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The development of high color purity red upconversion (UC) materials operating within the second near-
infrared (NIR) biological window (NIR-11) holds significant research importance for enhancing the pene-
tration depth of such materials in biological tissues. Herein, near-pure red UC luminescence excited by a
1532 nm wavelength is achieved in CaSc,O4:Er®* through Ho** doping, showing an approximately
19-fold improvement in the red-to-green emission ratio. Such a huge improvement in emission color
purity results from the effective modulation of energy transfer (ET) mechanisms by Ho®>* ions, which is
fully evidenced by the steady state and transient spectroscopic data. Utilizing the Stark splitting of
Er3*:4F9,2 — 4I15/2 and Er3+:4ln,2 - 4I15/2 transitions, highly sensitive optical temperature sensing is realized
with detection depths in biological tissues of about 6 mm and 8 mm, respectively. Furthermore, CaSc,0O4:
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Er**/Ho®" exhibits different luminescence colors under the excitation of 980 nm and 1532 nm wave-
lengths, enabling its optical anti-counterfeiting application with high concealment and security. These
findings present a novel strategy to design NIR IlI-responsive red UC materials with high color purity for

rsc.li/dalton biomedicine and anti-counterfeiting applications.

tional UC materials predominantly utilize Yb** and Nd** as
sensitizers with the excitation wavelengths of 980 nm and

Introduction
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Rare earth ion-doped upconversion (UC) luminescent
materials can convert low-energy photons into high-energy
photons for emission, a unique optical property that enables
their extensive applications spanning from life sciences to
information technology.'™ Under the excitation of near-infra-
red (NIR) light, the ultraviolet and visible light emitted by
these materials holds significant application potential in non-
contact optical thermometry, biological imaging, optical anti-
counterfeiting, three-dimensional displays and other fields,
benefiting from their desirable characteristics including long
fluorescence lifetime, narrow emission bandwidth, low cyto-

toxicity and superior photostability.*® Nevertheless, conven-
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808 nm, respectively, both falling within the first NIR biologi-
cal window (NIR-I, 650 nm-1000 nm), which somewhat
restricts their penetration depth in biological tissues, thereby
making it challenging to meet the demands of clinical
applications.” ™

Recently, several studies have indicated that Er** can
achieve robust UC emission through a self-sensitization
mechanism under the excitation of around 1532 nm wave-
length, corresponding to the Er**:*I 3, state."* ** For instance,
Sun et al. observed intense green and red UC emissions in
NaErF,@NaYF, nanoparticles with an excitation wavelength of
1550 nm."> Meanwhile, Yin et al reported the realization of
underwater communication and narrowband NIR photodetec-
tion using a 1532 nm-driven NaYS,:Er’* phosphor.'® More
importantly, the 1532 nm wavelength falls within the second
NIR biological window (NIR-II, 1000 nm-1700 nm), where bio-
logical tissues exhibit extremely weak absorption and scatter-
ing effects for light in this range, making these materials
promising candidates for applications in deep biological
tissues.'”>°

Despite the advantages mentioned above, the complex
energy landscape of Er’", characterized by multiple metastable
energy levels, results in multicolor UC luminescence.>'** Such
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spectral diversity presents significant challenges for quantitat-
ive cellular imaging, biological tissue labeling applications,
and so on.”>*® Therefore, it is of great significance to develop
effective strategies to achieve intense UC luminescence with
high color purity driven by 1532 nm excitation in Er*" self-sen-
sitized UC materials, especially for red UC emission, which is
conveniently located in the NIR-I region.>*">

In this work, the energy transfer (ET) pathways in CaSc,0,:
Er** under the excitation of a 1532 nm wavelength are effec-
tively modulated through Ho®>* doping, resulting in strong red
UC emission with exceptionally high color purity. The under-
lying ET mechanism governing this optimized UC perform-
ance is elucidated in detail based on the spectral data.
Furthermore, the optical thermometry and fluorescence anti-
counterfeiting capabilities along with the penetration depth in
the biological tissues of CaSc,04:Er*/Ho*" are thoroughly
investigated. All data indicate that the obtained phosphor is
an efficient red UC luminescent material that not only enables
highly sensitive optical temperature monitoring in deep bio-
logical tissues but also provides fluorescence anti-counterfeit-
ing ability with excellent covertness.

Experimental section

Chemicals

CaCOj3 (99.99%), Sc,03 (99.99%), Ho,03 (99.99%) and Er,03
(99.99%) were supplied by Shanghai Aladdin Biochemical
Technology Co., Ltd. All chemical reagents were used as raw
materials without further purification.

Preparation

A traditional high-temperature solid-state reaction is used to
synthesize CaSc,04:15% Er**/x% Ho" (x = 0, 0.1, 0.5, 1, 2, 5)
phosphors. First, oxide powders precisely weighed according
to the stoichiometric ratio are thoroughly mixed via a grinding
process in an agate mortar for 45 minutes. Subsequently, the
resultant powder mixture is transferred to an alumina crucible
and subjected to a presintering treatment in a box furnace at
600 °C for 3 hours. After cooling to the ambient temperature,
the powders are ground again, followed by a final calcination
in the same box furnace at 1400 °C for 6 hours under an air
atmosphere to achieve the target sample.

Characterization

Powder X-ray diffraction (XRD) data are collected using a
Persee XD-2 diffractometer. Spectroscopic data are measured
using an Edinburgh Instruments FLS1000 spectrometer
equipped with 980 nm and 1532 nm lasers as the excitation
sources. The detector sensitivity of the FLS1000 spectrometer
is greater than 35000: 1, estimated by the root mean square
method. The 1532 nm laser exhibits a power stability of
0.240% operating for four continuous hours. During the spec-
tral collection process, the sample temperature is controlled
using an HFS600E-PB2 temperature control device supplied by
Scientific Instruments.
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Results and discussion
Structure and luminescence properties

The XRD patterns of the samples are tested to verify the crystal
structures and phase purity. As illustrated in Fig. 1(a), the posi-
tions and relative intensities of the diffraction peaks for all
samples exhibit excellent consistency with the standard card
of CaSc,0, (PDF#20-0234). No additional impurity phase is
detected. However, a gradual shift of the XRD diffraction peaks
toward lower angles is observed with the increasing Ho** con-
centration, which is attributed to the lattice expansion result-
ing from the substitution of Sc*" ions (0.745 A) by larger-radius
Ho®" ions (0.901 A), according to Bragg’s Law.

Fig. 1(b) presents the UC emission spectra of the samples
doped with varying Ho®>" concentrations under the excitation
of a 1532 nm wavelength, normalized at 551 nm. Four distinct
emission bands are observed within the range of 500 nm to
900 nm, corresponding to the following Er** transitions: *H;/,
— ;5,, peaked at 527 nm, S;,, — “I;5,, peaked at 551 nm,
*Fo, = “I15, peaked at 666 nm and Iy, — *I;5, peaked at
798 nm. While the overall luminescence intensity decreases
with the increasing Ho®" concentration, the emission intensity
ratio of red light (*Fo, = “I;55) to green light (*Hyy//*Ss, —
",5,) exhibits a significant improvement. As shown in
Fig. 1(c), the red-to-green ratio reaches a maximum value of
77.0 at a Ho>" concentration of 1%, which is approximately 19
times higher than that of the sample without Ho*>* doping.
The corresponding CIE chromaticity diagram is presented in
Fig. S1.

The dependence of UC luminescence intensity (I) on
excitation power  density  (P) is subsequently
investigated for CaSc,0,:Er’’/Ho’*. Generally speaking, the
relationship between I and P in the UC luminescence pro-
cesses follows

I oc P, (1)

Here, n represents the number of low energy photons
absorbed to emit one high energy photon, which can be
determined from the slope of the log(l)-log(P) curve. As
depicted in Fig. 1(d), the n values for *Hyy/, = “Iys5, *S3p0 —
"5, and *Fo, — 'I,5, transitions are determined to be 2.9,
3.0 and 2.4, respectively, indicating that all three transitions
are three-photon UC processes. In contrast, the n value of the
Mg, = "i5, transition is 1.6, suggesting a two-photon UC
process.

Based on the above analysis, the ET pathways within the
samples can be deduced, as illustrated in Fig. 1(e). Under the
excitation of a 1532 nm wavelength, Er** ions at the ground
state undergo a ground state absorption (GSA) to be populated
to the “I,3/, level. Subsequently, Er*" ions at the “I,5,, state can
be pumped to the “Iy), state through an excited state absorp-
tion (ESA) process, followed by non-radiative relaxation and a
second ESA process to realize the population of the red emit-
ting *Fo, level. Meanwhile, Er** ions at the *I,, level can
absorb an additional 1532 nm photon, thereby being popu-
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Fig. 1 (a) XRD patterns, (b) UC spectra and (c) intensity ratio of red to green emission of CaSc,04:15% Er**/x% Ho®* (x = 0, 0.1, 0.5, 1, 2, 5) with an
excitation power density of about 1.35 mW mm™2. (d) Power density dependence of emission intensity and (e) possible ET mechanism in the sample.

(f) NIR spectra of CaSc,04:15% Er®*/x% Ho®* (x = 0, 0.1, 0.5, 1, 2, 5).

lated to the green emitting *Hy,,,/*Ss/, levels. When Ho®" ions
are incorporated into the sample, efficient ET processes occur
between Er’* and Ho*'. On one hand, Er*" at the *H,;,,/*S;»
levels can transfer energy to Ho' at the ground state
through the ET1 process, promoting Ho>" to its °F,/’S,
levels. Subsequent non-radiative relaxation of Ho®>" to the °Fj
level enables energy back transfer (BET) to Er**, realizing the
population of the *Fo/, level. On the other hand, Er** at the
1,1/, level can transfer energy to Ho®' via the ET2 process,
allowing the Ho>" to be populated at its °I level and emit
1212 nm NIR light. The above two ET mechanisms signifi-
cantly improve the red-to-green ratio and color purity of the
samples.

To further validate the ET processes between Er*" and Ho’",
the NIR emission spectra of the samples with different Ho>"
concentrations are measured under the excitation of a
1532 nm wavelength. As shown in Fig. 1(f), the emission inten-
sity of the Er**:*I;;,, — “I;5, transition decreases significantly
with increasing Ho®>" concentration, while the luminescence
intensity of the Ho®>":’I; — °Ig transition exhibits a gradual
increase. Furthermore, as depicted in Fig. 2, the lifetime of the
Er*":*I,;,, level decreases monotonically with the increase of
Ho®" doping concentration. These observations collectively
confirm the occurrence of efficient ET processes from the
Er*":*I;1), to the Ho>":’I level. The ET efficiency gy from the
Er*':*I;1), to the Ho®>":’I, level can be calculated through the
following formula:

ner =1 — 7 /70, (2)

This journal is © The Royal Society of Chemistry 2025

where 7, represents the intrinsic fluorescence lifetime of the
donor in the absence of the acceptor, and 7, denotes the
measured lifetime of the donor in the codoped system. Based
on the lifetime data presented in Fig. 2, the ET efficiency is cal-
culated to be 72.3% for CaSc,0,:15% Er**/1% Ho>".

Optical thermometry behaviors

Fig. 3(a) displays the red UC spectra of the sample measured at
different temperatures, which are normalized at 682 nm.
Several Stark splittings induced by the crystal field effect can
be clearly observed. Notably, the relative intensities of these
Stark sublevels exhibit a regular variation with increasing
temperature. In fact, these Stark sublevels are thermally
coupled due to their small energy spacing (AE), of which the
fluorescence intensity ratio (FIR) follows the Boltzmann
distribution:

FIR = Iyp/liow = B - exp(—AE/ksT). 3)

Here, I, and I, represent the emission intensities of the
upper and lower energy levels, respectively, B is a temperature-
independent constant, kg denotes the Boltzmann constant and
T is the absolute temperature. In this case, the Stark splittings
at 655 nm and 682 nm are selected for investigation.
According to eqn (3), the relationship between FIR; and temp-
erature is derived as

FIRR = 1655/1682 =23 exp(—428/T), (4)

of which the corresponding fitting curve is illustrated in
Fig. 3(b). The AE value between the two Stark sublevels is
determined to be 298 cm™" based on the fitting curve. As criti-
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Fig. 2 Decay curves of the Er**:*l,,/, level in the samples with various Ho®>* doping concentrations along with the plot of lifetime values calculated
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cal parameters for evaluating optical thermometers, the absol-
ute sensitivity (S,) and relative sensitivity (Sg) can be calculated
using the following equations:

Sx = |d(FIR)/dT], (5)
Sg = |d(FIR)/(FIR) - dT|. (6)

The fitted curves for S, and Sk of the FIRi-based optical
thermometer are presented in Fig. 3(c), both exhibiting a
decreasing trend with increasing temperature. The maximum
values of S, and Sg reach 0.26% K™ * and 0.48% K, respect-
ively, at the initial temperature. Temperature resolution (8T),
another vital parameter for optical thermometers, is deter-
mined using

8T = (SFIR/FIR) - (1/Sg), (7)

where SFIR/FIR represents the relative uncertainty of FIR, pri-
marily governed by the precision of the spectroscopic measure-
ment equipment. As shown in Fig. S2(a), the SFIR/FIR value
obtained from 50 repeated measurements of the red UC emis-
sion spectra at room temperature is approximately 0.012%.
Fig. 3(d) displays the fitted curve of 8T for the FIRy optical
thermometer, in which the values gradually increase with
rising temperature, achieving a minimum of 0.025 K at 298 K.
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Notably, 8T remains below 0.1 K throughout the entire tested
temperature range, indicating the excellent optical thermo-
metric performance of the FIRg-based optical thermometer.

As shown in Fig. 4(a), the temperature dependence of the
1,15 = L5, transition is tested and normalized at 1028 nm.
The Stark splittings at 985 nm and 1028 nm are selected for
FIR-based optical thermometry. The fitting curve between
FIRy and the temperature is presented in Fig. 4(b), with the
corresponding fitting equation expressed as

FIRN = 1935/11023 = eXp(1601/T), (8)

from which the AE value is calculated to be 111 cm™". Based
on the relationship of FIRy and temperature, the fitting curves
for S, and Sg of FIRy are calculated and shown in Fig. 4(c). At
298 K, the values of S, and Sg are 0.32% K ' and 0.18% K *,
respectively, after which both parameters decrease with
increasing temperature. According to the OFIR/FIR value
(0.122%) obtained from 50 repeated measurements of the NIR
emission spectra at room temperature (see Fig. S2(b)), the 8T
curve of the FIRy optical thermometer is fitted and shown in
Fig. 4(d), which exhibits an increasing trend with rising temp-
erature along with a minimum value of 0.68 K at the beginning
temperature.
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Fig. 4 Temperature dependence of (a) the #1172 = 15> transition along with the corresponding (b) FIR, (c) Sx and Sg and (d) 8T.
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Table 1 Typical optical thermometers based on the FIR of Stark sublevels and their critical parameters

Host Dopants EX (nm) Transition Working range (K) Samax (% K1) Sgemax (% K™) Ref.
CaSc,04 Er*'/Ho*" 1532 Er*':*Fq) = Lisp 298-573 0.26 0.48 This work
CaSc,0, Er*'/Ho* 1532 Er*" 'Ly, — s 298-573 0.32 0.18 This work
YVO, Nd** 808 Nd**:*F3), = Liis 298-333 — 0.25 33
BaMoO, Yb*'/Er" 980 Er*": 'L, — s 293-573 0.065 0.129 34

TiO, Yb*'/Er**/Mo®* 976 Er*'H ), = Lisp 307-673 — 0.132 35

TiO, Yb*'/Er** /Mo®* 976 Er*":’s,, - 115,2 307-673 — 0.136 35

TiO, Yb**/Er**/Mo®* 976 Er*":*Fy), — 115/2 307-673 — 0.114 35

CaF, Nd*'/y* 980 Nd**:*F3/, = Liips 300-335 — 0.113 36

Table 1 summarizes a series of typical optical thermo-
meters based on the FIR technique utilizing Stark sublevels
along with their corresponding excitation wavelength, operat-
ing temperature range, and maximum S, and Sg. Distinctly,
the optical thermometer CaSc,O4:Er*'/Ho>" in this study is the
only one with an excitation wavelength within the NIR-II
region, and it exhibits the highest S, and Sk values as well as a
wide temperature measurement range, suggesting its signifi-
cant potential for temperature sensing, especially in the bio-
medicine field.
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A simple in vitro experiment is designed at room tempera-
ture to evaluate the detection depth of the sample within bio-
logical tissues. As illustrated in Fig. 5(a) and (b), the emission
intensity of red and NIR luminescence gradually decreases
with the increasing thickness of fresh chicken muscle tissues,
which is attributed to the absorption and scattering effects of
the biological tissues. Despite this attenuation, the spectral
signals corresponding to “Fy, — *I;5, and Iy, — *Iy5, tran-
sitions remain detectable at tissue depths of 6 mm and 8 mm,
respectively. Furthermore, as shown in Fig. 5(c), the values of

Er’": 4I11/2 — 4115/2
Apx = 1532 nm

600 650 700
( Wavelength (nm)

Qo
N~

—_ [ IRed Emission Intensity
2 B FIR,

&

£

w»

5

= r—

= o

1 2 3 4 5 6
Tissue Depth (mm)

_ [ INIR Emission Intensity
= [ IFIR,

<

£

@»n

£

2

E
(C) Tlssue Depth (mm)

I T T T 1
750 &\ 900 950 1000 1050 1100 &

(b) Wavelength (nm)

Measured by Infrared Thermometer

—@- Calculated by FIR, o

-

N

w
1

398
3734

348+ / 3
/ |

| |

[ i

323+ 423 K

| M 4;3 K

Measured Temperature (K)

, [
/ |
iy y 4 kel
298 600 650 700 750 900 1000 1100
Wavelenglh (nm) Wavelength (nm)
T T T
298 323 348 373 398 423
(d) Actual Temperature (K)

Fig. 5 Emission spectra of (a) red and (b) NIR light and (c) the emission intensities and FIR values as a function of the biological tissue thickness. (d)
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FIRg and FIRy remain nearly constant with increasing tissue
thickness, demonstrating their significant potential for temp-
erature sensing in deep biological tissues. Concurrently, the
sample is heated using a heat gun while its temperature is sim-
ultaneously monitored using an infrared thermometer and the
FIR thermometric technique. As shown in Fig. 5(d), the temp-
erature values measured by FIRg and FIRy align well with the
standard temperature values obtained from the infrared
thermometer, further validating their superior optical thermo-
metric performance. Additionally, Fig. S3 presents the reprodu-
cibility study of FIRg and FIRy over thermal cycling between
298 K and 573 K, which remain nearly constant throughout
the cycling process, demonstrating the excellent reproducibil-
ity and reliability of the sample.

Anti-counterfeiting application

In addition to being excited by a 1532 nm wavelength, the as-
prepared CaSc,04:Er**/Ho®*" powder can also be excited by a
980 nm wavelength. More importantly, the sample exhibits a
certain difference in the red-to-green ratio and the emission
color under the excitation of the two wavelengths due to the
distinct variation in the ET mechanism (Fig. S4), as shown in
Fig. 6(a) and (b). This property endows the material with
potential applications in optical anti-counterfeiting. Therefore,
a fluorescent colloid is prepared by mixing ethanol and polydi-
methylsiloxane (PDMS) in a 1:1 volume ratio, followed by
incorporation of 5 Wt% CaSc,O4Er’*/Ho®" powder.
Subsequently, two drops of the curing agent are added and
mixed uniformly to obtain the fluorescent ink, which is uti-

This journal is © The Royal Society of Chemistry 2025

lized for screen-printing “UC” lettering and floral patterns. As
shown in Fig. 6(c) and (d), the printed patterns remain invis-
ible under daylight conditions. However, the faint red patterns
emerge on the papers upon irradiation with 980 nm light,
while 1532 nm excitation induces a transition to a deep red
hue. The above research confirms that this material can sub-
stantially enhance the concealment and security performance
of optical anti-counterfeiting technology.

Conclusions

In summary, 1532 nm-driven nearly pure red UC luminescence
is realized in CaSc,0,:Er*" through Ho®" doping, achieving an
approximately 19-fold improvement in the red-to-green ratio
compared to the Ho®*'-free sample. Spectroscopic analysis
reveals that the dramatic improvement of emission color
purity primarily originates from the modification of ET path-
ways induced by Ho®>" doping. Leveraging the Stark splitting of
*Fo;, = y5, and “1y,,, — *I;5, transitions, highly sensitive
optical thermometers FIRg and FIRy are developed, exhibiting
maximum Sy of 0.48% K™' and 0.18% K* for temperature
detection, respectively. Beyond that, in vitro experiments
demonstrate that FIRg and FIRy enable penetration depths of
6 mm and 8 mm in biological tissues while maintaining
largely unaffected FIR values. Meanwhile, a tunable emission
color from faint red to deep red is achieved by varying the exci-
tation wavelength from 980 nm to 1532 nm, which imparts the
powder with high concealment and security for optical anti-
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counterfeiting applications. All of these findings validate that
the red UC luminescent material CaSc,0,:Er**/Ho*" with high
color purity not only enables high-sensitivity optical tempera-
ture sensing in deep biological tissues but also holds potential
for optical anti-counterfeiting applications.
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