upon
Mg2+ co-doping, the emission peak of Mn2+ exhibits no significant
shift,  whereas  the  PL  intensity  is  remarkably  improved.  As  the

Mg2+ concentration  increases,  the  integrated  PL  intensity  first
increases  monotonically  and  then  decreases  (Fig.  2(e)),  reaching
an  optimum  at  a  Mg2+ concentration  of  0.4%.  For
Zn2SiO4:0.3%Mn2+,0.4%Mg2+ sample,  the  integrated  PL  intensity
reaches  175%  of  that  of  Zn2SiO4:0.3%Mn2+ sample.  In  addition,
compared with Zn2SiO4:0.3%Mn2+ sample,  the average lifetime of
Mn2+ slightly shortens as Mg2+ concentration increases from 0.1 to
0.4  mol%  (Fig.  2(f)  and  Fig.  S5(c)  in  the  ESM).  This  slight
reduction  may  be  ascribed  to  the  increased  radiative  transition
probability  resulting  from  lattice  modification  induced  by  Mg2+

incorporation [20,52]. However, when the Mg2+ exceeds 0.4 mol%,
the  average  lifetime  of  Mn2+ decreases  significantly,  which  is  also
consistent  with  the  results  shown  in Fig.  2(e).  These  findings
demonstrate  that  Mg2+ incorporation  effectively  improves  the
luminescence of Mn2+. This enhancement can be attributed to the
reduction  in  lattice  defects  caused  by  Mg2+ incorporation,  which
will be further discussed in Section 3.2.

3.2    Thermal stability and thermoluminescence studies
The  temperature-dependent  PL  spectra  (λex =  265  nm)  of
Zn2SiO4:0.3%Mn2+ and Zn2SiO4:0.3%Mn2+,0.4%Mg2+ samples were
measured over the temperature range of 303–563 K at intervals of
20 K (Fig.  3(a) and 3(b)).  For both samples,  the peak position of
the  PL  spectra  remains  nearly  unchanged  with  increasing
temperature.  In  Zn2SiO4:0.3%Mn2+ sample,  the  full  width  at  half
maximum  (FWHM)  monotonically  broadens  from  40.8  to
54.0  nm  as  the  temperature  rises,  which  is  attributed  to  the
electron–phonon coupling effect (Figs. 3(c) and 3(d), Table S3 in
the  ESM)  [53].  However,  upon  Mg2+ incorporation,  the
broadening degree is reduced (from 40.4 to 53.0 nm, i.e., a 12.6 nm
broadening vs. 13.2 nm for the undoped one), which is attributed
to a decrease in the electron-phonon coupling strength,  resulting
from the enhanced structural rigidity induced by Mg2+ co-doping
[54].  Consequently,  the Commission Internationale de l'Éclairage
(CIE)  coordinates  of  the  two  samples  exhibit  only  a  slight

 

Fig. 3    Temperature-dependent PL spectra of (a) Zn2SiO4:0.3%Mn2+ and (b) Zn2SiO4:0.3%Mn2+,0.4%Mg2+ samples. Temperature-dependent integrated intensity (I525)
and FWHM of (c) Zn2SiO4:0.3%Mn2+ and (d) Zn2SiO4:0.3%Mn2+,0.4%Mg2+ samples. (e) TL glow curve of Zn2SiO4:0.3%Mn2+ and Zn2SiO4:0.3%Mn2+,0.4%Mg2+ samples
after 5 min excitation at 265 nm. (f) Lattice modification induced by Mg2+ doping in Zn2SiO4:Mn2+.
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deviation,  as  shown in  Fig.  S6  in  the  ESM [24,55].  Furthermore,
the  effect  of  Mg2+ incorporation  on  the  thermal  stability  of  Mn2+

luminescence is  evaluated in detail.  Compared with the values  at
303  K,  the  integrated  intensity  of  Zn2SiO4:0.3%Mn2+ sample
initially increases to 116% at 343 K and then decreases to 90% at
563 K,  while  the peak intensity  (I525)  reaches  113% at  343 K and
drops  to  70%  at  563  K  (Fig.  3(c)).  However,  upon  Mg2+

incorporation,  Zn2SiO4:0.3%Mn2+,Mg2+ sample  exhibits  improved
thermal  stability.  Compared  with  the  values  at  303  K,  its
integrated  PL  intensity  reaches  117%  at  363  K  and  decreases  to
83%  at  563  K,  while  its I525 reaches  110%  at  363  K  and  remains
110%  at  563  K  (Fig.  3(d)).  These  results  indicate  that  Mg2+

co-doping  effectively  improves  the  thermal  stability  of  Mn2+,
achieving anti-thermal quenching in PL. These values are superior
to those of many reported Mn2+-based materials (Table 1).

To  investigate  the  effect  of  Mg2+ on  structural  defects,
thermoluminescence  (TL)  curves  of  Z2SiO4:0.3%Mn2+ and
Z2SiO4:0.3%Mn2+,0.4%Mg2+ samples  were  measured  (Fig.  3(e)).
The two samples were pre-excited using a 265 nm LED for 5 min,
and  the  TL  curves  were  recorded  at  a  heating  rate  of  1  K/s.  As
shown in Fig.  3(e),  the  TL  curves  of  two  samples  exhibit  similar
shapes.  It  should  be  noted  that  compared  with  Z2SiO4:0.3%Mn2+

sample, the TL intensity of Z2SiO4:0.3%Mn2+,  0.4%Mg2+ sample is
relatively  weaker  (Fig.  S7  and  Table  S4  in  the  ESM).  Obviously,
upon Mg2+ co-doping,  the  nonradiative  recombination  defects  in
Z2SiO4:0.3%Mn2+,  0.4%Mg2+ sample  are  effectively  suppressed,
while  the  radiative  recombination  defects  are  preserved.  As  a
result,  the  luminescence  and  high  thermal  stability  of  Mn2+ are
significantly improved [60,61].

According  to  the  above  findings,  a  reasonable  mechanism
for lattice modification is proposed, as illustrated in Fig.  3(f).  For
the  Z2SiO4:0.3%Mn2+ sample,  Zn2+ is  substituted  by  Mn2+ during
the  high-temperature  solid-phase  reaction.  Since  the  ionic  radius
of  Mn2+ is  larger  than  that  of  Zn2+,  this  substitution  may  induce
lattice expansion in the crystal structure. When Mg2+ is co-doped,
the  replacement  of  Zn2+ by  smaller  Mg2+ leads  to  size
compensation and modifies the local lattice structure around Mn2+

(Fig. 3(f)). This compensation reduces nonradiative recombination
defects, thereby enhancing radiative recombination and increasing
lattice rigidity [25]. In addition, the higher lattice rigidity weakens
electron-phonon coupling, which improves the thermal stability of
Mn2+ and  reduces  the  degree  of  FWHM  broadening.  However,
when  the  Mg2+ concentration  is  excessively  high,  local  lattice
contraction may introduce new structural defects, resulting in re-
suppression of Mn2+ luminescence, as shown in Fig. 2(e).

3.3    Scintillation performance
The above findings confirm the beneficial effect of Mg2+ on the PL
properties  of  Mn2+.  Inspired  by  previous  reports  summarized  in
Table  S1  in  the  ESM,  the  scintillation  performance  of
Zn2SiO4:Mn2+,Mg2+ was  then  further  explored.  Accordingly,  the
effect  of  Mg2+ on  the  XEL  intensity  of  Mn2+ and  the  scintillation
potential  of  the  Zn2SiO4:0.3%Mn2+,0.4%Mg2+ sample  were  then
specifically investigated. As shown in Fig. S8 in the ESM, the good
stopping  efficiency  of  Zn2SiO4:0.3%Mn2+,0.4%Mg2+ sample  is
demonstrated by its X-ray absorption coefficient.

To  determine  the  sample  with  optimal  scintillation
performance,  the  concentrations  of  Mn2+ and  Mg2+ were  then
systematically  optimized.  As  shown  in  Fig.  S9  in  the  ESM,  the
optimal Mn2+ concentration is 0.3 mol%. Upon the incorporation
of  Mg2+,  the  integrated  XEL  intensity  of  Mn2+ also  shows  a
significant enhancement, which first increases and then decreases
with  rising  Mg2+ concentration  (Fig.  4(a)).  The  highest  XEL
intensity  is  observed  in  Zn2SiO4:0.3%Mn2+,0.4%Mg2+ sample,
reaching 493% of  that  of  BGO powders and 2 times higher than
that  of  Zn2SiO4:0.3%Mn2+ sample.  This  outstanding  performance
is  comparable  to  that  of  many  reported  Mn2+-doped  scintillators
(Table 2).

Subsequently,  the  thermal  stability  of  Mn2+ with  and  without
Mg2+, was investigated under X-ray irradiation from 303 to 483 K
(Fig. S10(a) in the ESM and Fig. 4(b)). The FWHM values of both
samples  broaden  from  approximately  42  to  53  nm  (Fig.  S10(b)
and Table S5 in the ESM), accompanied by slight deviations in the
CIE  coordinates  (Fig.  S11  in  the  ESM).  As  the  temperature  rises
from  303  to  483  K,  the  integrated  XEL  intensity  and  the I525 at
483  K  for  Zn2SiO4:0.3%Mn2+ remain  at  105%  and  86%  of  their
respective  values  at  303  K  (Fig.  S10(c)  in  the  ESM).  Such
thermal  stability  can be  further  improved with the  incorporation
of  Mg2+.  The  integrated  XEL  intensity  and I525 of
Zn2SiO4:0.3%Mn2+,0.4%Mg2+ samples show a monotonic increase,
reaching  126% and 104% (at  483  K)  of  their  respective  values  at
303 K (Fig. S10(d) in the ESM). This outstanding thermal stability
of  Mn2+ is  superior  to  that  of  many  reported  materials  listed  in
Table 1. According to the TL analysis (Fig. S12 in the ESM), this
anomalous behavior can also be attributed to lattice modification
induced  by  Mg2+ incorporation,  which  is  consistent  with  the
results  shown  in Figs.  3(c)  and 3(d).  In  addition,  the  excitation
energy  of  X-rays  is  much  higher  than  that  of  ultraviolet  light.
Under  X-ray  irradiation,  the  excited  electrons  fill  more  trap
centers (Figs. S7 and S12 in the ESM). Upon heating, the release of
these  trapped  electrons  compensates  for  luminescence  loss,

 

Table 1    Comparison of thermal stability of reported Mn2+-based materials under ultraviolet and X-ray irradiation

Material Type Thermal stability Ref.
Cs3Cu2I5:Mn Metal halide 71% at 433 K (XEL) [43]

Cs3MnBr5 Nanocrystal 73% at 563 K (XEL) [56]
[TPPen]2Mn0.9Zn0.1Br4 Hybrid halide 85% at 383 K (XEL) [5]

SiO2–CaF2–NaF–Al2O3:Mn2+ Glass 61% at 573 K (XEL) [46]
ETTP2MnCl4 Hybrid halide 112% at 403 K (XEL) [7]

Gd3(Al,Ga)5O12:Ce3+,Mn2+ Crystal 35% at 393 K (PL) [2]
NaY9(SiO4)6O2:Mn2+ Phosphors 95% at 423 K (PL) [57]

NaMg2.5Mn0.5AlSi3O10F2 Ceramics 78% at 423 K (PL) [58]
(BPTP)2MnBr4 Metal halide 60.3% at 403 K (PL) [59]
ZnAl2O4:Mn2+ Phosphors 60% at 423 K (PL) [20]

Z2SiO4:Mn2+,Mg2+ Phosphors 110% at 563 K (PL) This work
Z2SiO4:Mn2+,Mg2+ Phosphors 126% at 483 K (XEL) This work
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resulting  in  a  monotonic  increase  in  XEL  intensity  over  the
temperature range of 303–483 K.

The  XEL  spectra  and  integrated  XEL  intensity  of
Zn2SiO4:0.3%Mn2+,0.4%Mg2+ samples  were  then  measured  at
different X-ray dose rates. The sample exhibits an excellent linear
response  coefficient  to  X-rays  (R2 =  0.9999),  indicating  its
promising scintillation potential (see the insert of Fig. 4(d)).

To  better  evaluate  the  scintillation  potential,  a
Zn2SiO4:Mn2+,Mg2+@PDMS film was prepared via the spin-coating
method,  which  has  not  been  previously  reported  [30,31,36]
(Fig.  S1  and  Table  S1  in  the  ESM).  As  shown  in  Figs.
S13(a)–S13(d) in the ESM, the prepared film, with a thickness of
0.50 mm, retains both the original structure and the luminescent
properties of Zn2SiO4:0.3%Mn2+,0.4%Mg2+ powders.

 

Fig. 4    (a) XEL spectra of Zn2SiO4:0.3%Mn2+,y%Mg2+ samples. (b) XEL spectra and (c) integrated XEL intensity and FWHM of the Zn2SiO4:0.3%Mn2+,0.4%Mg2+ sample
at  different  temperatures.  (d)  XEL spectra  of  Zn2SiO4:0.3%Mn2+,y%Mg2+ samples  under  different  dose  rates.  (e)  XEL spectra  and (f)  integrated XEL intensity  of  the
Zn2SiO4:Mn2+,Mg2+@PDMS film under prolonged X-ray irradiation. (g) Corresponding XEL intensity measured over 20 on/off irradiation cycles. (h) XEL mechanism.
 

Table 2    Comparison of XEL intensity and X-ray imaging resolution among reported Mn2+-doped scintillators

Material Type IXEL Resolution (lp/mm) Ref.
Gd3(Al,Ga)5O12:Ce3+,Mn2+ Crystal 351% 20 [2]

Cs3MnBr5 Metal halide 52% 19.1 [56]
[TPPen]2Mn0.9Zn0.1Br4 hybrid halide 680% 11.2 [5]

SiO2–CaF2–NaF–Al2O3:Mn2+ Glass 83.6% 20 [46]
SiO2–Al2O3–BaF2–NaF:Cu+ Glass 311% 24 [11]
NaF–Al2O3–SiO2–SrF2:Cu+ Glass 425% 20 [8]

CsMnCl3 Nanocrystal 156% 4.3 [62]
Cs2CdBr2Cl2:Mn2+ Perovskite — 12.3 [4]

ETPP2MnCl4 Hybrid halide 200% 12.2 [7]
Lu2WO6:Eu3+ Phosphor — 18.2 [63]
LuYO3:Eu2+ Phosphor — 11 [64]

Zn2SiO4:Mn2+ Phosphor 493% 20 This work

Note: IXEL — the ratio of the XEL intensity of the reported materials to that of commercial BGO.
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Generally,  material  structures  may be  damaged by continuous
X-ray  irradiation,  leading  to  a  decline  in  luminescent  intensity.
Therefore, the X-ray resistance of Zn2SiO4:Mn2+,Mg2+@PDMS film
was then examined. As shown in Fig. 4(e), the film was exposed to
continuous  X-ray  irradiation  for  120  min,  and  its  XEL  spectra
were  recorded  at  5-min  intervals. Figure  4(f)  presents  the
integrated  XEL  intensity  at  different  irradiation  times.  The
integrated XEL intensity initially increased during the first  5 min
of irradiation, an effect known as “bright burn effect”. According
to  TL  analysis  (Fig.  S12  in  the  ESM),  this  effect  is  attributed  to
competitive  capture  of  excited  electrons  by  luminescent  centers
and  trap  centers  within  the  material.  As  the  irradiation  time
increases,  trap  centers  are  gradually  filled.  Consequently,  more
excited  electrons  are  captured  by  the  luminescent  centers,
resulting in a rapid enhancement of the XEL intensity during the
first  5  min  of  X-ray  irradiation  (Fig.  4(f)).  Once  the  trap  centers
are  completely  filled,  all  excited  electrons  are  captured  by  the
luminescent  centers,  and  the  XEL  intensity  stabilizes  with
prolonged  irradiation  time,  remaining  at  108%  of  the  initial
intensity. The excellent X-ray on/off cycling stability of the film is
shown in Fig.  4(g),  demonstrating the sustainable applicability  of
Zn2SiO4:Mn2+,Mg2+@PDMS film under continuous irradiation.

In addition, the film also exhibits outstanding physicochemical
stability.  After  immersion in  CH3CH2OH and H2O for  10  d,  the
PL  intensities  of  Zn2SiO4:Mn2+,Mg2+@PDMS  film  remained  at
96.1%  and  97.0%,  respectively  (Fig.  S14  in  the  ESM),  while  the
XEL  intensities  remained  at  98.3%  and  97.0%,  respectively
(Fig.  S15  in  the  ESM).  These  results  confirm  the  potential
application  of  Zn2SiO4:Mn2+,Mg2+@PDMS  film  under  prolonged
exposure to moisture and extreme environmental conditions.

Considering  the  above  findings,  a  possible  luminescent
mechanism  is  proposed,  as  shown  in Fig.  4(h).  Upon  X-ray
irradiation,  X-ray  photons  interact  with  the  heavy  atoms  in  the
material  via  the  photoelectric  effect  and  Compton  scattering.
Subsequently,  numerous  high-energy  electrons  and  holes  are
generated  and  thermalized.  Most  of  these  secondary  carriers  are
transported to the conduction band (CB) and valence band (VB),
where  they  are  captured  by  Mn2+,  enabling  radiative  relaxation
from the 4T1 to 6A1 energy level. Meanwhile, a small fraction of the
secondary  electrons  is  captured  by  trap  centers  within  the
phosphor, resulting in a “bright burn effect” during the first 5 min
of irradiation.  As the temperature rises,  the trapped electrons are
thermally  released,  compensating  for  the  luminescent  loss.
Consequently,  Zn2SiO4:0.3%Mn2+,0.4%Mg2+ sample  exhibits
exceptional  anti-thermal  quenching  luminescence  under  X-ray
irradiation.

3.4    Applications
Beyond  the  fundamental  studies  previously  reported  for  this
system  (Table  S1  in  the  ESM),  the  practical  X-ray  imaging
performance  of  Zn2SiO4:Mn2+,Mg2+@PDMS  film  was  then
investigated  using  a  self-constructed  imaging  system  (Fig.  5(a)).
Figure  5(b)  shows  pictures  of  the  prepared  film  under  daylight
(left)  and under X-ray irradiation (right).  For X-ray imaging,  the
internal  structure  of  a  chip  (Fig.  5(c))  can  be  clearly  observed  in
the X-ray image in air (Fig. 5(d1)). Moreover, the same structural
features  remain  clearly  visible  when  the  object  is  immersed  in
water  at  a  depth  of  1  cm  (Fig.  5(d2)).  Modulation  transfer
function  (MTF)  analysis  indicates  that  the  theoretical  spatial
resolution  of  Zn2SiO4:Mn2+,Mg2+@PDMS  film  is  22.5  lp/mm

 

Fig. 5    (a) Self-assembled optical X-ray imaging system (30 kV, 200 μA). (b) Prepared film under daylight (left) and under X-ray irradiation (right). (c) Pictures of the
chip under daylight. (d1, d2) X-ray images of the chip in air and in water. (e) Picture of the resolution test standard line pair card under daylight, and (f) under X-ray
irradiation. (g) Illustration of flexible X-ray imaging using a flexible printed circuit: mode 1—traditional projection method; mode 2—flexible film attachment method.
(h) X-ray images of the heating chip at different temperatures.
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(Fig.  S17  in  the  ESM).  The  experimental  spatial  resolution,
measured  using  a  standard  line-pair  card  (Fig.  5(e)),  reaches  20
lp/mm  both  in  air  and  underwater  (Fig.  S16  in  the  ESM).  This
value  is  comparable  to  those  of  many  reported  scintillators,  as
listed in Table 2.

Generally, the flexibility of the scintillation film offers a unique
advantage  in  imaging  fields  with  complex  curved  surfaces
(Fig. 5(g)). Here, a flexible printed circuit was used as the imaging
object  and  was  attached  to  the  scintillation  film  in  two  different
contact modes. In mode 1, the X-ray images of the printed circuit
are  significantly  distorted,  as  indicated  by  the  white  dashed  line
(Fig. 5(g1)). This suggests that the traditional projection method is
not  suitable  for  X-ray  imaging  of  curved  surfaces.  In  mode  2
(Fig.  5(g2)),  the  original  structure  of  the  circuit  can  be  clearly
observed  without  deformation  (white  dashed  line).  This  result
confirms the unique value of flexible film attachment method for
complex curved objects.  Considering the anti-thermal  quenching
property  of  Zn2SiO4:Mn2+,Mg2+ sample  under  X-ray  irradiation,  a
chip was used to further estimate the X-ray imaging stability of the
prepared  film  at  high  temperatures.  As  shown  in Fig.  5(h),  the
internal structure of the chip can be resolved even at 363 K. The
X-ray  image  becomes  slightly  blurred,  which  is  attributed  to  the
reversible  softening  of  PDMS  and  the  increased  fluidity  of  the
powder at high temperatures. The X-ray images of the chip during
heating at 303 (original), 363 (heated), and 303 K (cooling down)
are depicted in Fig. S18 in the ESM. These results demonstrate the
remarkable  thermal  stability  and  sustainability  of
Zn2SiO4:Mn2+,Mg2+@PDMS film in X-ray imaging applications.

4    Conclusions
Therefore, in addition to the PL property, this work demonstrates
that  Mg2+ incorporation  can  also  enhance  thermal  stability  and
scintillation  performance.  For  Zn2SiO4:0.3%Mn2+,0.4%Mg2+

sample, its integrated PL and XEL intensities are enhanced to 1.75
and  2  times,  respectively,  compared  with  those  of
Zn2SiO4:0.3%Mn2+ sample.  Its  PL  and  XEL  intensities  exhibit
exceptional anti-thermal quenching behavior, retaining 110% (PL,
at  563 K) and 126% (XEL,  at  483 K) of  their  initial  intensities  at
303 K. In addition, Zn2SiO4:Mn2+,Mg2+ sample shows a high XEL
intensity  (493%  of  that  of  BGO)  with  a  perfect  linear  X-ray
response.  It  also  exhibits  a  high  spatial  resolution  of  20  lp/mm
with excellent physicochemical stability in H2O and CH3CH2OH.
TL analysis  reveals  that  Mg2+ incorporation  effectively  suppresses
nonradiative  recombination  defects  through  lattice  modification.
This  study  may  contribute  to  the  research  on  Zn2SiO4:Mn2+ and
provide an effective approach to developing novel scintillators for
advanced X-ray imaging.
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