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Abstract： Eu2+-doped Na3Sc2（PO4）3 ionic conductor possesses superior thermal quenching（TQ）resistance， which 
is considered as a promising phosphor for high-power lighting applications.  Yet the underlying mechanism of negative 
thermal quenching（NTQ）is not fully understood.  In this study， we focus on upconversion（UC）and downshifting（DS）
luminescence of Yb3+/Er3+ with f-f transition rather than susceptible d-f transition of Eu2+ in Na3Sc2（PO4）3， aiming to 
get a more insightful view.  The results show that thermally accelerated dynamic defects/ions contributes to the 
significant negative thermal quenching（NTQ）of UC luminescence and thermally stabilized DS luminescence by 
promoting the radiative transition and suppressing the non-radiative transition.  The UC process with slow population 
rate is more susceptible to perturbation of Na+ migration process with time scale equivalent to that of the former， 
resulting in evident NTQ of UC luminescence.  This research opens an avenue for understanding the NTQ mechanism 
of luminescence via dynamic defects/ions.
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动态缺陷导致 Na3Sc2（PO4）3:Yb3+,Er3+材料上转换和下转移
发光不同热猝灭行为的研究
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摘要： 掺 Eu2+ 的离子导体  Na3Sc2（PO4）3 具有优异的抗热猝灭性能，是一种很有前景的大功率照明用发光材

料。然而，其负热猝灭的机理仍有待深入研究。本文以 Yb3+/Er3+的 f-f跃迁上转换和下转移窄带发射而非更易

受干扰的 Eu2+d-f跃迁发射为研究对象，旨在获得更清晰的机理。结果表明，热致缺陷/离子的动态迁移能促进

高温下辐射跃迁和抑制非辐射跃迁，导致了上转换发光具有显著的负热猝灭，下转移发光热猝灭较小。其中，

布居速率较慢的上转换过程更容易受到时间尺度与之相当的 Na+/空位迁移过程的影响。本研究研究可为理

解发光材料热猝灭机制提供另一种视角。
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1　Introduction
The phenomenon of decreased luminescence in

tensity of a phosphor with elevated temperature is 
the so-called TQ.  TQ is the non-radiative relaxation 
of electrons from the excited state to the ground state 
owing to various causes[1], which could significantly 
affect the performance of optoelectronic devices[2-6].  
Many strategies have been proposed to combat TQ, 
including but not limited to defect engineering[7-9], en
ergy transfer[10], structural modulations[11-13], layer 
structure design[14], negative thermal expansion[15-16], 
surface coating[17],  glass technology[18], etc.  Signifi
cantly, TQ depends on structure of the matrix to 
some extent[19].  Thus, materials with a dense struc
ture and high structural stiffness are often designed 
to achieve TQ resistance or even NTQ of lumines
cence[20-21].

Phosphates are promising materials in resisting 
TQ due to their favorable structural stiffness and 
dense composition.  Na3Sc2（PO4）3（NSP）compound 
was reported in the 1980s and has been developed 
as an ionic conductor material since then[22-23].  Wang 
et al.  presented the NSP: Eu2+ phosphor with an ex
cellent TQ resistance, high photoluminescence quan
tum yield（PLQY）, and high color purity, making it 
superior to the commercial BaMgAl10O17: Eu2+ phos
phor.  They attributed the thermal enhancement of 
luminescence to traps caused by substitution via 
non-equivalent ions[24].  Won Bin Im et al.  investigat
ed the TQ resistance of NSP: Eu2+ from room temper
ature to 250° C and claimed that it was due to ther
mally induced structural transitions associated with 
Na+ disorder.  They proposed that the formed defec
tive energy levels could act as electron capture cen
ters, facilitating energy transfer from the traps to the 
Eu2+ and thus suppressing the loss of non-radiative 
transition[25].  They further achieved the regulation of 
negative to zero thermal TQ by partially replacing 
Sc3+ with Lu3+ in NSP: Eu2+ while preserving the origi
nal high emission efficiency[26].  They correlated the 
variation of TQ behavior with the reduced Na+ con
ductivity（increased migration barrier）and trap con
centration.  Since there is not always trap-related 

thermal luminescence in ion conductors synthesized 
under non-reductive atmospheres, as far as available 
previous research is concerned[27], a clear relation
ship between dynamic defects/ions and the TQ be
havior is yet absent.  Herein, the dynamic defects/
ions are defined as a kind of species composed of 
swapping ion and vacancy in a dynamic equilibrium 
state.

While the broadband emission of Eu2+ ion ow
ing to d-f transition is too sensitive to chemical envi
ronment variation around Eu2+ , f-f transition with 
line-shaped emission peak of lanthanide ions with 
+3 valence is preferred to figure out the relation.  
Among the lanthanide ions, the Er3+ ion is a well-re
searched object which converts infrared photons to 
visible light through the UC process due to its proper 
electronic energy level configuration.  The codopant 
Yb3+ ion can remarkably enhance the UC yield due 
to the efficient energy transfer from Yb3+ to Er3+[28].  
Furthermore, the ratio between the red and green 
emission peaks of the Er3+ ion has been reported that 
they can tell the thermal-induced local structure 
changes concerning ion migration in the ion conduc
tor materials, both in micro view of localized lumi
nescence and macro view of thermodynamics[27,29-31].  
Although Eu2+ ions occupy Na+ site[25-26,32] while Yb3+/
Er3+ ions likely take Sc3+ site, the distance of the ad
jacent species of Na+（Eu2+）-Na+/Na vacancy and Sc3+

（Yb3+/Er3+）-Na+/Na vacancy are almost equivalent, i.
e. , 3. 4 and 3. 2 Å（COD No. 1539810）, respective
ly.  The thermal-activated motion of Na+/Na vacancy 
should impact the luminescence of Eu2+/Er3+ in a sim
ilar way but to a different extend.  Therefore, we 
choose the Yb3+/Er3+ doped NSP, with excellent opti
cal probe properties, to investigate the correlation of 
thermally accelerated dynamic defects/ions and dis
tinct thermal quenching of UC and DS lumines
cence, aiming to find some common clues concern
ing the ionic conductor type host with good thermal 
quenching of luminescence.  The temperature-depen
dent X-ray diffraction（XRD）, Raman spectroscopy, 
laser thermal conductivity, photoluminescence（PL）
and PL decay curves, alternating current（AC）imped
ance spectroscopy, and theoretical calculations were 

2



WANG Shijie， et al. ： Distinct Thermal Quenching of Upconversion and Downshifting Luminescence …

performed to reveal it.
2　Experiment
2. 1　Materials and Synthesis.

The Na3Sc2（PO4）3: 0. 28Yb3+, 0. 04Er3+ was syn
thesized through a traditional high-temperature solid-

state reaction.  Stoichiometric amounts of Na2CO3
（99. 99%）, Sc2O3（99. 99%）, NH4H2PO4（99. 99%）, 
Yb2O3（99. 99%）, and Er2O3（99. 99%）were mixed 
and ground in an agate mortar.  The mixture was cal
cined in a muffle furnace at 473 K for 2 hours and 
then at 1573 K for 12 hours with intermediate grind
ing.  The NSPYE powder and a poly（vinyl alcohol）
binder solution were thoroughly mixed, pressed un
der 10 MPa pressure, and finally sintered at 1573 K 
to obtain sintered ceramic pellets.  We prepared 
about 20 grams of the sample.
2. 2　Material Characterization.

The phase structure at room temperature was 
determined using a Panalytical X’pert PRO diffrac
tion diffractometer with a PIXcel 1D detector using 
Cu Kα radiation.  Temperature-dependent XRD mea
surements were performed under vacuum using an 
Anton Parr HTK 1200N high-temperature attach
ment over the 10-100° 2θ range.  Hold for 3 minutes 
at each set temperature point, then collect data for 
another 5 minutes.  The laser confocal Raman spec
trometer（RENISHAW）, equipped with a high-tem
perature attachment（Instec）, was used to record 
temperature-dependent Raman spectra.  The mor
phology and element distribution of the sample were 
detected using a scanning electron microscope（JSM-

7900F）and an energy-dispersive spectrometer（EDS, 
JSM-7900F）.  Temperature-dependent UC and DS 
emission spectra were recorded on a Horiba JOBIN 
YVON iHR 320 spectrofluorometer equipped with a 
high-temperature attachment（Instec）.  The decay 
curves were recorded with a Horiba JOBIN YVON 
iHR 320 spectrofluorometer and an oscilloscope
（Tektronix MDO32）, using a modulated continuous-

wave 980 nm laser as the excitation source.  Thermo
luminescent measurement was performed using a 
TOSL-3DS thermoluminescence dosimeter（RongFan 
Tech）, and testing temperature is from room temper

ature to 773 K with a ramp rate of 1 K/s.  The sam
ple was illuminated by a 254 nm lamp for 1 minute 
before the measurement.  A Solartron 1260 A imped
ance/gain-phase analyzer was used to record the tem 
perature-dependent impedance spectroscopy of ce
ramic pellet sample over a frequency range of 10-1-

107 Hz from room temperature to 873 K in the air.  
The ceramic pellet is coated with gold paste on both 
sides and then held at 873 K for 2 hours in the air to 
obtain the electrodes.  The thermal diffusivity and 
heat capacity were obtained by a commercial laser 
flash apparatus（LFA 427, Netzsch）, and the thermal 
conductivity was calculated by multiplying them by 
the density of the ceramic pellet.  The density can be 
measured by Archimedes’ liquid immersion method 
before the measurement.  The infrared thermography 
is conducted on a Fotric 225s camera with Fotric An
alyzIR professional infrared thermography analysis 
software, detecting temperature range of -10 ℃ ~
350 ℃ and temperature accuracy of ±1. 5 ℃.
2. 3　Computational Details.

Molecular dynamics（MD） embedded in the 
MedeA & VASP package was performed to calculate 
the pair distribution function, the energy fluctuation, 
and the temperature fluctuation.  This simulation is 
based on density functional theory and the GGA-

PBE exchange-correlation function for describing 
the interactions.  The structure model is adopted 
from the Crystallography Open Database （COD 
1539810）.  Geometry optimization was firstly con
ducted.  A planewave cutoff energy is 300 eV, and 
the electronic iterations convergence is 1×10-4 eV us
ing the Normal（blocked Davidson） algorithm and re
al space projection operators.  The requested k-spac
ing is 1 Å-1, which leads to a 1×1×1 mesh.  This cor
responds to actual k-spacing of 0. 822×0. 823×
0. 283 Å-1.  The k-mesh is forced to be centered on 
the gamma point.  The annealing of the optimized 
model was simulated via MD（isothermal-isobaric en
semble, nPT）from 298 K to 900 K.  The simulation 
time is 1000 fs with a time step of 4 fs.  Then a low-

temperature（~317 K）phase structure was extracted 
from above annealing process, and annealed via MD
（canonical ensemble, nVT）.  The electronic itera
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tions convergence is 1×10-3 eV using the Normal
（blocked Davidson）algorithm and real space projec
tion operators.  The k mesh is also 1×1×1.  The simu
lation time is 1000 fs with a time step of 4 fs, and the 
simulation temperature ranges from 317 K to 317 K.  
For the high-temperature（~900 K）phase extracted 
from MD（nPT）simulation, it was annealed via MD
（canonical ensemble, nVT）from 900 K to 900 K.  
All the other settings are the same.
3　Results and Discussion
3. 1　Phase and Structure

It is widely reported that the NSP exists in three 
crystal structures（α, β, and γ phases）, depending on 
the synthesis conditions and ionic substitution 
schemes[32].  The α phase is a monoclinic structure 
with a space group C2/c, while the β and γ phases 
have a hexagonal structure.  Phase transition from α 

to β and then to γ would take place with elevated 
temperature.  Interestingly, they all possess a rigid 
structural framework composed of two ScO6 octahe
dra separated by three PO4 tetrahedra via corner-
sharing O atoms, with voids partially occupied by 
Na+ ions.  Apparently, the difference among these 
polymorphs lies in the order-disorder degree of Na+ 
ions and vacant Na+ sites（Fig. 1（c））.  A scanning 
electron microscopy（SEM） image of the sample
（Fig. 1（d））displays an irregular crystal morphology 
with particle size ranging from several to tens of mi
crometers.  Energy-dispersive spectroscopy（EDS）
suggests an even distribution of Yb and Er elements
（Fig. S1）.  Variable phases can lead to significant 
differences in thermal, optical, and electrical proper
ties.  Therefore, it is necessary to determine the ef
fect of Yb3+/Er3+ dopants on the phase structure and 
the optimal dopant contents for the subsequent 
study.  A series of samples with gradually increased 
Yb3+/Er3+ contents were synthesized to investigate the 
phase evolution（Fig. 1（a））.  One can see that the 
NSP experiences an α → β phase transition with the 
increase of Yb3+/Er3+ amounts.  It completely trans
forms into the β phase when the dopant amount（x + 
y）is equal to 0. 30, with the featured peaks in the en
larged views at 19. 8° and 30. 8°[32].  Raman spectros

copy is a powerful tool to verify the phases[22].  A split 
in the stretching modes in the range of 900-1200 
cm-1 is assigned to the low symmetry monoclinic α 
phase.  The Raman spectra in Fig. S2 confirm the α
→β phase transition.  The sample with x = 0. 28 and 
y = 0. 04 was selected to conduct follow-up measure
ments to exclude the possible interference of some 
minor α phase.  The XRD refinement pattern of 
NSP: 0. 28Yb3+ , 0. 04Er3+（NSPYE）at 298 K is 
shown in Fig. 1（b）, which is consistent with β 

phase, indicating that it is a pure phase with a space 
group R-3c.  The refined results of NSPYE at 298 K 
are listed in Table S1.

The temperature-dependent XRD data were re
corded to determine the phase variation of a β phase 
NSPYE with elevated temperature（Fig. 2（a））.  Al
though the structures of β and γ phases are similar, 
the distinct difference between the two diffraction 
peaks at ~19. 5° and the gradual merging of the two 
diffraction peaks into one diffraction peak at ~ 31° 
confirm the β to γ phase transition（as seen in the en
larged views of Fig. 2（a））.  The lattice parameters 
obtained from refined temperature-dependent XRD 
data are shown in Fig. 2（b）and 2（c）, which show 
thermal expansion throughout the testing tempera
ture range.  Moreover, the significant different behav
iors in the low-temperature and high-temperature re
gions suggest that NSPYE is a pure β phase below ~
448 K and γ phase above ~648 K.  There should be 
coexistence of these two phases at 448~648 K, 
which is suggested by the following Raman, thermal 
conductivity, optical and electrical data.  Tempera
ture-dependent Raman spectra shown in Fig. 2（d）
give some evidence of phase transition.  The stretch
ing vibration of PO43- group in the range of 900-1200 
cm-1 doesn’t exhibit a splitting feature of the low 
symmetric monoclinic α phase, indicating the ab
sence of α phase in the synthesized NSPYE.  The 
evolution of β to γ phase is ascertained by fitting the 
full width at half maximum（FWHM） of the PO43- 
stretching vibration peak.  As depicted in Fig. 2（e）, 
the FWHM decreases significantly up to 473 K and 
then slightly increases afterward.  It indicates that 
the structure experiences a change at ~473 K corre

4



WANG Shijie， et al. ： Distinct Thermal Quenching of Upconversion and Downshifting Luminescence …

lated to the phase transition from β to γ.  The laser 
thermal conductivity measurement results also en
sure the phase transition with rising temperature
（Fig. 2（f））.  Normally, the enhanced phonon scatter
ing at elevated temperature causes a decrease in 
thermal conductivity, but the increase of thermal 
conductivity K in Fig. 2（f）could be understood by 
the following formula.  It consists of two contribu
tions in nonmetallic materials and can be expressed 
by[33]:

K = KL + KI （1）
where KL denotes the lattice contribution（phonon 
transport）, KI denotes the contribution arising from 
ionic migration and can be further expressed by[33]:

KI = σ × T × LI （2）
where σ is the ionic conductivity, T is the tempera
ture, LI is “ionic Lorentz number” deduced from the 
Sommerfeld Lorentz number.  Although KL follows 
the law of KL ∝ T -1, KL decreases as the temperature 
rises, KI would compensate the K.  Herein, ion migra
tion could contribute to the thermal transport, result
ing in an increased thermal conductivity.  The ion 
migration will be evidenced by the following optical 
and electric data.

3. 2　Temperature-dependent PL properties
The temperature-dependent UC emission spec

tra of NSPYE under excitation of a 980 nm laser are 
shown in Fig. 3（a）.  The spectra exhibit characteris
tic green and red emission peaks of Er3+ assigned to 
the（2H11/2, 4S3/2 ）→ 4I15/2 and 4F9/2 → 4I15/2 transitions, 
respectively.  As temperature increases from 303 to 
873 K, a significant enhancement of green emission
（520 + 545 nm）was detected, while the red emission
（650 nm）decreases first and then increases.  The 
temperature-dependent DS emission spectra of 
NSPYE under the 980 nm laser excitation are given 
in Fig. 3（b）.  The characteristic near-infrared emis
sion at 1530 nm originates from the 4I13/2 → 4I15/2 
transition of Er3+ .  To give a clear trend, the normal
ized integral intensities versus temperature are plot
ted in Fig. 3（c）.  When the temperature increases 
from 303 to 473 K, the green emission intensity 
slightly increases, while the red and NIR emission 
intensities decrease.  As for the total UC（green + 
red）emission intensity, it declines.  In the tempera
ture range of 473 to 673 K, the red emission intensi
ty weakly changes, while the green emission intensi
ty continues to increase, contributing to the slightly 
increased total UC emission intensity.  The NIR 

Fig.1　（a）XRD patterns of NSP with increased Yb3+/Er3+ contents， the right panel are the enlarged views at ~19.8° and 30.8°.（b）
Rietveld refinement result of the XRD pattern of NSPYE at 298 K.（c）Crystal structure of hexagonal NSP.（d）Typical SEM 
image of NSPYE.
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emission intensity gradually increases in this temper
ature range but is still lower than the initial intensi
ty.  Above 673 K, interestingly, the green and red 
emission intensities experience an explosive in
crease with an enhancement factor of 24. 5 and 2. 6 
at 873 K, respectively.  The total UC emission inten
sity is enhanced by 4. 5-fold, while the NIR emission 
intensity is stable and doesn’t show any increase.  
The evident difference in luminescence thermal en
hancement between UC and DS is interesting, and 
the underlying mechanism will be discussed exhaus
tively in the following section.  In addition, thermolu
minescence spectroscopy data of NSPYE（Fig. S3）
shows that there is no peak in the TL curve up to 
773K, and the sharp rise in TL intensity after 700 K 
is due to the blackbody radiation, which indicating 
that the thermal enhancement of NSPYE lumines
cence has little to do with the trap energy level in 
this temperature range.

To diminish the minor factors influencing the 
intensity in addition to the structure variation, we 
further deal with the UC emission intensity data in 
integral intensity ratios.  The integral intensity ratio 
between the red and green emissions of the Er3+ ion 
can tell the thermal-induced local structure changes 
owing to ion/vacancy migration as previous work re
ported, which is evidenced by various techniques 

and can be understood by the Judd-Ofelt theory and 
thermodynamics[27,29-30,34-35].  The logarithm of the inte
gral intensity ratio of the 2H11/2 and 4S3/2 levels of Er3+ 
linearly changes versus the inverse of the tempera
ture owing to the two thermally-coupled energy lev
els satisfying Boltzmann’s law, which is the basis of 
optical temperature sensing applications[36].  The 
method was learned to obtain Fig. 3（d）by plotting 
the logarithm of the intensity ratio of the emission 
bands（I520/I545 and I520+545/I650）versus the inverse of 
the temperature.  It can be observed that two obvious 
break points locate at ~473 K and ~673 K, respec
tively.  It is inferred that the behaviors below 473 K, 
above 673 K, at 473~673 K should be assigned to β 
phase, γ phase and coexistence of these two phases 
according to the above-discussed phase transition.  
To figure out the thermal effect of laser irradiation, 
infrared thermography of NSPYE sample upon 980 
nm laser irradiation with a pumping power density of 
2. 6 W/cm2 at various temperature are recorded and 
shown in Figs. S4（a）-（d）.  It could give a rise of ~
50 K upon laser irradiation.  That is why the break
point in temperature-dependent emission behavior de
viates from all the other temperature-dependent data.  
However, the deviation caused by the thermal effect is 
still acceptable for studying the trend in a wide tem 
perature range from room temperature to 870 K.

Fig.2　（a）Temperature-dependent XRD patterns of NSPYE and the enlarged views near 19.5° and 31°. Refined temperature-de
pendent（b）lattice parameters and（c）cell volume. Temperature-dependent（d）Raman spectra and（e）FWHM of the PO4 
stretching vibration mode（located at ~1020 cm-1）of NSPYE.（f）Variation of thermal conductivity of NSPYE with elevated 
temperature.
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In the Yb3+/Er3+ co-doped phosphors, Yb3+ not 
only acts as radiation-trapping to store energy but al
so a sensitizer to transfer the energy to Er3+.  The con
tribution of energy transfer（ET）from the sensitizer
（Yb3+）to the activator（Er3+）is essential for achieving 
efficient UC and DS luminescence of Er3+[37].  Accord
ingly, the temperature-dependent lifetimes of Yb3+ in 
Yb3+/Er3+ co-doped and Yb3+ single-doped NSP were 
measured（Figs. S5（c）and（d））, and the fitted life
times are given in Fig. 4（c）.  The excited state（2F5/2 
level）lifetimes of Yb3+ in Yb3+ single-doped NSP are 
longer than that of Yb3+/Er3+ co-doped sample at the 
same temperature due to the lack of ET from Yb3+ to 
Er3+ .  The temperature-dependent lifetimes of Yb3+ in 
Fig. 4（c）can be divided into three regions.  Region I 
is when the temperature is below 473 K, i. e. , the 
sample is β phase.  The lifetimes of Yb3+ in single-

doped and co-doped NSP are stable, indicating the 
increased radiative probability should be nearly 
equal to the increased nonradiative transition proba
bility of the 2F5/2 level of Yb3+ with elevated tempera
ture.  In region II（temperature between 473 K and 
673 K）, the sample is a mixture of β and γ phases.  
However, in region III（above 673 K, γ phase）, the 
lifetime of Yb3+ in single-doped NSP slightly de

clines while it significantly increases in Yb3+/Er3+ co-

doped sample of NSPYE.  It is most likely due to 
complex energy transfer processes between Yb3+ and 
Er3+ .  Notably, the lifetime of the 2F5/2 level of Yb3+ in 
NSPYE in Fig. 4（c）is stable in region I, but increas
es sharply in region III, resulting in a slow rise in re
gion II for the mixture of two phases.

To figure out the underlying mechanism of the 
distinct difference in luminescence thermal enhance
ment between UC and DS, the temperature-depen
dent lifetimes of the 4S3/2 and 4I13/2 levels of Er3+ were 
calculated based on the decay curves（Figs. 4（a）and
（b）and（d））.  Fig. S5（a）and（b）are partial enlarge
ment of these decay curves focusing on rise stage.  It 
can be seen that the population process of UC slows 
down with increasing temperature, and it hardly satu
rate at elevated temperature in a constant pulse 
width.  Below 673 K, one can see that the lifetime of 
the 4S3/2 level can be almost unaffected by elevated 
temperature, whereas the lifetime of the 4I13/2 level 
decreases and then increases due to thermally in
duced β to γ phase transition.  When the tempera
ture exceeds 673 K, a significant increase in the life
time of the 4S3/2 level can be observed.  Nevertheless, 
the lifetime of the 4I13/2 level exhibits a tiny decrease, 

Fig.3　Temperature-dependent（a）UC and（b）DS emission spectra of NSPYE under the excitation of a 980 nm laser， the pump
ing power density is about 2.6 W/cm2.（c）Normalized UC and DS emission integral intensities of Er3+ in NSPYE.（d）Loga
rithmic plots of the intensity ratios vs the inverse of absolute temperature.
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deducing that the 4I13/2 → 4I15/2 nonradiative transi
tion is promoted.  It is unusual to see such a differ
ence in the temperature-dependent UC and DS life
times[38-39].  A crucial factor of the significantly slower 
UC process than the DS process may be the underly
ing cause （an abstract schematic about electron pop
ulation rate of slow UC and fast DS is given by Fig. 4
（e））.  Rate equations are discussed here to under
stand the aforementioned slow UC and fast DS pro
cess.  For clarity, only the 7 main related energy lev
els of Er3+ and a energy level of Yb3+ are considered, 
as shown in the Fig. 4（e）.  The whole calculation 
process only considers the two-photon process, the 
energy transfer between Er3+-Er3+ and the back ener
gy transfer of Er3+-Yb3+ ions and the loss of UC lumi
nescence are not considered[4,40].  It seems to be rea
sonable since the fast nonradiative multiphonon re
laxation from the 4I11/2 to the 4I13/2 level greatly reduc
es the back-energy transfer from Er3+ : 4I11/2 to Yb3+ : 
2F7/2.  The ignored UC loss could be rationalized by 
the large energy gap for the UC luminescence.  More 
importantly, it is a simplified model balancing the 
complexity and feasibility to be dealt with.  The rate 
equations concerning DS and UC of green emission 
are as follows[34,41-42]:

dN 2
dt

= k1 N 8 + W NR
( )3 → 2 N 3 - k2 N 2 - W 2 N 2 # （3）

dN 6
dt

= k1 k3 N 3 N 8 + W NR
( )7 → 6 N 6 - W NR

( )6 → 5 N 6 - W 6 N 6 #
（4）

dN 7
dt

= k1 k3 N 3 N 8 - W NR
( )7 → 6 N 7 - W 7 N 7 # （5）

where Ni（i=1, 2, 3, 4, 5, 6 and 7）is the population 
density of the 4I15/2, 4I13/2, 4I11/2, 4I9/2, 4F9/2（red emis
sion）, 4S3/2 and 2H11/2/4F7/2（green emission）levels of 
Er3+ , respectively, N 8 is the population density of the 
2F5/2 level of Yb3+ .  W i represents the radiative transi
tion coefficient.  W NR

( )i → j  denotes the depopulation co
efficient due to non-radiative decay from the i level 
to the j level.  k1or2or3 represents the energy transfer 
coefficient of the three UC processes.  Under steady-

state excitation, the resident time of excited electron 
at 4I13/2 level is long, and the non-radiative decay co
efficient W NR

( )3 → 2  is always high and even higher at el

evated temperature[38], contributing to the fast DS 
population process.  However, the UC population
（equation 4 and 5）is closely correlated to the prod
uct of energy transfer coefficient k1k3.  The k1k3 may 
be primarily determined by the product of decay life
times of two intermediate excited states involved in 
green UC process[42].  It could be largely influenced 
by the separation distance r between Yb3+ and Er3+ 
since the energy transfer rate is proportional to rn（n=
-6 for the electric dipole-electric dipole interaction 
model）[43-44], and resident time of quenching centers 
of defects around rare earth ions（impacts decay life
times）.  When r increases（as cell parameters be
have in Fig. 2（b）and（c））and resident time of de
fects around Yb3+/Er3+ reduces（as deduced and dis
cussed in the following section）with elevated temper
ature, the product of k1k3 would apparently decline.  
It results in a slower UC population process.  The 
UC and DS luminescence exhibit significant differ
ences in thermal enhancement at high temperatures
（above 673 K）.  It suggests that the slow UC popula
tion process is more susceptible to dynamic ions/de
fects motion than the fast DS population process in 
the perspective of ET.  In addition, we deduce that 
the dynamic ions/defects in ion-conductive NSPYE 
are likely no longer the TQ center, considering the 
resident time near Yb3+/Er3+ sites as discussed in the 
following sections.  Notice, the effect of refractive in
dex variation on spontaneous emission probability 
and energy transfer coefficient is still unknown in 
NSPYE since it is hard to measure the temperature-

dependent refractive index for the powder sample.  
According to some literatures[45-46], the variation 
should be extreme small for the second-order phase 
transition with constant composition.  Furthermore, 
there are always other factors to influence spontane
ous emission probability and energy transfer coeffi
cient, making it difficult to distinguish the effect of 
refractive index variation.
3. 3　 Temperature-dependent AC impedance 
and simulation

Temperature-dependent AC impedance spec
troscopy measurements were carried out on the 
NSPYE ceramic pellet to prove the abovementioned 
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deduction.  The typical complex impedance data of 
NSPYE ceramic pellet at 373 K in air comprise two 
semicircular arcs in the high-frequency region and 
one tail in the low-frequency region（Fig. 5（a））.  
The first semicircular arc can be modeled with an 
equivalent circuit consisting of parallel resistor（R）
and capacitor（C）components.  The intercept of the 
first semicircular arc in high frequency was extract
ed as bulk resistance.  The tail in the low-frequency 
region implies the Na+ ions migration-related elec
trode responses.  The Arrhenius plot for bulk con
ductivity of NSPYE is shown in Fig. 5（b）.  In the 
low-temperature region（β phase）, the activation en
ergy of the Na+ migration is ∼ 0. 52 eV, while in the 
high-temperature region it shows much higher ionic 
conductivity（γ phase）with the activation energy 
0. 29 eV（673 K-873 K）.  Once again, we can see 
that the slope in the region II is roughly the median 
of slopes of the region I and region III.  Ascribing to 
the similar structure of β and γ phases and different 
sensitivities of various properties to structure, it is 
necessary to take all the variable-temperature prop
erties into account to determine the transition region 
with the mixture of two phases.  The decreased acti
vation energy in γ phase corresponds to the region 
III in Fig. 3（d）.  The pair distribution functions of 
NSP simulated via DFT calculation at 300 K and 

900 K indicate that Na+ ion is more active at high 
temperature（Figs. 5（c）and（d））.  The total energy 
and temperature fluctuation of NSP at 300 K and 
900 K are shown in Figs. 5（e） and（f）, respectively.  
One can see that the amplitude of temperature fluctu
ations of NSP at 900 K is more dramatic than that at 
300 K, implying larger probability of ions/defects 
jumping.  Suppose that the Na+ ions are located at 
the nearest neighbored sites around Yb3+/Er3+ , the 
jumping probability of Na+ ions（p, i. e. , the probabil
ity of a thermal fluctuation energy larger than activa
tion energy ε）to a nearby vacancy upon thermal fluc
tuations can be expressed by[34,47-48]:

p = e-ϵ/kT （6）
where k is the Boltzmann constant, and T is the abso
lute temperature.  The obtained activation energy da
ta in Fig. 5（b）were used to calculate the Na+ ions 
jumping probability, which are 10-8 at 300 K and 10-3 
at 700 K, respectively.  It indicates that the jumping 
probability of Na+ ion/vacancy at high temperature is 
much larger than at low temperature.  If we take the 
atomic vibration frequency as 1012 Hz, the jumping 
frequency of the Na+ ion/vacancy could be 104 at 300 
K and 109 Hz at 700 K, respectively.  That is, the 
Na+ ion/vacancy would stay at the nearest neigh
bored sites around Yb3+/Er3+ ions for about 10-4 s at 
300 K and 10-9 s at 700 K, respectively.  The dura

Fig.4　Temperature-dependent decay curves of（a）the 4S3/2 level and（b）4I13/2 level of Er3+ under the 980 nm laser excitation.（c）
Temperature-dependent lifetimes of the 2F5/2 level of Yb3+ in Yb3+/Er3+ co-doped and Yb3+ single-doped NSP.（d）Tempera
ture-dependent lifetimes of the 4S3/2 and 4I13/2 levels of Er3+ in NSPYE.（e）Energy level diagram of UC and DS emission 
showing the proposed temperature-dependent electronic transition and energy-transfer processes in NSPYE.
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tion time of a UC process is significantly longer than 
that of a DS process.  The relative slow process of 
Na+/vacancy swapping would impose less effect on a 
fast DS process, while time scale of swapping pro

cess is equivalent to that of the UC process.  In other 
words, the dynamic Na+ ion/vacancy in ion-conduc
tive NSPYE at high temperature no longer acts as 
the TQ center in the slow UC process[27].

Since the jumping process of Na+ ions upon 
thermal activation is similar to the process of Brown
ian motion, a classical diffusion model is used to esti
mate the jumping distance of Na+, in which the jump
ing distance d is deduced by[30,47]:

σ = n0 e2

kT
v0 d2 e

- ε
kT （7）

where σ and ε represent the ionic conductivity and 
the corresponding activation energy, respectively; 
n0 is the number of ions that can migrate per unit vol
ume, ν0 is the vibration frequency of the ions, e is the 
unit charge, k is the Boltzmann constant, and T is 
the absolute temperature.

Since both two Na+ sites are partially and disor
deredly occupied, we take the distance between two 
adjacent Na+ sites（~3. 40 Å, adopted from COD 
No. 1539810）as the jumping distance of Na+ ion to 
the adjacent Na+ site vacancy.  Then the calculated 
content of transported defect（Na+ ）is ~4 defects
（ions）per unit cell volume of 1537 Å3 for 367 K with 
the fitted activation energy of 0. 52 eV（data adopted 
from Fig. 5（b））.  The value is reasonable with refer
ence to the case of all Na+ ions contributed to ionic 

conductivity（n0 is 18 ions per unit cell volume of 
1537 Å3 according to COD No. 1539810, then d is 
calculated to be 5. 36 Å for 367 K）.

According to the above data and discussion, we 
try to give a complete picture concerning the dynam 
ic defects/ions, NTQ of UC luminescence, and the 
thermal stability of DS luminescence.  When the 
temperature is below 473 K（β phase）, the UC and 
DS emissions are mainly controlled by the competed 
radiative and nonradiative transition.  Between 473 
K and 673 K, the sample is a mixture of β and γ 

phases.  Above 673 K, thermally accelerated Na+ 
ions migration are not TQ centers anymore but in
stead contributes to the promoted radiative transition 
and suppressed nonradiative transition, leading to 
significant NTQ of UC luminescence and thermally 
stabilized DS luminescence.  The distinct difference 
between UC and DS is mainly due to the difference 
in population rates for these emitting levels.  The 
slow UC process should be more easily perturbed by 
Na+ ions migration in a longer time scale, contribut
ing to its NTQ luminescence.

Fig.5　（a）Impedance spectrum of NSPYE at 373 K.（b）Arrhenius plot of the bulk conductivity of the NSPYE ceramic pellet at 
323−873 K. Pair distribution functions of NSP at（c）298 K and（d）900 K.（e）Total energy and（f）temperature fluctuation 
of NSP with increased time at 300 K and 900 K.
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4　Conclusion
In summary, a picture concerning the dynamic 

defects/ions, NTQ of UC luminescence, and the ther
mal stability of DS luminescence is proposed in 
NSPYE.  The slightly decreased UC and DS emis
sion intensity in β phase is ascribed to the competi
tive quenching process by static Na+ defect and ET 
process.  While for γ phase at high temperature, ther
mally accelerated dynamic defects/ions contributed 
to the significant NTQ of UC luminescence and ther

mally stabilized DS luminescence by promoting the 
radiative transition and suppressing the non-radia
tive transition.  Interestingly, the UC process with 
slow population rate is more susceptible to perturba
tion of Na+ ions migration with jumping frequency in 
an equivalent time scale, resulting in evident NTQ 
luminescence of UC.  This research not only opens 
an avenue for understanding the NTQ mechanism of 
luminescence via the dynamic defects/ions, but also 
suggests the potential application of NSPYE in high-

temperature optical sensing and imaging.
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