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ABSTRACT: Although  upconversion  rare-earth  (RE)  materials  have  excellent
luminescence  properties,  the  luminescence  intensity  and  thermal  stability  of
phosphors  are  not  favorable  due  to  RE  doping  induced  vacancies.  This  work
focused on enhancing luminescence intensity and stability of phosphor by charge
compensation  and  three-dimensional  (3D)  printing.  The  luminescence  results
showed  that  Ca0.697Yb0.2Er0.0015Tm0.0005F2  with  charge  compensation  exhibited
luminescence intensity  3.2  times higher  than that  of  Ca0.798Yb0.2Er0.0015Tm0.0005F2
non-charge  compensation.  The  luminescence  of  resin-coated  luminescent
materials is still stable after 6 months. The constructed white light-emitting diodes
(WLEDs)  also  exhibit  consistent  and outstanding color  rendering characteristics,
with a color rendering index (CRI) of up to 81 and a low color temperature (CCT).

KEYWORDS: upconversion luminescence enhancement, charge compensation,  luminescence stability,  three-dimensional
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 1    Introduction
The  white  light-emitting  diodes  (WLEDs)  have  the  advantages  of
high  efficiency,  high  brightness,  low  power  consumption,  simple
structure,  low  cost,  etc.  The  development  of  WLEDs  utilizing
inorganic phosphors as color converters is poised to transform the
lighting  and  display  industries.  This  solid-state  lighting  approach
offers  substantial  advantages  over  conventional  technologies,
including  enhanced  luminous  efficacy,  superior  stability,  and
tunable  photometric  properties  [1−4].  At  present,  WLEDs
commonly  utilize  blue  light-emitting  diode  (LED)  chips  in
combination  with  yellow  phosphors.  Nevertheless,  the  production
of  blue  LED  poses  a  significant  challenge.  In  recent  years,
researchers have explored near-ultraviolet (NUV) chip-excited red,
green,  and  blue  trichromatic  phosphors  to  achieve  superior
performance in WLEDs [5].

Trivalent  RE ions are  pivotal  due to their  distinctive  4f-electron
configurations and rich energy levels, enabling luminescence across
a  broad  spectrum  from  UV  to  near-infrared  (NIR)  [6−8].  RE

luminescent  materials  have  attracted  great  attention  due  to  their
interesting optical properties such as large stokes shifts, long excited
state  lifetimes,  high  quantum  efficiencies,  stable  physicochemical
properties, broad emission spectral ranges, and high color purity. A
key  feature  is  that  their  luminescence  profiles  can  be  precisely
engineered  through  composition  and  structural  design  [9−15].
Consequently, RE materials are increasingly used in a wide range of
applications,  spanning  from  traditional  lighting  and  displays  to
emerging  fields  like  sensing  and  optical  information  storage
[16, 17].  Furthermore, upconversion (UC) RE materials have been
extensively  investigated  for  photon  management  in  diverse
applications,  including  biomedicine,  solar  energy  conversion,
sensing, and photocatalysis [18−20]. Among them, fluoride crystals
have lower phonon energies than oxide crystals  and are known to
be excellent matrix materials for lanthanide ions.

In  fluoride,  the  first  laser  demonstration  in  1967  using  CaF2:Er
single  crystals  drew  significant  attention  from  researchers  [21].  In
addition,  CaF2 is  an  ideal  luminescent  substrate  material  with  a
typical  fluorite  structure  capable  of  realizing  high  doping
concentrations  of  foreign  ions  with  low  phonon  energies,  high
doping concentrations, and strong stability, and thus can be used as
a  high-efficiency  UC  luminescent  material  [22].  However,  when
trivalent RE ions replace divalent cations (Ca2+), they can lead to an
excess  of  positive  charge,  resulting  in  cation  vacancies.  These
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vacancies can reduce the luminescence intensity and stability of the
sample.  To  solve  this  problem,  charge  compensation  can  be
achieved  by  adjusting  the  doping  ratio.  Specifically,  reducing  the
Ca2+ concentration can suppress the substitution of Ca2+ by trivalent
cations, thereby effectively reducing the number of vacancies in the
lattice [23]. 3D printing has emerged as a transformative technology
with broad application prospects in fields including healthcare and
education,  due  to  cost  reductions  and  commercial  availability.
Despite  the  significant  advancements  in  various  luminescent
materials,  such  as  near-infrared  emitting  metal  halides,  highly
efficient  perovskite  emitters,  and  molecular-based  luminophores
[24−30], the application of 3D printing in processing them remains
relatively  unexplored.  Conventional  methods  for  creating
luminescent  components  typically  involve  blending  luminescent
materials with polydimethylsilo-xane polymers, followed by coating
them as thin films on substrates or forming them into shells around
ZrO2 cores. However, these techniques are limited in their ability to
fabricate  complex  architectures  and  often  fail  to  ensure  persistent
luminescent performance.

In  this  work,  a  series  of  CaF2:Yb3+/Er3+,  CaF2:Yb3+/Tm3+,  and
CaF2:Yb3+/Er3+/Tm3+ were  synthesized  via  a  hydrothermal  method.
These phosphors exhibit tunable panchromatic luminescence along
with  high  thermal  and  photostability.  The  structures  of  CaF2 and
CaF2:Yb3+/Tm3+ were  calculated  and  optimized  using  density
functional theory (DFT). The experimental results show that charge
compensation  significantly  enhances  the  luminescent  intensity  of
the  phosphors.  Furthermore,  high-quality  WLEDs  were  fabricated
using the CaF2:Yb3+/Er3+/Tm3+ phosphor with charge compensation,
achieving  a  high  CRI  of  81  and  a  low  CCT  of  4270  K.  By
encapsulating  these  phosphors  into  photosensitive  resins  via  3D
printing technology, devices with stable luminescence were realized.
Thus,  owing  to  its  tunable  panchromatic  emission,
CaF2:Yb3+/Er3+/Tm3+ emerges  as  a  highly  promising  luminescent
material for advanced WLEDs.

 2    Results and discussion

 2.1    DFT calculation and discussion
To  begin,  we  utilize  DFT  calculations  to  examine  the  optimized
crystal structure, band structure, density of states (DOS), and partial
density of states (PDOS). The optimized structures of CaF2,  Ca4F8,
CaYb2F8,  and  CaTmYbF8 are  shown  in  Fig.  S1  in  the  Electronic
Supplementary Material (ESM), with calculated band gap values of
7.598,  6.786,  5.082,  and  3.406  eV,  respectively.  This  indirect
bandgap of CaF2 is 7.598 eV, which agrees well with the theoretical
result  7.33  eV  of  Yun  et  al  [31].  DFT  calculations  indicate  that
doping  CaF2 with  Yb3+/Tm3+ reduces  its  band  gap,  thereby
promoting carrier excitation. Therefore, the ratio of Ca/Yb/Tm can
influence  the  crystal  structure  and  optimize  the  luminescence
properties. The calculated DOS and PDOS for CaF2 in Figs. S1 and
S2  in  the  ESM  reveal  that  the  valence  band  from −36.55  to
−34.65  eV  is  attributed  to  the  4s  orbitals  of  Ca  atoms,  while  the
band  from −5.19  to  0.50  eV  is  attributed  to  the  2p  orbitals  of  F
atoms.  The  prominent  peak  within  the  range  of −25.10  to
−14.94  eV  comprises  contributions  from  F  2s  and  Ca  3p  orbitals.
Additionally, the strong peak in the conduction band (ranging from
7.67 to 14.58 eV) primarily arises from the 3d orbitals of Ca atoms.
Upon  Yb  and  Tm  doping,  a  new  peak  emerges  at  the  top  of  the
valence band, as a result of the 4f orbitals of Yb and Tm atoms, as

indicated in Figs. S1 and S2 in the ESM. The findings from the DOS
and PDOS analyses highlight the significant role of p orbitals in the
valence  band,  and  the  joint  influence  of  p  and  d  orbitals  in  the
conduction band.

To further investigate the thermodynamic properties of CaF2, we
calculated  the  enthalpy,  free  energy,  zero-point  energy,  entropy
(T*S),  heat  capacity,  and  Debye  temperature  for  CaF2,  Ca4F8,  and
CaYb2F8 (Figs.  1(a)–1(i)). Figure  1 shows  that  both  entropy  and
enthalpy  increase  with  temperature,  whereas  the  free  energy
decreases. The zero-point energies of CaF2, Ca4F8, and CaYb2F8 are
0.12, 0.65, and 0.45 eV, respectively. These values suggest enhanced
stability for all  three compounds at low to moderate temperatures.
Analysis of the heat capacity curves in Figs. 1(d)–1(f) shows that the
heat  capacity  rises  rapidly  at  low  temperatures  before  saturating,
which  is  consistent  with  the  Debye  T3 law.  The  temperature
dependence  of  the  heat  capacity  arises  from  the  specific  atomic
vibrational  modes  at  intermediate  temperatures.  Moreover,  it  is
observed  that  the  heat  capacity  of  CaF2,  Ca4F8,  and  CaYb2F8
approaches  Dulong–Petit  limit  as  temperatures  nears 1000  K.
Figure  1 shows  that  the  heat  capacity  increases  with  temperature
below  600  K,  which  can  be  attributed  to  the  anharmonic  effects
accounted for in the Debye model.  This deviation from the T3 law
at low temperatures is due to an enhanced contribution from low-
frequency  vibrational  modes. Figures  1(g)–1(i) shows  the  Debye
temperature rises  sharply at  low temperatures.  As the temperature
continues  to  rise,  the  rate  of  growth  gradually  decelerates  and
eventually  stabilizes  in  the  high-temperature  regime.  At  high
temperatures,  the  Debye  temperature  asymptotically  approaches  a
constant value.

Figures  1(j)–1(o) shows  the  phonon  dispersion  curves  and
density of phonon states of CaF2, Ca4F8, and CaYb2F8. The phonon
band gaps spans from −20.0 to 30.0 THz for Ca4F8 and from −10.0
to  15.0  THz  for  CaYb2F8.  These  values  are  higher  than  those  of
CaF2,  suggesting  stronger  bonding  interactions  in  Ca4F8 and
CaYb2F8, which contribute to their enhanced stability. The electron
wavefunction  originates  at  the  valence  band  maximum,  traverses
the  high-symmetry  path  G-F-Q-Z-G,  and  enters  the  conduction
band  minimum.  The  heavy-atom  effect  of  Yb3+ shifts  the  phonon
dispersion curve downward (Fig.  1(l)),  suppressing high-frequency
modes  while  amplifying  low-frequency  contributions.
Correspondingly,  the  phonon  density  of  states  (Fig.  1(m))  is
characterized  by  pronounced  high-frequency  peaks,  which  are
attributed to the stretching vibrations of Ca–F bonds.

The  phonon  density  of  states  (Fig.  1(o))  exhibits  a  dense  low-
frequency  peak,  attributed  to  localized  Yb3+ vibrations.
Concurrently,  the  intensity  weakens  in  the  high-frequency  region,
reflecting the modulation effect of RE ions on lattice vibration. It is
evident  that  the  incorporation  of  Yb3+ significantly  enhances  the
stability of the dynamics.

The aforementioned DFT calculations demonstrate that  Yb/Tm
doping  effectively  modulates  the  bandgap  structure  and  phonon
vibration  modes  of  the  CaF2 system,  and  enhances  stability.  This
provides  a  theoretical  basis  for  experimentally  designing
luminescent  materials  with  high  doping  concentrations  while
maintaining structural integrity. Building on this, we systematically
adjusted  the  stoichiometric  ratio  of  Ca2+ to  RE  ions  in  subsequent
experiments.  By  employing  charge  compensation  strategies  to
mitigate  lattice  vacancies  caused  by  valence  mismatch,  we
optimized the luminescent performance.

Liu et al. Nano Research | Vol. 19, No. 4

Nano Research, 2026, 19, 94908410 94908410 (2 of 10)

https://www.sciopen.com/article/10.26599/NR.2026.94908410
https://www.sciopen.com/article/10.26599/NR.2026.94908410
https://www.sciopen.com/article/10.26599/NR.2026.94908410
https://www.sciopen.com/article/10.26599/NR.2026.94908410
https://www.sciopen.com/article/10.26599/NR.2026.94908410
https://www.sciopen.com/article/10.26599/NR.2026.94908410
https://www.sciopen.com/article/10.26599/NR.2026.94908410
https://www.sciopen.com/article/10.26599/NR.2026.94908410


 2.2    Structural characterizations
The  process  and  conditions  for  synthesizing  the  material,  sample
identifiers, experimental methods, and the colorimetric coordinates
as  defined  by  the  Commission  Internationale  d'Eléclairage  (CIE)
can be found in Fig. 2(a) and Tables S1–S6 in the ESM.

The  X-ray  diffraction  (XRD)  patterns  in  Fig.  S5  in  the  ESM
indicate  that  calcium  fluoride  belongs  to  the  cubic  crystal  phase.
The observed XRD patterns match well  with the reference pattern
for cubic CaF2 (JCPDS No. 77-2096). The XRD patterns were also
expanded in the range of 26°–32°, as illustrated in Fig. S5(b) in the
ESM,  where  the  diffraction  angle  shows  a  slight  shift  to  higher

degrees of diffraction due to the substitution of larger Ca2+ (1.00 Å)
ions with smaller ionic radius Er3+ (0.88 Å) and Tm3+ (0.87 Å) ions.
CaF2 is doped with excess Er3+, Yb3+, and Tm3+ ions, so that the Er3+,
Yb3+, and Tm3+ ions react with NaF to produce NaErF4 (JCPDS No.
27-0689), NaTmF4 (JCPDS No. 27-0814), and NaYbF4 (JCPDS No.
27-1427),  which  indicates  that  the  Er3+,  Yb3+,  and  Tm3+ ions  have
been  successfully  doped.  Figure  S5  in  the  ESM  shows  that  charge
compensation  does  not  fundamentally  alter  the  cubic  CaF2
crystal phase.

Figure  2 and  Fig.  S3  in  the  ESM  show  transmission  electron
microscopy  (TEM)  images  and  high-resolution  TEM  (HRTEM)
images  of  the  synthesized  Ca0.78Yb0.2Er0.02F2,  Ca0.67Yb0.2Er0.02F2,  and

 

Figure 1    Temperature-dependent thermodynamic properties (enthalpy, entropy, and free energy) of (a) CaF2, (b) Ca4F8, and (c) CaYb2F8. The heat capacity of (d) CaF2,
(e) Ca4F8, and (f) CaYb2F8. The debye temperature of (g) CaF2, (h) Ca4F8, and (i) CaYb2F8. The phonon dispersion of (j) CaF2, (k) Ca4F8, and (l) CaYb2F8. The phonon
density of states of (m) CaF2, (n) Ca4F8, and (o) CaYb2F8.
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Ca0.697Yb0.2Er0.0015Tm0.0005F2 [32].  TEM  images  show  that  CaF2

nanocrystals  are  dispersed  and  uniformly  distributed  with  a
diameter  of  about  10  nm.  HRTEM images  of  single  nanoparticles
show lattice  spacings of  approximately 0.320,  0.317,  and 0.313 nm

for  Ca0.78Yb0.2Er0.02F2,  Ca0.67Yb0.2Er0.02F2,  and
Ca0.697Yb0.2Er0.0015Tm0.0005F2,  respectively.  All  of  these  values
correspond to the distance of the (111) planes in cubic CaF2 (Fig. 2 ).
Charge  compensation  reduces  the  (111)  spacing  from  0.320  to

 

Figure 2    (a) Material synthesis process and charge regulation process. TEM and HRTEM images of (b) and (c) Ca0.78Yb0.2Er0.02F2, (d) and (e) Ca0.67Yb0.2Er0.02F2, (f) and (i)
Ca0.697Yb0.2Er0.0015Tm0.0005F2. The element mapping images of Ca, F, Er, and Yb in (j)–(n) Ca0.78Yb0.2Er0.02F2, (o)–(s) Ca0.67Yb0.2Er0.02F2. (t)–(y) The element mapping images
of Ca, F, Er, Tm, and Yb in Ca0.697Yb0.2Er0.0015Tm0.0005F2.
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0.317 nm in Ca0.67Yb0.2Er0.02F2,  indicating a corresponding decrease
in  lattice  vacancies.  Energy  dispersive  X-ray  (EDX)  spectroscopy
results show that the elements F, Ca, Yb, and Er could be detected,
demonstrating  the  successful  synthesis  of
Ca0.697Yb0.2Er0.0015Tm0.0005F2 (Fig.  S4  in  the  ESM).  The  element
mapping results show that F, Ca, Yb and Er are evenly distributed
in  Ca0.697Yb0.2Er0.0015Tm0.0005F2,  which  proves  that  Yb  and  Er  are
successfully doped into CaF2.

In the Fourier transform infrared (FT-IR) spectra (Fig. S6 in the
ESM),  the  bands  observed  at  2925  and  2855  cm−1 are  associated
with C–H stretching vibrations. The peak at 3429 cm−1 is attributed
to  the  stretching  vibration  of  O–H  bonds.  The  peaks  at
approximately  1564  and  1465  cm−1 correspond  to  the  stretching
vibrations  of  C=O  and  C=C  bonds,  respectively.  Additionally,  the
peak observed at 723 cm−1 is attributed to the stretching vibration of
C–F  monosubstituted  bonds,  while  the  weaker  peak  at  424  cm−1

corresponds to Ca–F.
The  ultraviolet–visible  (UV–vis)  of  absorption  spectra  of

CaF2:Yb3+/Er3+ and CaF2:Yb3+/Tm3+ are presented in Fig. S7(a) in the
ESM. Charge compensation via RE ion doping leads to a significant
enhancement in absorption intensity compared to the samples with
non-charge  compensation.  The  UV–vis  absorption  spectra  of
CaF2:Yb3+/Er3+ and CaF2:Yb3+/Tm3+ display  two absorption peaks  at
271  and  283  nm,  corresponding  to  the  π  →  π*  transition  of  C=C
bonds and the  n  → π*  transitions  of  C=O bonds,  respectively.  For
the  UV–vis  spectrum  of  the  sample  with  charge  compensation  in
Fig.  S7(a)  in  the  ESM  there  is  an  absorption  peak  at  240  nm,
indicating a blue shift of the π → π* transition of the C=C bond. The
CaF2:Yb3+/Er3+/Tm3+ samples  exhibit  absorption  peaks  at  271  and
283 nm (Fig.  S7(b)  in  the  ESM),  similar  to  those  of  CaF2:Yb3+/Er3+

and CaF2:Yb3+/Tm3+,  but  with  the  absorption intensity  significantly
enhanced in the visible region above 400 nm. Compared with CaF2,
the  absorption intensity  of  CaF2:Yb3+/Er3+ and CaF2:Yb3+/Tm3+ with
charge  compensation  was  increased  (Fig.  S7  in  the  EMS)  in  the
ultraviolet region, leading to improved luminescence performance.
The  bandgap  values  of  CaF2,  Ca0.799Yb0.2Tm0.001F2,
Ca0.6985Yb0.2Tm0.001F2,  Ca0.78Yb0.2Er0.02F2,  and  Ca0.67Yb0.2Er0.02F2 were
4.23, 3.83, 3.55, 4.16 and 4.02 eV, respectively. The doping of Tm3+

or  Er3+ can  change  the  bandgap  structure  of  CaF2,  which  is
consistent with the calculation results above.

The  elemental  composition  and  valence  states  of  CaF2 and
CaF2:Yb3+/Er3+ are analyzed using X-ray photoelectron spectroscopy
(XPS). The XPS survey spectrum reveals that Ca and F are present
in CaF2, and a small amount of Yb is also present in CaF2:Yb3+/Er3+

(Fig. S8 in the ESM). The high-resolution XPS spectra of CaF2 and
CaF2:Yb3+/Er3+ are shown in Fig. S8 in the ESM. In CaF2,  the high-
resolution  Ca  2p  spectrum  (Fig.  S8(b)  in  the  ESM)  shows  the
characteristic  doublet  with  peaks  at  350.63  (2p1/2)  and  347.23  eV
(2p3/2).  After  Er  doping,  binding  energy  shifts  are  detected  for  the
F 1s,  Ca 2p3/2,  and Ca 2p1/2 peaks,  indicating that there is  a charge
transfer between different elements.

 2.3    Optical performance
The UC emission spectra of CaF2:20%Yb3+/x%Er3+ (x = 0.5, 1, 2, 2.5,
and 3) samples and CaF2:20%Yb3+/y%Tm3+ (y = 0.03, 0.05, 0.1, 0.3,
and 0.5) samples are shown in Figs. S11(a) and S11(c) in the ESM,
respectively.  As  shown  in  Table  S1  in  the  ESM,  the  effect  of
different  concentrations  of  Er3+ and  Tm3+ on  the  luminescence
properties of CaF2 is studied to find the best doping concentration.
The  luminescence  intensity  of  CaF2:20%Yb3+/x%Er3+ increases  and

then decreases as the Er3+ concentration increases from 0.5% to 3%.
The  emission  intensity  reaches  its  maximum  when  the

concentration of  Er3+ is  2%. Similarly,  in the emission spectrum of
CaF2:20%Yb3+/y%Tm3+,  the  emission  intensity  is  maximized  at  a
concentration  of  0.1%Tm3+.  The  blue  emission  intensity  exhibits  a
trend of initial increase followed by a decrease with increasing Tm3+

concentration: it rises until reaching an optimal level, beyond which
concentration quenching causes it to diminish.

The spectral results show that Er3+ ions produced efficient green
and red UC fluorescence and Tm3+ ions produced strong blue UC
emission.

The UC emission spectra obtained by exciting Er3+ or Tm3+ ions
with  different  doping  concentrations  at  980  nm using  a  NIR laser
show  distinct  emission  features:  a  strong  red  emission  at  661  nm
(Er3+: 4F9/2 → 4I15/2), green emissions at 526 and 544 nm (Er3+: 2H11/2,
4S3/2 → 4I15/2),  and a faint purple emission at 411 nm (2H9/2 → 4I15/2)
(Fig.  S17  in  the  ESM).  The  UC emission spectra  for  samples  with
different Tm3+ doping concentrations show characteristic blue light
emission  at  452  and 481  nm,  assigned  to  the 1D2 → 3F4, 1G4 → 3H6
transitions,  respectively,  and  violet  light  emission  at  346  and  365
nm (1I6 → 3F4, 1D2 → 3H6) (Fig. S17 in the ESM). Furthermore, there
are  also  bands  observed  in  the  crimson  range  at  654  and  808  nm
originating  from  the 1G4 → 3F4 and 3F2,3 → 3H6 transitions  of  Tm3+.
The  generation  of  UC  emission  is  attributable  to  the  interaction
between Yb3+/Er3+ and Yb3+/Tm3+.

To  further  elucidate  the  mechanism  by  which  charge
compensation  affects  luminescence  performance,  an  in-depth
analysis  was  conducted  from  the  perspectives  of  crystallography
and  defect  chemistry.  In  non-charge  compensation  phosphors,
when trivalent Er3+/Yb3+ and Tm3+/Yb3+ ions partially replace Ca2+ in
the  matrix,  the  valence  mismatch generates  excess  positive  charge,
forming cation vacancies (VCa) to maintain electrical neutrality. The
vacancies  act  as  non-radiative  recombination  centers,  which  can
capture the energy of the excited state and significantly reduce the
quantum  efficiency  of  the  luminescence.  By  reducing  the  Ca2+

content effectively modulates the stoichiometric ratio between Ca2+

and RE ions in the matrix, thereby decreasing vacancy concentration
caused by valence mismatch. The charge compensation method can
reduce  the  vacancy  concentration,  which  can  decrease  the  non-
radiation  recombination  channel,  improve  the  recombination
efficiency and increase the luminous intensity.

The UC emission spectra of the CaF2:20%Yb3+/x%Er3+ (x = 0.5, 1,
2,  2.5,  and  3)  samples  and  CaF2:20%Yb3+/y%Tm3+ (y =  0.03,  0.05,
0.1,  0.3,  and 0.5)  samples  with charge compensation are  shown in
Figs. S11(b) and S11(d) in the ESM, respectively. CaF2 with charge
compensation is  prepared with different  molar  amounts  of  Er3+ or
Tm3+ as shown in Table S2 in the ESM. As shown in Figs. 3(a)–3(c),
the  phosphor  with  charge  compensation  exhibits  luminescence
intensities  1.57,  1.56,  and  3.2  times  those  of  its  counterpart  non-
charge  compensation,  respectively.  It  is  noteworthy  that  under
980  nm  excitation,  the  characteristic  Er3+ emissions  with  charge
compensation, namely the strong red peak at 661 nm (4F9/2 → 4I15/2)
and  the  green  peaks  at  526  and  544  nm  (2H11/2, 4S3/2 → 4I15/2),  are
significantly  enhanced.  By  charge  compensation,  the  color  of  the
phosphor  also  changes,  and  the  corresponding  CIE  color
coordinate of the sample doped with 2% Er3+ is shifted from green
at  point  A  (0.3299,  0.6303)  to  yellow  at  point  B  (0.4151,  0.5508)
(Fig. S15 in the ESM). This shift indicates an increased contribution
from  red  emission,  demonstrating  that  charge  compensation
effectively enhances the red emission of Er3+.
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In order to investigate the luminescence properties,  we adjusted
the doping concentrations of Yb3+,  Er3+,  and Tm3+ ions in the CaF2
host  matrix.  To  investigate  the  effect  of  Er3+ concentration,  the
doping  levels  of  Yb3+ and  Tm3+ were  fixed  at  20%  and  0.05%,
respectively, in the CaF2 nanocrystal host. Synthesis was carried out
according to the ratios specified in Tables S1 and S3 in the ESM by
adjusting  the  stoichiometry  of  the  CaF2:Yb3+/Er3+/Tm3+.  To
accurately  represent  the  true  luminescent  color,  the  color
coordinates were calculated using the CIE 1931 in Table S3 in the
ESM [33]. By varying the Er3+ concentration from 0.05 to 0.35%, the
color  transitions  from  a  blue  hue  to  white  and  finally  to  orange-
yellow.  The  chromaticity  diagrams  depicting  the  samples  with
different  Er3+ concentrations  are  illustrated  in Fig.  3(f).  The
corresponding CIE coordinates  are determined as  (0.2114,  0.2909)
(0.05%),  (0.2341,  0.2781) (0.1%),  (0.3018,  0.3299) (0.15%),  (0.3221,
0.3860) (0.25%) and (0.3919, 0.4325) (0.35%). As the concentration
of  Er3+ ions  increases,  the  green  light  emission  intensity  increases
and  the  blue  light  emission  intensity  decreases.  In  green  and  red
light  emissions,  Er3+ emission  decreases  due  to  cross-relaxation

between Er3+ and Tm3+.  From the CIE diagram, it  can be observed
that  the  crystal  luminescence  color  achieves  a  wide  range  of
modulation  from  blue  light,  white  light  to  orange-yellow  light.
When  the  doping  concentration  of  Er3+ ions  is  0.15%,  the  color
coordinates (0.3018,  0.3299) of  its  crystal  luminescence are located
in  the  white  light  region.  Its  color  rendering  index  is  up  to  74
(Tables S3 and S11 in the ESM).

A  series  of  CaF2:Yb3+/Er3+/Tm3+ samples  with  charge
compensation,  having  the  nominal  formula  Ca0.7−1.5x%F2:
20%Yb3+/x%Er3+/0.05%Tm3+ (x =  0.05,  0.1,  0.15,  0.25,  and  0.35),
were  synthesized  as  detailed  in  Tables  S2  and  S4.  The  Er3+

concentration  is  adjusted  from  0.05%  to  0.35%,  and  the  color
changes from blue to white to green, and the chromaticity diagrams
of  Er3+ samples  are  shown  in Fig.  3(i).  The  corresponding  CIE
coordinates  are  determined  as  (0.2054,  0.3006)  (0.05%),  (0.2607,
0.3127)  (0.1%),  (0.3165,  0.3476)  (0.15%),  (0.3266,  0.3851)  (0.25%)
and  (0.3998,  0.4211)  (0.35%).  Through  extensive  experimental
optimization,  Ca0.697Yb0.2Er0.0015Tm0.0005F2 sample  with  charge
compensation was obtained. It exhibits CIE coordinates of (0.3165,

 

Figure 3    The  UC  spectra  of  (a)  Ca0.78Yb0.2Er0.02F2 and  Ca0.67Yb0.2Er0.02F2,  (b)  Ca0.799Yb0.2Tm0.001F2 and  Ca0.6985Yb0.2Tm0.001F2,  and  (c)  Ca0.798Yb0.2Er0.0015Tm0.0005F2 and
Ca0.697Yb0.2Er0.0015Tm0.0005F2. Pump power-dependent UC emission spectra of (d) Ca0.798Yb0.2Er0.0015Tm0.0005F2 and (g) Ca0.697Yb0.2Er0.0015Tm0.0005F2. Double logarithmic plots
of  pump  power  versus  UC  emission  intensities  of  (e)  Ca0.798Yb0.2Er0.0015Tm0.0005F2 and  (h)  Ca0.697Yb0.2Er0.0015Tm0.0005F2.  CIE  chromaticity  diagrams  of  (f)
Ca0.798Yb0.2Er0.0015Tm0.0005F2 and (i) Ca0.697Yb0.2Er0.0015Tm0.0005F2.
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0.3476) and a CRI of 84, as shown in Tables S4 and S12 in the ESM.
To  better  research  the  power  dependence  of  UC  emission

intensity,  the  power-dependent  UC  luminescence  of  phosphors
with non-charge compensation and with charge compensation was
investigated,  as  shown  in Figs.  3(d) and 3(g).  The  UV  emission
intensity increased gradually with the increase of  the pump power
from  119  to  219  mW.  The  double  logarithmic  plots  of  the
intensities of blue, green and red UC emissions versus pump power
are displayed in Figs.  3(e) and 3(h),  and Fig.  S13 in the ESM. The
fitted  power  dependence  coefficients  for  the  samples  with  non-
charge compensation are 1.47, 1.59, and 1.56 for the 526, 544, and
661  nm  emissions,  respectively,  whereas  the  corresponding  values
for the samples with charge compensation are 1.72, 1.15, and 1.32.
This  indicates  that  the 2H11/2 → 4I15/2, 4S3/2 → 4I15/2,  and 4F9/2 → 4I15/2
transitions are two-photon processes.  To realize blue emission, the
1G4 → 3H6 transition at 481 nm requires two-photon absorption. The
ultraviolet  emission  spectra  of  other  samples  with  pump  power
dependence,  along  with  the  double-logarithmic  plots  of  pump
power versus relevant  parameters,  are  shown in Figs.  S12 and S13
in the ESM.

 2.4    Luminous stability
We  performed  luminescence  stability  analysis  to  investigate  the
optical  properties  associated  with  temperature  changes  and
continuous irradiation time in the near UV [34]. Figures 4(a)–4(h)
and  Fig.  S14  in  the  ESM  show  the  luminescent  emission
stability  of  Ca0.798Yb0.2Er0.0015Tm0.0005F2,  Ca0.697Yb0.2Er0.0015Tm0.0005F2,
Ca0.78Yb0.2Er0.02F2,  Ca0.67Yb0.2Er0.02F2,  Ca0.799Yb0.2Tm0.001F2,  and

Ca0.6985Yb0.2Tm0.001F2 at  different  temperatures  and  times.  The
intensity of the emission peaks decreased slightly with the increase
of  temperature  and  time.  Moreover,  the  stability  of  the  phosphor
with  charge  compensation  is  significantly  higher  than  that  of  the
phosphor  with  non-charge  compensation.  The  charge
compensation  effectively  reduces  the  cation  vacancy,  making  the
CaF2 structure stable.

In  this  study,  we  dispersed  Ca0.798Yb0.2Er0.0015Tm0.0005F2 and
Ca0.697Yb0.2Er0.0015Tm0.0005F2 into a highly transparent.  The resulting
composites  were  then  used  to  assemble  WLEDs  devices  and
fabricate  3D  printed  models.  The  thermal  stability  was  improved
for  the  resin-coated  Ca0.798Yb0.2Er0.0015Tm0.0005F2 phosphor  and
Ca0.697Yb0.2Er0.0015Tm0.0005F2 phosphor  with  charge  compensation
(Fig.  4(k)).  Moreover,  the  luminescence  of  the  resin-coated
Ca0.798Yb0.2Er0.0015Tm0.0005F2 phosphor  with  non-charge
compensation  and  Ca0.697Yb0.2Er0.0015Tm0.0005F2 phosphor  with
charge  compensation was  compared before  and after  6  months  of
placement (Figs. 4(i) and 4(j)). The luminescence intensity did not
change  significantly  after  the  samples  were  left  for  6  months.  The
PL  intensity  of  the  packaged  LED  device  remained  virtually
constant over a period of 6 months, demonstrating exceptional long-
term  stability  in  air.  The  inset  in Fig.  4(l) shows  a  photograph  of
“Heilongjiang  University” printed  in  Chinese  characters  using  the
resin-coated sample. Under UV illumination, the Ca0.67Yb0.2Er0.02F2,
Ca0.6985Yb0.2Tm0.001F2,  and  Ca0.697Yb0.2Er0.0015Tm0.0005F2 emit  blue,
green,  and  white  light,  respectively,  maintaining  their  original
luminescent  characteristic.  The  uniform  distribution  of
luminescence  across  the  printed  models  indicates  the  excellent

 

Figure 4    Luminescence  stability  under  NUV  light  and  the  dependence  of  integrated  area  of  emission  peak  on  NUV  irradiation  time  of  (a)  and  (b)
Ca0.798Yb0.2Er0.0015Tm0.0005F2 and (e) and (f) Ca0.697Yb0.2Er0.0015Tm0.0005F2. Temperature-dependent emission spectra and the corresponding fluorescence intensity changes of
(c) and (d) Ca0.798Yb0.2Er0.0015Tm0.0005F2 and (g) and (h) Ca0.697Yb0.2Er0.0015Tm0.0005F2. Comparison of the UC white luminescence before and after 6 months of storage: (i)
Ca0.798Yb0.2Er0.0015Tm0.0005F2 and (j) Ca0.697Yb0.2Er0.0015Tm0.0005F2. UC luminescence stability of resin coated (k) Ca0.798Yb0.2Er0.0015Tm0.0005F2 and Ca0.697Yb0.2Er0.0015Tm0.0005F2. (l)
The illustration is the photograph of printings of the Chinese character "Heilongjiang University".
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dispersibility and stability of the phosphors in the resin matrix.

 2.5    Applications in WLEDs
In this study, we further explored the application of these materials
in  WLEDs,  and  constructed  WLEDs  by  depositing
Ca0.798Yb0.2Er0.0015Tm0.0005F2 materials  onto  the  surface  of  940  nm
chips.  As  described  above,  the  CCT  of  the  WLEDs  can  be  tuned
through  two  approaches:  by  varying  the  operating  voltage  of  the
devices  and  by  adjusting  the  Ca0.798Yb0.2Er0.0015Tm0.0005F2 ratios.
Tables  S5  and  S6  in  the  ESM  present  the  color  coordinates
corresponding  to  WLEDs  devices  under  different  voltage
conditions.  When  the  voltage  is  3.4  V,  the  corresponding  color
coordinates are (0.3646, 0.3647) and the CCT is 4384 K. When the
voltage  is  3.5  V,  the  corresponding  color  coordinates  are  (0.3557,
0.3568)  and  the  CCT  is  4635  K.  When  the  voltage  is  3.6  V,  the
corresponding color coordinates are (0.3481, 0.3553) and the CCT
is 4902 K. Among these, the color coordinates at 3.6V are closest to
white  light.  Table  S7  and  Fig.  S9  in  the  ESM  display  the  CIE
coordinates,  CRI,  CCT,  gamutindex  (Rg)  and  radiative  luminous
efficiency (LER) values for various WLEDs. The CIE coordinates of
the  five  WLEDs  (1–5)  are  (0.3086,  0.3366),  (0.3481,  0.3553),
(0.3836, 0.3671),  (0.3956, 0.4022) and (0.4074, 0.3806),  respectively
(Figs.  5(a) and 5(b)).  The chromaticity diagram indicates the CCT
of  the  WLEDs in  the  CIE 1976,  confirming  that  a  broad range  of
white light emission can be achieved. The obtained spectral CRIs of
the  WLEDs  are  78,  75,  79,  83,  and  81,  respectively,  and  the
corresponding  CCTs  are  6659,  4902,  3837,  3806,  and  3368  K,
respectively, demonstrating how different phosphor ratios influence
spectral  distribution  and  CCT  values.  These  phosphor

compositions produce WLEDs exhibiting high color fidelity  and a
broad  color  gamut  (high Rg).  Furthermore,  the  WLEDs  feature
CRIs  of  75–83 and a  CCT range of  3368–6659 K,  delivering both
outstanding color  quality  and a  suitable  CCT range.  The obtained
LED-2 color coordinates are (0.3481, 0.3553) near the CIE standard
white point, with a CRI of 75 and a CCT of 4902 K. Furthermore,
the  device  exhibits  a  very  small  Duv  of  0.0007  and  an  LER  of
106 lm/W.

To  investigate  the  effect  of  charge  compensation  on  the
luminescent  properties  of  WLEDs,  devices  were  fabricated  by
packaging  the  phosphors  with  the  highest  emission  intensity  onto
940  nm  LED  chips.  The  values  of  CIE  coordinates,  CRI,
CCT,  and  LER  for  different  WLEDs  constructed  with  the
Ca0.697Yb0.2Er0.0015Tm0.0005F2 phosphor  with  charge  compensation
are shown in Table S8 in the ESM. The CIE coordinates of the five
WLEDs  (1–5)  are  (0.3394,  0.3640),  (0.3686,  0.3662),  (0.3738,
0.3720),  (0.3926,  0.3787)  and  (0.4100,  0.3869),  respectively
(Figs. 5(c) and 5(d)). The obtained spectral CRIs of the WLEDs are
81, 81, 83, 85 and 85, and the corresponding CCTs are 5247, 4270,
4152,  3699,  and  3365  K,  and Rg are  80,  80,  83,  83,  and  84,
respectively.  The  local  color  fidelity  (Rf)  across  different  hue-angle
bins,  depicted  in  Fig.  S10  in  the  ESM,  indicates  uniform  color
perception.  The  hue  shift  and  chroma  shift  analyses  confirm
minimal  spectral  deviation.  The  high  gamut  representation
underscores  the  LED’s  ability  to  accurately  reproduce  colors,
making  it  suitable  for  high-fidelity  lighting  applications.  The
corresponding  CIE  color  coordinates  of  the  WLEDs  are  shifted
from the point C (0.3481, 0.3553) to the point D (0.3686, 0.3662) by
charge  compensation  (Fig.  S15(b)  in  the  ESM).  Therefore,  charge
compensation  improves  red  emission,  consistent  with  the  above

 

Figure 5    The  spectra  and  corresponding  color  coordinates  of  WLEDs  devices  consisting  of  (a)  and  (b)  Ca0.798Yb0.2Er0.0015Tm0.0005F2 and  (c)  and  (d)
Ca0.697Yb0.2Er0.0015Tm0.0005F2. The luminescence and corresponding luminescence intensity vary with UV irradiation time and the temperature for (e) and (h) LED-2 device
(i)–(l) LED-2 device (charge compensation).
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conclusion. The color coordinates of LED-2, fabricated with charge
compensation,  are  (0.3686,  0.3662).  This  device  exhibits  a  CRI  of
81, a CCT of 4270 K, a Rg of 80, and an R9 of 85. In addition, the
CRIs of LED-4 and LED-5 are as high as 85, and the deviation value
of LED-3 with respect to the Duv of the blackbody emission is less
than 0.0002.  This  indicates  that  the performance of  the WLEDs is
excellent.

Stability test  results  under elevated temperature or constant UV
irradiation  are  presented  for  WLEDs-2  constructed  with
Ca0.798Yb0.2Er0.0015Tm0.0005F2 phosphor  composites  (Figs.  5(e)–5(h))
and  for  those  constructed  with  charge  compensation
Ca0.697Yb0.2Er0.0015Tm0.0005F2 phosphor  composites  (Figs.  5(i)–5(l)).
The  luminescence  intensity  remains  stable  after  continuous
warming (0–100 °C). Moreover, the luminescence intensity remains
virtually  unchanged  after  continuous  UV  exposure  for  8  h.  This
result  underscores  the  exceptional  photostability  of  both  the
standard and the WLED-2 devices with charge compensation.

In order to investigate the photovoltaic performance of synthetic
phosphors  as  well  as  WLEDs  for  indoor  applications,  the
photovoltaic  performance  of  silicon  solar  cells  is  analyzed  by
irradiating them with blue LED, green LED and WLEDs (Fig. S16
in  the  ESM).  As  shown  in  Tables  S9  and  S10  in  the  ESM,  the
photovoltaic  efficiencies  of  LED-2  and  LED-2  with  charge
compensation are 3.27% and 5.90%, when the operating voltage is
3.2  V  (Figs.  S16(a)  and  S16(d)  in  the  ESM).  The  photocurrent
intensity increases with increasing operating voltage, and the output
photocurrent is highly stable. Figure S16 in the ESM illustrates the
transient photocurrent of the solar cell under illumination by a blue
LED, a green LED, and the fabricated WLEDs. The Nyquist curve
indicates that the internal resistance of the solar cell increases as the
intensity of LED illumination increases.

 3    Conclusions
In  summary,  we  have  successfully  synthesized  a  series  of
CaF2:Yb3+/Er3+/Tm3+ UC phosphors via a hydrothermal method and
systematically  demonstrated  that  a  synergistic  strategy  combining
charge  compensation  and  3D  printed  resin  encapsulation  can
profoundly  enhance  both  luminescence  performance  and  long-
term  stability.  The  structures  of  CaF2 and  CaF2:Yb3+/Tm3+

phosphors  are  optimized  using  DFT,  and  their  figure  of  merit,
optical properties and charge density difference are calculated. The
luminescence  results  show that  the  charge  compensation  has  little
effect on the structure and microstructure of the phosphors,  but it
has  significantly  enhanced  the  luminescence  performance  of  the
phosphors.  Compared  with  the  non-charge  compensation
phosphor,  the  luminescence  intensity  of  charge  compensation
samples  is  significantly  enhanced.  Among  them,  the  sample  with
charge  compensation  is  3.2  times  that  of  the  non-charge
compensation.  To  further  investigate  the  luminescence  properties,
we  fabricated  CaF2:Yb3+/Er3+/Tm3+ WLEDs  with  excellent  color
quality,  good  visual  performance,  and  ideal  CCT.  The  charge-
balanced  optimal  WLEDs  achieve  a  CRI  of  81,  with  CIE
coordinates  (0.3686,  0.3662)  and  a  CCT  of  4270  K.  To  improve
stability,  a  layer  of  light-sensitive  resin  is  applied  to  the  surface  of
the  luminescent  material  using  3D  printing  technology.  The
findings  indicate  a  significant  enhancement  in  the  luminescence
stability  of  the  resin-coated  samples.  When  exposed  to  the  light
emitted by WLEDs, the silicon solar cells are effectively stimulated,
resulting  in  consistent  photovoltaic  output  signals.  As  a  result,

CaF2:Yb3+/Er3+/Tm3+ phosphors  have  a  wide  range  of  potential
applications in lighting. Despite these promising results, the general
applicability  of  this  charge  compensation  approach  to  other  host
matrices beyond CaF2 remains to be explored, and future work can
focus on further  optimizing 3D printing parameters,  such as  resin
layer  thickness  and  transparency,  to  further  improve  luminous
efficiency and stability.
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