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ABSTRACT: Insufficient  upconversion  luminescence
(UCL)  intensity  under  low-irradiance  remains  a  critical
bottleneck  of  lanthanide-doped  nanoparticles,  which
severely limits their further application. Herein, through a
multi-field enhanced strategy combining photonic crystal,
plasmonic,  and  low-temperature  fields,  an  UCL
enhancement  factor  of  1290  is  achieved  in  an  Er3+-rich
nanosystem.  Based  on  that,  a  distinctive  multimode
fluorescence  ratiometric  upconversion  thermometer  is
well-achieved.  Specifically,  leveraging  the  multi-
wavelength  excitation  capability  of  the  Er3+-rich  system,
six  independent  operating  modes  based  on  infrared-to-
green  emission  intensity  ratios  are  realized  in  a  single
composite  structure  composed  of  upconversion
nanoparticles,  gold  nanorods,  and  polymethyl
methacrylate (PMMA) opal photonic crystals under 808,
980,  and  1530  nm excitation.  These  modes  endow the
thermometer with flexible operation selection, high sensitivity, and high precision across the 80–300 K range. The maximum
relative sensitivity of all the six modes reaches 7.06%–14.95% K−1, with a high resolution in the range 0.008–0.634 K, which
is  several  to  tens  of  times  higher  than  that  of  the  conventional  upconversion  systems.  This  work  not  only  provides  an
effective strategy for substantially enhancing UCL but also offers new insights into the design of high-performance optical
thermometers.
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 1    Introduction
Upconversion  luminescence  (UCL),  an  anti-Stokes  process  that
converts  long-wavelength  excitation  into  short-wavelength
emission,  has  attracted  considerable  attention  due  to  its  high

chemical stability [1], multiplexed spectral features [2, 3], and long
luminescence  lifetime  [4],  demonstrating  broad  application
potential  in  photodynamic  therapy  [5],  three-dimensional  (3D)
displays  [6, 7],  anti-counterfeiting  [8, 9],  and  biosensing  [10].  In
recent  years,  highly  doped  lanthanide-based  nanostructures
(HDLNs)  have  emerged  as  a  research  focus  due  to  their  relatively
high  luminescence  efficiency  and  precisely  tunable  emission
properties  under  external  fields  [11−13].  Accordingly,  the
performance  optimization  and  functional  expansion  of  HDLNs
have become heated topics in this field.

Among the various modulation aspects (e.g., efficiency, emission
color,  and  lifetime),  achieving  highly  efficient  UCL  has  long  been
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recognized  as  the  critical  factor  for  the  practical  application  of
upconversion  materials  [14, 15].  To  date,  a  variety  of  effective
strategies  have  been  reported  including  particle  optimization  (e.g.,
morphology  [16, 17],  size  [18−20],  and  structure  [21−23]),  dry
synthesis  methods  [24],  and  external  field  modulation  (such  as
plasmonic  [25, 26],  photonic  crystal  [27],  and  temperature  fields
[28]).  Among  these,  external  field  modulation  offers  broad
applicability  and  flexibility,  making  it  one  of  the  most  widely
employed  strategies  [29−31].  Specifically,  plasmonic  field
enhancement,  which  exploits  the  localized  surface  plasmon
resonance (LSPR) of metallic nanostructures, can markedly increase
the  local  electromagnetic  field  intensity  and  photon  absorption
efficiency,  and  has  therefore  become  one  of  the  most  widely
employed  strategies  for  UCL  enhancement  [32−34].  Similarly,
through photonic bandgap modulation, photonic crystal  fields can
also  enhance  emission  intensity  by  inducing  photon  localization
[35, 36]. Notably, recent studies have demonstrated that, for specific
Er-based  highly  doped  systems,  the  low-temperature  environment
can effectively suppress detrimental interionic cross relaxation (CR)
processes,  reduce  energy loss  and thereby markedly  enhance UCL
efficiency  [37, 38].  However,  it  is  still  a  significant  challenge  to
effectively  integrate  the  aforementioned  regulation  strategies  to
achieve brighter UCL in terms of magnitude [27, 28].

On  the  other  hand,  from  the  application  perspective,
upconversion ratiometric fluorescence thermometers have attracted
considerable interest owing to their non-contact operation [39−41],
high  sensitivity  [42, 43],  and  broad  temperature  response  range
[44],  making  them  promising  for  extreme  environment
monitoring, in  vivo temperature  sensing  and  other  complex
scenarios.  However,  most  existing  upconversion  ratiometric
thermometers  rely  on  single-wavelength  excitation  and  their
performance  in  the  low-temperature  regime  (<  100  K)  remains
limited [45−49].  In general,  conventional  designs are based on the
emission  intensity  ratio  of  two  thermally  coupled  energy  levels
(following  Boltzmann’s  law)  [50, 51].  At  low  temperatures,
however, insufficient phonon energy makes the UCL from higher-
energy states too weak for reliable temperature sensing [52, 53]. In
summary,  the  limited  excitation  flexibility  and  suboptimal
performance  severely  restrict  the  universal  applicability  of  these
thermometers.  To  date,  exploiting  the  enhanced  upconversion
system  to  construct  a  multi-wavelength  ratiometric  thermometer
with  a  broad  temperature  range,  high  sensitivity,  and  high
resolution remains a huge challenge.

In  this  work,  we  present  a  multi-field  enhancement  strategy  in
the  facile  Er3+-rich  nanosystem  capable  of  multi-wavelength
excitation,  combining  a  polymethyl  methacrylate  (PMMA)  opal
photonic crystal field, a gold nanorod-based plasmonic field, and a
low-temperature  field.  Through  the  combination  of  multiple
physical  fields,  a  robust  UCL  intensity  enhancement  is  achieved,
with  a  maximum  luminescence  enhancement  factor  of  1290,
markedly  surpassing  the  reports  from  single-field  manipulation
(which typically yield only an enhancement of dozens of times). In
addition,  leveraging  the  unique  optical  properties  of  Er3+-rich
nanosystem  (Fig.  S1  in  the  Electronic  Supplementary  Material
(ESM)),  we  construct  a  novel  ratiometric  upconversion
thermometer,  capable  of  multi-wavelength  excitation  at  808,  980,
and  1532  nm,  and,  more  importantly,  unprecedented  supporting
six  distinct  ratiometric  modes.  The  thermometer  not  only  allows
flexible  selection  for  diverse  application  scenarios  over  the  broad
temperature  range  (80–300  K),  but  also  exhibits  outstanding

sensitivity  (7.06%–14.95%  K−1)  and  temperature  resolution
(0.008–0.634 K) across all six operating modes, surpassing those of
conventional  upconversion  materials  (e.g.,  NaYF4:20%Yb,
2%Er@NaYF4) by several- to tens-fold. All these results offer a new
avenue  for  the  rational  design  of  high-precision  thermometers
based on efficient upconversion nanomaterials.

 2    Experimental section

 2.1    Materials
All chemicals were purchased from commercial suppliers and used
as  received  unless  otherwise  noted.  YCl3·6H2O  (99.99%),
ErCl3·6H2O  (99.9%),  trifluoroacetic  acid  (CF3COOH,  98%),  oleic
acid  (OA,  90%),  1-octadecene  (ODE,  90%),  chloroauric  acid
(HAuCl4,  99%),  sodium  borohydride  (NaBH4,  98%),
cetyltrimethylammonium  bromide  (CTAB,  >  98%),  silver  nitrate
(AgNO3,  > 99%), sodium oleate (NaOL, > 97%), and ascorbic acid
(C6H8O6,  99%)  were  purchased  from  Sigma-Aldrich.  Y2O3,  methyl
methacrylate  (MMA,  C5H8O2,  99%),  and  sodium  hydroxide
(NaOH, 99.9%) were obtained from Aladdin. Potassium persulfate
(K2S2O8,  99.5%),  2,2'-azobis(2-methylpropionitrile)  (AIBN,  98%),
ammonium  fluoride  (NH4F,  96%),  and  sodium  trifluoroacetate
(CF3COONa,  97%)  were  purchased  from  Macklin.  Methanol
anhydrous (99.5%), hydrochloric acid (HCl, 37%), ethanol absolute
(99.7%),  and cyclohexane  (99.7%)  were  obtained from Sinopharm
Chemical Works.

 2.2    Synthesis  of  β-NaY1−xErxF4@NaYF4  core@shell
upconversion nanoparticles (UCNPs)
1  mmol  of  rare-earth  chlorides  (ErCl3·6H2O  and  YCl3·6H2O  with
desired  molar  ratios)  were  mixed  with  OA  (6  mL)  and  ODE
(15 mL), heated to 150 °C under argon with stirring to form a clear
solution,  then  cooled  to  35  °C.  Subsequently,  a  methanol  solution
containing NaOH (2.5 mmol) and NH4F (4 mmol) was added. The
mixture  was  heated  to  80–85  °C  to  evaporate  the  methanol,  then
rapidly  heated  to  300  °C  and  held  for  60  min.  After  cooling  to
60  °C,  the  obtained  core  nanoparticles  were  washed  with  ethanol
and dispersed in cyclohexane.

Synthesis  of  shell  precursors.  First,  10 mmol of Y2O3 was added
to 60 mmol of trifluoroacetic acid and heated to 110 °C until a clear
solution  formed.  After  removal  of  excess  acid  and  water,  the
CF3COOY  was  obtained.  Subsequently,  the  CF3COOY  and
CF3COONa  (equimolar  ratio),  as  well  as  OA  and  ODE  (equal
volume ratio),  were  mixed in  a  flask,  heated  to  120  °C to  dissolve
the solids and remove water, and then cooled to room temperature.

For  shell  growth,  0.25  mmol  of  preformed  core  nanoparticles
was dispersed in a 50 mL three-neck flask containing 5 mL OA and
5 mL ODE and heated at 85 °C for 30 min to remove cyclohexane.
The solution was  then heated to  300 °C under  argon,  followed by
the stepwise injection of 1 mmol shell precursor in four portions at
15 min intervals. After the final addition, the reaction mixture was
kept  at  300 °C for  an additional  45 min to complete  shell  growth.
The resulting product was cooled to room temperature, precipitated
with ethanol, washed, and finally redispersed in cyclohexane.

 2.3    Synthesis of gold nanorods (AuNRs)
The  seed  solution  was  synthesized  by  mixing  0.25  mL  of  HAuCl4

(0.01 M) with 9.75 mL of CTAB (0.1 M), followed by the addition
of  0.048  mL  of  freshly  prepared  NaBH4 (0.1  M)  under  vigorous
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stirring  for  2  min.  To  prepare  the  growth  solution,  CTAB  (0.7  g)
and NaOL (1.234 g) were dissolved in water (50 mL). The mixture
was  stirred  at  70  °C  for  30  min  and  then  cooled  to  30  °C.
Subsequently,  0.72  mL  of  0.01  mol/L  AgNO3 solution,  2.5  mL  of
0.01 mol/L HAuCl4 solution, 1.8 mL of 1 mol/L HCl, and 0.08 mL
of  0.1  mol/L  ascorbic  acid  solution  were  added  sequentially,  with
gentle  stirring  after  each  addition.  Finally,  0.04  mL  of  the  seed
solution was added and the mixture was left  undisturbed at  30 °C
for 12 h to obtain AuNRs.

 2.4    Synthesis of PMMA opal photonic crystals (OPCs)
Purified MMA (6 mL) was mixed with water (80 mL) and K2S2O8

(36  mg)  in  a  three-neck  flask,  heated  to  90  °C  under  stirring  for
90  min,  and  then  cooled  to  room  temperature.  To  adjust  the
microsphere  size,  the  resulting  PMMA  suspension (40  mL)  was
mixed  with  water  (40  mL),  purified  MMA  (6  mL),  and  AIBN
(36  mg),  followed  by  stirring  at  90  °C  for  30  min.  This  seeded
growth  step  was  repeated  until  the  desired  size  was  achieved.  The
obtained  PMMA  microspheres  were  then  assembled  into  opal
photonic crystals by vertical  deposition on glass slides at  32 °C for
26 h.

 2.5    Fabrication  of  UCNPs  and  UCNPs/  OPCs  hybrid
films
A square area (0.5 cm × 0.5 cm) was defined on the glass substrate.
UCNPs dispersion (20 μL)  was  applied to  the  defined region,  and
the cyclohexane was allowed to evaporate at room temperature.

A  square  area  (0.5  cm  ×  0.5  cm)  was  defined  on  the  OPCs-
coated glass substrate. UCNPs dispersion (20 μL) was applied to the
defined  region.  Upon  evaporation  of  cyclohexane,  UCNPs  were
immobilized onto the OPCs film to form the final hybrid structure.

 2.6    Fabrication of UCNPs/AuNRs/OPCs hybrid films
A square area (0.5 cm × 0.5 cm) of the OPCs on glass was defined.
AuNRs solution (20 μL) was applied to this area and dried at room
temperature,  during  which  AuNRs  self-assembled  on  the  OPC
surface. Subsequently, UCNPs dispersion (20 μL) was applied to the
same  region.  Upon  evaporation  of  cyclohexane,  UCNPs  were
immobilized  onto  the  AuNRs/OPCs  composite  film  to  form  the
final hybrid structure.

 2.7    Characterization
The  X-ray  diffraction  (XRD)  patterns  were  recorded  on  a  Bruker
D8  Advance  diffractometer  using  Cu  Kα radiation  (λ =  1.542  Å).
Transmission  electron  microscopy  (TEM),  scanning  transmission
electron  microscopy  (STEM)  images,  and  energy-dispersive  X-ray
(EDS)  mapping  were  performed  using  a  Tecnai  G2  F20  S-TWIN
D573  microscope  operated  at  an  acceleration  voltage  of  300  kV.
Ultraviolet  (UV)  absorption  spectra  were  recorded  on  a  UV-1808
spectrophotometer.  Steady-state  photoluminescence  spectra  were
measured  on  the  FLS  980  spectrometer  under  808,  980,  and
1532  nm  excitation.  The  visible  and  808  nm  near-infrared  (NIR)
emission  signals  were  detected  using  an  R13456  detector,  and  the
980  and  1532  nm  NIR  emission  signals  were  collected  with  an
H1033C-75  detector.  Temperature-dependent  measurements  were
conducted  using  an  Instec  temperature-controlled  stage.
Luminescence  decay  dynamics  were  acquired  with  a  500  MHz
Tektronix  digital  oscilloscope  under  488  and  970  nm  nanosecond
pulsed  excitation  generated  from  an  optical  parametric  oscillator
(OPO).

 3    Results and discussion

 3.1    Structural  characterizations  of  the  UCNPs,  AuNRs,
and PMMA OPCs
Figure  1(a) schematically  depicts  the  fabrication  of  the
UCNPs/AuNRs/OPCs  hybrid  architecture.  PMMA  OPCs  were
assembled  on  glass  substrates  via  vertical  deposition,  followed  by
solvent-evaporation-assisted  permeation  of  AuNRs  and xEr@Y
(NaYF4:x%Er@NaYF4, x =  25,  50,  and  100)  into  their  pores,
enabling  the  close  integration  of xEr@Y,  AuNRs,  and  PMMA
OPCs.  The  series  of xEr@Y  nanoparticles  were  prepared  via
successive epitaxial multi-shell deposition [54], with their TEM and
XRD results shown in Figs. 1(b) and 1(c) and Figs. S2 and S3 in the
ESM. Taking 100Er@Y as  an example,  the TEM images (Fig.  1(b)
and  Fig.  S2(e)  in  the  ESM)  reveal  uniform  core  and  core–shell
nanostructures,  with  average  diameters  of  18.3  ±  1.1  and  36.7  ±
0.9  nm,  respectively.  The  X-ray  diffraction  data  align  with  the
standard  reference  card  (JCPDS  No.  16-0334),  indicating  the
hexagonal  phase  of  UCNPs  (Fig.  1(c)).  The  high-resolution  TEM
characterization  further  verifies  the  lattice  periodicity  and
crystallinity  of  the  sample  (Fig.  S4  in  the  ESM).  Moreover,
elemental mapping confirms the spatial confinement of Er3+ ions in
the core and Y3+ ions in the shell area, demonstrating the successful
construction of the core–shell architecture (Fig. 1(d)).

For AuNRs,  the SEM image in Fig.  1(e) shows that  the AuNRs
possess  excellent  dispersity  and  uniform  dimensions,  with  an
average  length  of  80.7  nm  and  diameter  of  17.8  nm.  The  PMMA
OPCs  used  for  localized  electric  field  modulation  exhibit  a  well-
ordered face-centered cubic (FCC) lattice with a lattice constant of
430  nm  (Fig.  1(f)).  Subsequently,  AuNRs  were  incorporated  onto
the  surfaces  and  into  the  interstitial  regions  of  the  well-aligned
photonic  crystal  framework,  thereby  creating  nanoscale  gaps
between  the  AuNRs  and  OPCs  in  which  UCNPs  are  then
embedded (Fig. 1(g) and Fig. S5 in the ESM). Figure 1(h) shows the
absorption spectrum of the AuNRs and the transmittance spectrum
of the PMMA OPCs, with both peaks centered around 980 nm. In
our  design,  the  plasmonic  and  photonic  crystal  fields  can  be
simultaneously  employed  to  enhance  the  UCL  of  the xEr@Y
nanoparticles.

 3.2    UCL  enhancement  effect  using  the  plasmonic-
photonic crystal hybrid structure
Next,  we  systematically  investigated  the  enhancement  effects  of
PMMA OPCs and AuNRs on the UCL in the Er3+-rich nanosystem
at  room  temperature.  To  ensure  consistent  experimental
conditions,  all  optical  data  were  acquired  using  the  same  optical
configuration  (Fig.  2(a)).  As  shown  in Figs.  2(b) and 2(c),  for  the
selected Er3+ singly doped system, two characteristic emission bands
appear  in  the  visible  region,  corresponding  to  the 4F9/2 → 4I15/2

transition  (red  emission)  and  the 4S3/2 → 4I15/2 transition  (green
emission).  With the increase  of  Er3+ doping concentration,  the  red
emission  and  overall  UCL  intensities  of  the  UCNPs  gradually
increase,  whereas  the  green  emission  intensity  progressively
declines.  This  behavior  can  be  attributed  to  the  shortened  Er–Er
interionic  distance,  which  promotes  CR  processes  and  thereby
facilitates green-to-red energy transfer, leading to a marked increase
in the red-to-green (R/G) emission ratio.

Subsequently, upon the combined modulation of PMMA OPCs
and  AuNRs,  the  UCL intensities  of  25,  50,  and  100Er@Y samples
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Figure 1    Structural  characterizations.  (a)  Schematic  illustration  of  AuNRs/OPCs  and xEr@Y/AuNRs/OPCs  hybrids  formation  process.  (b)  TEM  image  of
NaErF4@NaYF4 nanoparticles. (c) XRD patterns of the core and core–shell samples, together with the standard data of hexagonal-phase NaYF4 (JCPDS No. 16-0334). (d)
HAADF-STEM image and element mapping results. SEM images of (e) AuNRs, (f) PMMA OPCs, and (g) UCNPs/AuNRs/OPCs hybrids. (h) Transmittance spectra of
the PMMA OPCs and absorption spectra of the water-dispersed AuNRs.
 

Figure 2    Experimental  results  of  UCL  enhancement  using  the  plasmonic-photonic  crystal  hybrid  structure.  (a)  Schematic  of  the  optical  test  path  employed  in  all
subsequent measurements. (b) Energy level transition diagram of Er3+ ions in the Er3+-rich system. (c) Emission spectra of xEr@Y (x = 25, 50, and 100). Room-temperature
UCL spectra of xEr@Y, xEr@Y/OPCs, and xEr@Y/AuNRs/OPCs, with (d)–(f) corresponding to x = 25, 50, and 100, respectively. (g) Enhancement factors of xEr@Y (x =
25,  50 and 100) induced by PMMA OPCs,  AuNRs,  and AuNRs/OPCs hybrids.  All  the measurements  in ((c)−(f))  were performed under the 980 nm excitation,  with
power density of 0.36 W/cm2.
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were all markedly enhanced (Figs. 2(d)−2(f)). As shown in Fig. 2(g),
PMMA OPCs enhance the UCL intensities  of xEr@Y (x =  25,  50,
and 100) by factors of 8.0, 8.8, and 10.9, respectively. According to
previous reports,  this  enhancement is  attributed to the localization
effect  of  PMMA  OPCs  on  980  nm  excitation  photons,  which
effectively  increases  the  absorption  efficiency  of  the  UCNPs
[33, 55].  Upon  further  hybridization  with  AuNRs,  the  plasmonic
field provides additional enhancement factors of 2.8-, 3.4-, and 4.0-
fold,  respectively,  leading  to  overall  enhancement  factors  of  22.7-,
33.2-,  and  43.5-fold  with  dual-field  modulation.  To  clarify  the
enhancement  mechanism,  the  time-domain  UCL  spectra  were
investigated  by  using  970  nm  pulsed  excitation,  showing  that
lifetime  of  the  Er3+ 4I11/2 level  is  nearly  unaffected  by  the
incorporation  of  AuNRs  (Fig.  S6  in  the  ESM).  Consequently,  the
observed  plasmonic  enhancement  does  not  originate  from  the
Purcell  effect,  which  would  typically  be  accompanied  by  a
shortened  lifetime  [56].  Instead,  it  arises  from  excitation-field
amplification, which strengthens the local  optical  field experienced
by  the  UCNPs.  Notably,  among  the  three  series  of  samples,
100Er@Y  exhibits  the  strongest  UCL  as  well  as  the  largest
enhancement  factor  under  the  modulation  of  OPCs  and  AuNRs
(Figs.  2(c) and 2(g)).  Therefore,  it  has  been  chosen  as  the
representative system for subsequent systematic investigations.

 3.3    Effect and mechanism of low temperatures in the Er3+-
rich nanosystem
Furthermore,  we  focused  on  the  modulation  of  UCL  by  varying

temperatures  in  the  Er3+-rich  nanosystem.  The  temperature-
dependent emission spectra of the 100Er@Y/AuNRs/OPCs hybrids
are  shown in Fig.  3(a).  As  expected,  both  the  green  and  red  UCL
are  markedly  enhanced  with  decreasing  temperature,  peaking  at
80  K.  Compared  with  the  room  temperature  case,  the  integrated
visible  emission  intensity  at  80  K  is  enhanced  by  a  factor  of  29.6,
with green (540 nm) and red (650 nm) emissions increased by 597-
and  16-fold,  respectively  (Fig.  3(b)).  Combining  the  measured
results  from Figs.  2(g) and 3(b),  a  pronounced  synergistic
enhancement  of  UCL  (1290-fold)  can  be  well  observed,  with
photonic-crystal,  AuNRs  plasmonic  field,  and  low-temperature
modulation,  contributing  10.9-,  4-,  and  29.6-fold  enhancement
factors, respectively (Fig. 3(c)).

Next,  attention  is  turned  to  the  emission  enhancement
mechanism induced by low temperatures. For the 100Er@Y system,
the  excited  states  on  emitting  energy  levels  have  three  competing
depopulation  channels:  radiative  transitions,  nonradiative
relaxation,  and  phonon-assisted  CR.  Due  to  the  ultra-short
interionic  distances,  Er3+–Er3+ CR  dominates  the  depopulation
process.  Especially  in  the  case  of  relatively  high temperatures  (e.g.,
300  K),  abundant  phonons  accelerate  cascaded  CR  between  up-
closed Er3+ ions, leading high-energy excited states to decay rapidly
to the NIR level (Fig. 3(d)), resulting in weak UCL. On the contrary,
at  low  temperatures,  the  cascaded  CR  can  be  suppressed  in  the
absence  of  essential  phonon-assisted  processes,  resulting  in
pronounced  visible  UCL  (Fig.  3(d)).  To  further  verify  this
assumption,  we  measured  the  fluorescence  lifetimes  of  the

 

Figure 3    Effect and mechanism of low temperatures in the Er3+-rich nanosystem. (a) UCL spectra of 100Er@Y/AuNRs/OPCs hybrids in the visible and NIR regions (980
nm excitation, 0.36 W·cm-2) at temperatures ranging from 80 to 300 K. (b) Emission enhancement factors of 100Er@Y/AuNRs/OPCs hybrids induced by low temperature
(i.e., I80 K/I300 K).  (c) Enhancement of visible UCL in 100Er@Y under individual and combined photonic crystal,  plasmonic, and low-temperature fields. (d) Schematic of
cascade  CR  effects  in  the  Er3+-rich  nanosystem  at  300  and  80  K.  (e)  The  decay  curves  for 4S3/2 → 4I15/2 transition  of  100Er@Y  upon  488  nm  pulsed  excitation.  (f)  NIR
enhancement factor of 100Er@Y/AuNRs/OPCs induced by low temperature.
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upconversion nanoparticles.  As  shown in Fig.  3(e),  under  488 nm
pulsed  excitation  (10  ns),  the  545  nm  emission  of  the  100Er@Y
sample  exhibits  a  relatively  long  decay  lifetime  of  157  μs  at  80  K,
indicating  a  strong  suppression  of  Er3+–Er3+ CR  depopulation.  In
contrast, at 300 K, an extremely fast decay process (~ 4.2 μs) can be
observed,  reflecting  the  rapid  depopulation  of  the  excited  state
induced by efficient CR.

Notably,  the  influence  of  CR  on  NIR  emission  channels  is
considerably  weaker.  As  shown  in Figs.  3(a) and 3(f),  only  minor
variation  of  the  808  nm  (6.18-fold)  and  1532  nm  (1.46-fold)
emission intensities can be obtained with the temperature changed
from 80 to 300 K, which are in sharp contrast to the green emission
(varying  596-fold).  These  results  provide  a  favorable  opportunity
for  constructing  highly  sensitive  ratiometric  luminescence
thermometers.

 3.4    Temperature-sensing  performance  of  the  multimode
fluorescence ratiometric upconversion thermometer
As  shown  in Fig.  4(a),  the  intensity  ratios  of  808  or  1532  nm  to
green emission (540 nm) fit well to the Boltzmann model over the
investigated  temperature  range  (80–300  K),  indicating  reliable
thermometric behavior. Based on this, several key parameters: Sa, Sr,

and δT,  were  quantitatively  calculated  using  the  following
expressions

LIR =
INIR

IGreen

= Aexp
(
− ∆E
kBT

)
(1)

Sa =
∂LIR

∂T
= LIR

∆E
kBT2

(2)

Sr =

∣∣∣∣ 1
LIR

∂LIR
∂T

∣∣∣∣= Sa

LIR
=

∆E
kBT2

(3)

δT=
1
Sr

δLIR
LIR (4)

where INIR and IGreen denote the integrated emission intensities; A and
ΔE are  fitting  parameters; kB and T represent  the  Boltzmann
constant  and  absolute  temperature,  respectively.  Strikingly,  these
important parameters maintain excellent performance. Specifically,
the  maximum Sr reaches  8.10%  and  13.47%  K−1 for  the  808  and
1532  nm  reference  bands,  respectively,  while  the  maximum Sa

attains  10.18%  and  110.89%  K−1 (Fig.  4(b)).  All  these  numbers
 

Figure 4    Temperature-sensing performance of the multimode fluorescence ratiometric upconversion thermometer. ((a), (d), and (g)) Luminescence intensity ratio with
exponential  fitting  under  980 (0.36  W/cm2),  808  (1.33  W/cm2),  and 1532 nm (0.28  W/cm2)  excitation,  respectively.  ((b),  (e),  and (h))  The absolute  sensitivity  (Sa)  and
relative sensitivity (Sr) of thermometer. ((c), (f), and (i)) The calculated temperature uncertainty (δT) of the thermometer. (j) CIE chromaticity diagrams of emission colors
of 100Er@Y/AuNRs/OPCs at various temperatures.
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exceed  the  reported  results  from  the  conventional  upconversion
thermometers  by  several  to  tens  of  times  (Table  S1  in  the  ESM).
Besides, the largely enhanced UCL maintains a high signal-to-noise
ratio  even  at  low  excitation  power  densities,  leading  to  a  good
performance on the temperature uncertainty, i.e., δT. For example,
at 80 K (Fig. 4(c)), the δT values can be reached as low as 0.012 K
(808 nm reference) and 0.010 K (1532 nm reference).

Interestingly,  the  intrinsic  multi-wavelength  excitation
characteristics  of  the  100Er@Y  nanoparticles  provide  exceptional
flexibility  for  construction  of  various  NIR/green  ratiometric
thermometers,  which  is  difficult  to  achieve  in  most  of  the
conventional  systems.  Specifically,  besides  the  above  980  nm
excitation, 808 and 1532 nm excitation can also be used (Fig. S7 in
the  ESM),  with  each  excitation  wavelength  generating  two  NIR
emission bands suitable as reference signals (Figs. 4(d) and 4(g)). As
shown  in Figs.  4(e), 4(f), 4(h),  and 4(i),  the  thermometric
parameters  (Sr, Sa,  and δT)  under  808  and 1532  nm excitation  are
comparable  to  those  under  980  nm  excitation,  all  exhibiting
consistently  high  performance.  Notably,  the  laser  power  density
should not be excessively high to prevent the laser-induced thermal
effect from interfering with temperature detection (Figs. S8–S10 in
the  ESM).  In  addition,  the  temperature-induced  chromaticity
coordinates show a pronounced green-to-red emission transition as
the temperature decreases from 80 to 300 K under all  modes (due
to  strong  CR modulation  of  the  green-to-red  emission  ratio).  The
ambient temperature and its  fluctuations can be assessed from the
observed  output  color,  showing  great  potential  for  non-contact
visual  temperature  sensing  (Fig.  4(j) and  Fig.  S11  in  the  ESM).
These  results  suggest  that  our  designed  hybrids  hold  considerable
promise for low-temperature monitoring in fields such as aerospace
engineering,  polar  exploration,  and  maintenance  of  precision
instruments.

 4    Conclusions
In  summary,  we  have  demonstrated  a  multi-field  strategy
combining photonic crystal, plasmonic, and low-temperature fields
for  UCL  enhancement  in  the  Er3+-rich  nanosystem,  with  a
maximum  enhancement  factor  of  1290.  Furthermore,  leveraging
the multi-wavelength excitation capability of the Er3+-rich system, a
six-mode  ratiometric  upconversion  thermometer  is  constructed
based on 100Er@Y/AuNRs/OPCs composite films,  delivering high
sensitivity  (maximum Sr:  7.06%–14.95%  K−1)  and  high  resolution
(minimum δT: 0.008–0.634 K) over 80–300 K. This study not only
provides a new strategy for efficient enhancement of UCL but also
offers  a  promising  approach  for  high-precision,  multi-mode
temperature sensing under extreme conditions.

 Electronic  Supplementary  Material: Supplementary  material
(TEM images,  size  histograms,  XRD patterns,  SEM images,  decay
curves,  enhancement  factors,  and  a  summary  table  of  typical
temperature sensing materials) is available in the online version of
this article at https://doi.org/10.26599/NR.2026.94909076.
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