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Blue light-excited broadband NIR-II-emitting
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The second near-infrared window (NIR-1I, 1000-1700 nm) emitting phosphor is a key component for the
phosphor-converted light-emitting diode (pc-LED), which has garnered significant attention. However, it
remains a major challenge to discover efficient NIR-II broadband phosphors that can be excited by blue
LEDs. Herein, Cr®* and Ni?* ions were co-doped into the Li»ZnSnzOg (LZSO) host. LZSO:Cr**,Ni®* phos-
phor achieves a broadband NIR-II emission peak at 1465 nm with a large full width at half maximum
(FWHM) of 300 nm and internal quantum efficiency (IQE) of 43.31% under excitation at 426 nm because
of the efficient energy transfer (ET) from Cr** to Ni?*. In addition, a dual-emissive doped phosphor across
the NIR-I (700-1000 nm) and NIR-II regions with a higher sensitivity at physiological temperatures was
obtained. The relative sensitivity value (S,) reaches 1.44% K~! at 293 K, indicating that the LZSO:Cré Ni?*
phosphor is a potential candidate for NIR optical thermometers in biotechnological applications. The
manufactured NIR-1I pc LED provides a radiative flux of 8.26 mW with a photoelectric conversion
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1 Introduction

NIR light sources have various applications in non-invasive
biological imaging, optical communication, health monitor-
ing, and night vision."™ The pc-LED based on energy down-
conversion technology serves as a novel type of NIR light
source, offering advantages such as low cost, high efficiency,
portability, and long lifetime, which is also known as a replace-
ment for traditional NIR light sources such as incandescent
lamps, tungsten halogen lamps, and NIR LEDs.>® A reliable
method to obtain this NIR light source is by combining NIR
phosphor with inexpensive high-efficiency blue light chips.
The NIR phosphor determines the characteristics of NIR pc-
LED, including the emission peak, FWHM, and luminous
efficiency. Typically, the emission spectra of NIR phosphors
are located in NIR-I and NIR-II regions.”® In comparison to
NIR-I, NIR-II has less background interference, less tissue scat-

“Key Laboratory of Rare Earth Optoelectronic Materials and Devices of Zhejiang
Province, Institute of Optoelectronic Materials and Devices, China Jiliang University,
Hangzhou 310018, China. E-mail: dengdegang@cjlu.edu.cn; Fax: +86-571-86835781;
Tel: +86-571-86835781

bFujian Institute of Metrology, Fuzhou,350003, China

1 Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d4qi00896k

This journal is © the Partner Organisations 2024

imaging, and spectral analysis applications.

tering, deeper tissue penetration depth, and high imaging
contrast.”*° In addition, dipole moments and bond anharmo-
nicities play a significant role in the typical NIR absorptions
that arise from overtones and combinations of fundamental
vibrations. However, the behavior of C-H, O-H, N-H, and S-H
bonds varies in different substances and corresponds to sig-
nificant absorptions mainly located in the broad wavelength
range above 1000 nm."** Therefore, NIR-II light is more suit-
able for achieving promising night vision, biomedical and
spectral analysis applications.

Cr’* with a 3d® electron configuration typically exhibits
intrinsic broad emission when entering octahedral sites,
which has attracted widespread attention.'*™® In recent years,
a group of excellent NIR emission performance Cr*'-doped
phosphors excited by blue light has been reported, such as
Ba;LazMgAl;0;5:Cr" (Ao = 925 nm, IQE = 66%), Ga,GeOy:Cr’*
(Aem = 923 nm, IQE = 71.25%), NaInSi,04:Cr*" (Aem = 936 nm,
IQE = 68.9%), and LiScGeO4:Cr*'(ley = 1120 nm, IQE =
26%).>"7"° Nevertheless, the maximum peak position at
around 1000 nm and the limited spectral bandwidth are
insufficient to meet various practical application requirements.
Co-doping of Yb*" for ET from Cr*" to increase spectral band-
width and improve NIR emission performance is a good
choice, such as KScP,0,:Cr*",Yb®", CaZnGe,O4:Cr**,Yb*",
LiScP,0,:Cr**,Yb*", LiIn,SbO4:Cr’*,Yb*!, LiGaP,0,:Cr**,Yb**,
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However, considering the emission characteristics of Yb**
ions, their emission wavelength are still difficult to embrace
the NIR-II region.*® Therefore, exploring novel infrared phos-
phors with efficient emission in the NIR-II region by doping
with other optically active ions is necessary.

Ni**-activated phosphors display broadband emission in
the NIR-II range. Unfortunately, these phosphors are typically
excited by UV light, which has drawbacks of weak blue light
absorption and low efficiency (IQE, EQE < 10%).>”>° To
address this issue, Cr*" can be introduced as a sensitizer in
the material system to effectively transfer energy to Ni*". In
consideration of the broad absorption band of Cr*" in the blue
region and the perfect overlap between the absorption of Ni**
and the emission of Cr*". Therefore, when Cr’" and Ni*" are
simultaneously introduced into a suitable host, the emission
in the NIR-II range of Ni** can be achieved through sensitiz-
ation by Cr** excited by blue LEDs.*®

Furthermore, the progress of dual-emissive materials for
thermometers relies on visible light (VIS). The optical thermo-
meter emission wavelength in the biological window (NIR-I,
NIR-II) could make it suitable for applications such as bio-
medical thermal imaging or more sensitive temperature
sensing for the development and application of
biotechnology.*"*> However, the progress of thermometers
based on dual-emissive materials that originate from NIR-I
and NIR-II light has been minimal. Accordingly, developing
dual-emissive doped phosphors that cover both NIR I and NIR
1I regions and have higher sensitivity at physiological tempera-
tures remains a challenge.

Herein, we report a blue LED-excited and highly efficient
NIR-II phosphor LZSO:Cr*",Ni*". The photoluminescence
spectra, luminescence decay curves, ET efficiency, quantum
efficiency, and thermal stability of LZS0:0.03Cr**,0.03Ni**
phosphor were investigated. A fabricated NIR-II pc-LED was
applied in night vision, biomedical imaging, and spectro-
scopic analysis fields. Furthermore, the broadband NIR dual-
emissive properties of LZS0:0.03Cr**,0.03Ni*" are noteworthy
and provide insights for optical thermometers applicable in
biotechnology.

2 Experimental
2.1 Materials and synthesis

Reagents: lithium carbonate (Li,COjz; 99.99%), zinc oxide
(ZnO, 99.99%), stannic oxide (SnO,, 99.99%), chromium ses-
quioxide (Cr,Oz, 99.95%), and niobium pentaoxide (NiO,
99.99%) were supplied by Aladdin Reagent Co., Ltd.

Synthesis: stoichiometric raw materials were weighed based
on stoichiometric ratios. The mixtures were combined comple-
tely homogeneous in an agate mortar. Subsequently, they were
placed in a muffle furnace sintered at 1200 °C for 3 h, and the
heating rate was maintained at 6.5 °C min~"', which contrib-
utes to a full reaction. Then, the samples were cooled naturally
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to room temperature and ground with the aim of subsequent
testing.

2.2 Characterization

Power X-ray diffraction (XRD) patterns of the phosphor were
acquired by employing Bruker Axs D2 PHASER diffractometer
with Cu Ka radiation (4 = 0.15405 nm) at 30 kV and 10 mA.
Rietveld refinement was performed using the software the
General Structural Analysis System (GASA). The field-emission
scanning electron microscopy (SEM) and energy-dispersive
spectroscopy (EDS) were performed using the HITACHI,
SU8010, instrument, Japan. Field-emission transmission elec-
tron microscopy (TEM) was conducted at an acceleration
voltage of 200 kV (FEIL, SU 8010, America). The diffuse reflec-
tance spectra (DRS) of the phosphors were collected using an
ultraviolet spectrophotometer (Agilent Cay 5000, America) with
BaSO, as a standard. The fluorescence decay curve was
obtained using a 460 nm LED pulse Nd: YAG laser with a fI3-
211 fluorescence spectrophotometer (HORIBA, JOBIN YVON,
France). The photoluminescence (PL) and photoluminescence
excitation (PLE) spectra were recorded on a modular fluo-
rescence spectrometer (HORIBA, Quanta Master 8000,
Canada). The corresponding temperature-dependence PL
spectra were recorded on the same spectrophotometer
equipped with a TAP-02 high-temperature fluorescence instru-
ment (Tian Jin Orient - KOJI Instrument Co., Ltd). A quantum
yield (QY) measurement system (Hamamatsu, Quantaurus-QY
plus C13684-01) was used to measure the internal and external
quantum efficiency (IQE, EQE); the electroluminescence (EL)
spectra were collected using a FL3-211 fluorescence spectro-
photometer (HORIBA, JOBIN YVON, France). An LED photo-
electric test system (HAAS-2000, EVER FINE) was employed to
analyze the performance of the fabricated LED. Visible and
NIR-II photographs were captured by an industrial camera
(EOS R50, Canon, China) and an NIR-II camera (Raptor Owl
640 S).

2.3 Fabrication of the pc-LED device

The optimal LZS0:0.03Cr’*,0.03Ni*" phosphor was used to
package the NIR-II pc-LED, which was sufficiently mixed with
glue A and glue B in conformity with the weight ratio of 1:1
on a blue chip (460 nm, 3 W) and then cured at 150 °C for 3 h.

3 Results and discussion

It is reported that LZSO in the orthorhombic system with
space group Cmc21 (No. 36), as shown in Fig. 1a.>® Li* ions are
coordinated to six oxygen ions to form [Li10g], [Li2O¢] octahe-
dra and four oxygen ions to form [Li3Og¢], [Li4Og] tetrahedra.
Sn** ions have five different crystallographic sites coordinated
with six oxygen ions to form five different kinds of SnO6 octa-
hedra. While the Zn*" ion is linked to four oxygen ions to form
two [ZnO,] tetrahedra. These coordinated polyhedra are
orderly connected to form the LZSO unit. Fig. 1b shows XRD
patterns of the representative LZSO, LZS0:0.03Cr*",
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Fig. 1 (a) Crystal structure of LZSO. (b) XRD patterns of LZSO, LZS0:0.03Cr**, LZS0:0.03Ni?*, and LZS0O:0.03Cr**,0.03Ni?* samples. (c) Rietveld
refinements of LZSO. (d) SEM and EDS mapping images of LZSO:0.03Cr>*,0.03Ni?*. (e and f) TEM and HR-TEM of LZS0O:0.03Cr>*,0.03Ni?*.

LZS0:0.03Ni**, and LZS0:0.03Cr*",0.03Ni>* samples, as well as
the XRD patterns of LZSO:xCr’* and LZS0:0.03Cr** yNi**
(0.005 < x £ 0.07, 0.003 < y < 0.07) phosphors (Fig. S1, ESIT).
All diffraction peaks agree with the standard phase Li,ZnSn;Og
in the Inorganic Crystal Structure Database (ICSD: 59772),
demonstrating that the introduction of Cr** and Ni** dopants
does not generate impurity phases. Considering that the
valence and ionic radius of Cr’" (coordination number, CN =
6, r = 0.615 A) are very close to those of Sn** (CN = 6, r =
0.69 A), the Cr*" dopant prefers to substitute the Sn*" ions in
the LZSO host. From the perspective of charge balance, the
substitution of Ni** (CN = 6, r = 0.69 A) for two different Li"
(CN = 6, r = 0.76 A) can avoid imbalance. Detailed crystallo-
graphic information was obtained by Rietveld’s refinement of
the XRD pattern of the prepared sample. It can be seen from
Fig. 1c that the refined result of LZSO with R;, = 5.85%, Ry, =
9.28%, > = 1.584. The refinement result demonstrates reliable
results and phase purity. The specific crystallographic data
and the atomic positions of LZSO are listed in Tables S1 and
S21 respectively. In addition, the morphology and elemental
mapping distribution of the obtained phosphors were
characterized from SEM  images and EDS of
LZS0:0.03Cr’",0.03Ni*" phosphors, as shown in Fig. 1d. The
SEM image indicates the irregular morphology of the syn-
thesized LZS0:0.03Cr**,0.03Ni** phosphor. The smooth
surface of the particles also indicates its high crystallinity. The
EDS reveals the existence of Zn, Sn, O, and Cr, Ni elements in
the LZS0:0.03Cr*",0.03Ni>" phosphor. The atomic percentages
of Ni, Zn, Sn, Cr, and O in LZS0:0.03Cr*",0.03Ni*" were deter-
mined as 0.40%, 9.34%, 31.90%, 0.34% and 58.02% (Fig. S27),
respectively. However, the absence of Li is due to its low

This journal is © the Partner Organisations 2024

atomic number. The results approach an actual chemical
formula of Li; ;Nig 03ZnSn;Cry 0305 (the atomic percentages
neglecting Li are 0.25%, 8.31%, 24.69%, 0.25%, and 66.5%,
respectively). Furthermore, TEM and HR-TEM images of
LZS0:0.03Cr*",0.03Ni*" are displayed in Fig. le. The lattice
fringes are clearly visible, and an estimated crystal plane
spacing of 0.52 nm matches well with the (020) plane. These
results confirm the good crystallinity of the synthesized
phosphors.

The PL and PLE spectra of LZS0:0.03Cr**, LZS0:0.03Ni*",
and LZS0:0.03Cr**,0.03Ni** are presented in Fig. 2a. The
broadband of LZS0:0.03Cr’*, which peaks at 959 nm and
spans a range of 700 to 1300 nm with a FWHM of 176 nm, is
caused by the spin-allowed “T, — “A, transition of Cr’" ions
when excited at 426 nm. Under the monitoring at 959 nm
emission, the sample exhibits a wide excitation band from
ultraviolet to red light, with the peak located in the blue light
region, indicating that the LZS0:0.03Cr’* phosphor can be
effectively excited by the blue light chip. The excitation band
centered at 288 nm could arise from charge transfer between
the O ligand and the central Sn atom in the SnO6 octahedral
group, while the excitation bands at 350, 426, 617 and 676 nm
are ascribed to the *A, — *T; (*P), A, = *T; (*F), *A, = T, (*F)
and *A, — *E(’G) transitions of Cr’* ions, respectively.>*** For
LZS0:0.03Ni** phosphor, a broad emission centered at
1465 nm ranging from 1200-1750 nm (FWHM = 300 nm) was
observed under excitation at 400 nm, derived from the T, —
3A, transition of Ni** ions. At the same time, the sample has
four peaks at 400, 426, 623, and 676 nm consisting of a
continuous PLE spectrum monitored at 1465 nm, which
originated from the A, (*F) - °T; (°P), *A, (°F) - 'T, ('D),

Inorg. Chem. Front,, 2024, M, 4711-4720 | 4713
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Fig. 2 (a)PLE and PL spectra of the LZS0:0.03Cr**, LZS0O:0.03Ni?*, and LZSO:0.03Cr**,0.03Ni?* phosphors. (b) DRS of LZSO, LZS0:0.03Cr**,
LZS0:0.03Ni?* and LZS0:0.03Cr>*,0.03Ni2* phosphors. (c) PL spectra of LZSO:xCr®* (x = 0.005-0.07), the inset depicts the dependence of PL inten-
sity on the Cr3* doping concentration. (d) PL spectra of LZSO:0.03Cr3* yNi?* (y = 0.003-0.07), the inset shows the PL intensity of the two emission
bands with an increase of Ni>* concentration. (e) Lifetime decay curves of Cr** in the LZS0:0.03Cr** and LZS0:0.03Cr**,0.03Ni?* samples. (f) The

schematic diagram of the energy transfer process.

*A, (°F) = Ty (°F) and *A,(°’F) - 'E('D) transitions of Ni**
ions, respectively.>® The LZS0:0.03Cr*",0.03Ni*" phosphor has
two broad emission bands corresponding to the *“T, — ‘A,
transition of Cr** and the ®T, — >A, transition of Ni*" excited
by 426 nm blue light. The PLE spectra of the
LZS0:0.03Cr**,0.03Ni*" monitored at 959 and 1465 nm are
similar to those of LZS0:0.03Cr*", indicating the ET from Cr**
to Ni**. Compared to Ni** single-doped phosphor, which
cannot be effectively excited by blue light irradiation, the co-
doped Cr’*, Ni*" phosphor greatly broadens the excitation
spectral range, especially in the blue light region, solving the
problem of inefficient excitation of Ni*" activator by blue light.

The DRS of LZzS0:0.03Cr’", LZS0:0.03Ni**, and
LZS0:0.03Cr**,0.03Ni** samples correspond well with their
respective PLE spectra (Fig. 2b). Moreover, no characteristic
absorption band of Cr*" around 1000 nm was observed in the
LZS0:0.03Cr’* sample, indicating that the emission center is
Cr’" ions rather than Cr*".>” Meanwhile, the PL spectrum of
LZS0:0.03Cr’" and the PLE spectrum of LZS0:0.03Ni** show a
significant overlap, as shown in Fig. S3,f demonstrating that
the ET between Cr*" and Ni*" is possible. The Tanabe-Sugano
diagrams demonstrate the splitting degree of the Cr** and Ni**
ions located in octahedral coordination are presented in
Fig. S4.f The online calculation program developed by Song
et al. was used to calculate the Dy/B values related to the
matrix for the 3d® electronic configuration of Cr**.*® The calcu-
lated intersection points for the ’E and *T, levels were found
to be at 1.94, with the sample’s D /B value at 2.13, close to the
intersection point value. The crystal field strength in octahed-

4714 | Inorg. Chem. Front., 2024, M, 4711-4720

rally coordinated approximation of Ni*" can be calculated
using eqn (S1) and (S2).t Consequently, the Dy/B value for Ni*"
can be given as 1.09. This indicates that the host provides a
relatively weak crystal field for Ni*" (Dg/B < 1.8). When Ni**
ions are in a weak octahedral crystal field, they usually exhibit
a broad emission band.*®

The PL spectra of LZSO:xCr*" (x = 0.005-0.07) phosphors
under 426 nm excitation are shown in Fig. 2c. The highest PL
intensity was obtained at x = 0.03, as shown in the inset of
Fig. 2c. As the possibility of nonradiative transitions between
Cr’" ions increases, quenching will occur beyond this concen-
tration.”® Fig. 2d presents the PL spectra of LZS0:0.03Cr*",
YNi*>* (y = 0.003-0.07) under 426 nm excitation. The inset illus-
trates the relative PL intensity of Cr’* and Ni*" in the
LZS0:0.03Cr*",yNi*>* system. The PL intensity of Cr** monoto-
nically decreases with increasing Ni** concentration, while the
emission intensity of Ni*" is correspondingly enhanced and
then declines. When y is 0.03, the PL intensity of Ni*" is stron-
gest owing to the concentration quenching effect. According to
the PL intensity, the efficiency (ygr) from Cr** to Ni** is
obtained:*°

Ngr =1— I(;rANi (1)
Cr

where Ic.ni and Ig, represent the PL intensity of 0.03Cr**

doped with and without Ni**, respectively. It can be found the

date in Fig. S5t that the #gr value increases continuously with

the Ni** content increasing. When the Ni*" concentration is

0.03, the ngr value reaches as high as 78.95%. The observation

This journal is © the Partner Organisations 2024


https://doi.org/10.1039/d4qi00896k

Published on 31 Caxah Alsa 2024. Downloaded by Fail Open on 23/07/2025 10:35:10 AM.

Inorganic Chemistry Frontiers

of a noticeable red shift in the Ni** emission band can be
attributed to the change in D, around the Ni*" ion. The value
of Dy can be evaluated through the following equation:>*'

D — ze’rt
97 6RS

(2)

where R stands for the distance between the central ion and
the ligands, z means the charge of the anion, e and r present
the charge of the electron and the radius of the activator. When
Ni*" ions (CN = 6, = 0.69 A) were doped into the LZSO host, it
tends to occupy the larger Li* sites (CN = 6, r = 0.76 A). With
increasing Ni”* doping concentration, the crystal field strength
becomes weaker, resulting in a red shift of the emission peak.
Furthermore, the absolute quantum yield of the
LZS0:0.03Cr**,0.03Ni>" phosphor was determined using an inte-
grating sphere. Moreover, the absolute quantum yield of the
LZS0:0.03Cr**,0.03Ni>" phosphor in the NIR-II region was deter-
mined using an integrating sphere. As depicted in Fig. S6,f the
measurement range of the NIR detector is limited (maximum ~
1688 nm), so the entire PL spectrum in the NIR-II region cannot
be detected. Taking into account the 2.12% unmeasured
portion, the actual IQE/EQE of the phosphor ranging from 1200
to 1750 nm under 426 nm laser excitation is calculated as
43.31%/18.24%. The optical performance comparison of
LZS0:0.03Cr**,0.03Ni*" with previously reported NIR phosphors,
is listed in Table S2.1 Fig. 2f depicts the decay curves monitored
at 959 nm under 426 nm excitation for LZS0:0.03Cr*" and
LZS0:0.03Cr**,0.03Ni*". The decay curve of Cr’* can be fitted
using the double exponential function:”***

I=1Io+Ajexp(—t/71) + Ayexp(—t/72) (3)

where I and I, belong to the PL intensities at times ¢ and ¢ = 0,
respectively, ¢ is time, A; and A, are corresponding fitting con-
stants, 7; and 7, represent two different lifetimes of the expo-
nential components. The following equations are used to esti-
mate the average lifetime (7*) and ET efficiency ('gr):**

A17q? + Ay1)?

L= 4
FonNi A171 + A7, )
Tonn
77,ET —1— ir,Nl (5)
Cr

where 7¢; ni and 7, represent the decay times of cr’* with and
without Ni**, respectively. Typically, two different lifetimes are
observed. As the Ni*" concentration increases from 0 to 0.03,
the lifetime of Cr’* decreases from 11 ps to 6 ps, confirming
the ET from Cr’" ions to Ni** ions. The calculated 5'pr for
LZS0:0.03Cr’",0.03Ni*" is 45.46%, which differs significantly
from the ET efficiency calculated based on PL intensity. Due to
the rapid ET between the recent donor-acceptor pairs, we
always neglect the fast ET component between the nearest
neighbor Ni** and Cr’* in the lifetime measurements.
Therefore, the obtained ET efficiency is lower than the actual
value. Given that the PL intensity of LZS0:0.03Cr*",0.03Ni*"
remains unchanged in comparison to that of LZS0:0.03Ni*",
the decline in Cr’* emission can be attributed exclusively to ET

This journal is © the Partner Organisations 2024
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towards Ni*', rather than other nonradiative relaxation tran-
sitions. Hence, estimating the change in the emission inten-
sity provides a more accurate estimation of ET efficiency.**
This phenomenon also occurs in Sr,GaTaOg:Cr** Ni** and
other ET systems of Cr*" — Yb*", Ce**/Eu®*" — Mn**.**"*° The
ET process from Cr’* to Ni** is shown in Fig. 2f. Cr’* ions are
excited from the ground state *A, to the “T;(F) level by blue
light at 426 nm firstly, followed by non-radiative relaxation to
the “T,(F) state. Some electrons undergo radiative transitions
to the *A, ground state, resulting in broadband emission
between 700 and 1300 nm. These electrons are transferred to
the neighboring Ni*" ions in their *T; excited state through the
energy transfer processes. The subsequent *T, — *A, transition
leads to broadband emission centered at 1465 nm.

We also investigated the thermal properties of the
LZS0:0.03Cr**,0.03Ni*" phosphor. Fig. 3a presents the tempera-
ture-dependent PL spectra of LZS0:0.03Cr**,0.03Ni** upon
426 nm excitation. The emissions of both Cr’* and Ni** decrease
with increasing temperature. The relative PL intensity of Cr**
can maintain 75.34% of its initial intensity at room temperature
when the temperature is elevated from 303 to 373 K, while Ni**
remains at 30.14% with increasing temperature. Temperature-
dependent emission spectra and relative intensity of LZSO:Ni**
are shown in Fig. S7.f The emission intensity of LZSO:Ni*" is
maintained at 27.63% at 373 K compared to that at 293 K. Thus,
the thermal stability is improved with the introduction of Cr**.
Generally speaking, the thermal quenching of Cr** and Ni** can
occur through non-radiative transitions stemming from the
crossing of excited state and ground state parabolas in the con-
figurational coordination model (Fig. S8t).*” The longer emis-
sion wavelength of the Ni** ion indicates a narrower band gap,
which leads to a more severe thermal quenching effect.”® The
FWHM values of Cr** and Ni** in Fig. S9t extend from 498 and
317 to 960 nm and 655 nm, respectively, resulting from the
increased electron-phonon coupling at high temperatures.>*
Meanwhile, the peak position of the PL spectra remains almost
constant The emission-integrated intensity histogram of Cr**
and Ni*" ions is shown in Fig. 3c. The emissions of Cr*" and
Ni** ions exhibit different responses with increasing tempera-
ture in the range of 293-423 K, which especially shows signifi-
cant changes in the physiological temperature range
(293-323 K) and cover a biological window, indicating its poten-
tial application in biomedical research. In general, the fluo-
rescence intensity ratio (FIR) represents the temperature more
accurately. FIR is based on the integral intensity of each emis-
sion peak, which denotes the ratio of luminescence intensities
between two different emission wavelengths under the same
excitation wavelength.****® To study the temperature sensing per-
formance, the following equation can represent the relationship
between FIR (5o nm/l1465 nm) and temperature:>*

1750
Ilow _ J1200 I(’L T)d’1

Inigh 71525)0 I(A,T)dA

FIR =

(6)

Fig. 3d indicates the FIR datapoints fitted using eqn (6),
which can be fitted by the FIR = 5.44 exp(—£7) — 0.08. The
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Fig. 3 (a and b) Temperature dependence of the PL spectra of LZSO:0.03Cr**,0.03Ni?*. The inset shows the intensity curves of different emission
bands as a function of temperature. (c) Temperature-dependent histogram of the PL intensity for Cr** and Ni?* of LZS0:0.03Cr**,0.03Ni?* (d)
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of LZSO:Cr**,Ni?*, compared to other NIR optical thermometers under blue light excited, such as LaZnGa;;Oq:Cr®*,Ni%*, a-Ga,03:Cr®*, p-Ga,Os:
Cr®*, BaySrSc40qg:Ce®* Yb**, YScGaShO,:Cr3*, YAIs(BO3)O4:Crét, Mg,GeO,4:Crit,Yb®*, Baln,(P,0;),:Cr*, Sc,05:Cr3+ 231425053

following equations outline the fitting curves for the optical
thermometer’s absolute sensitivity (S,) and its relative sensi-
tivity (Sp):*°

OFIR
= o] 7
1 JFIR

The values of S, and S, at different temperatures
(298-423 K) are shown in Fig. 3e. S, reaches its peak value of
0.34% K~ ! at 423 K. The S, value decreases from 1.44% K * to
1.08% K ' as the physiological temperature range increases
from 293 K to 323 K. Fig. 3f provides a performance compari-
son of LZS0:0.03Cr**,0.03Ni*" and a number of reported NIR
optical thermometers at physiological temperatures. It is
worth noting that LZS0:0.03Cr’*,0.03Ni*" exhibits a high S,
value with an ultra-broadband spanning from 700 to 1750 nm,
covering the NIR-I and NIR-II windows. As a consequence,
these results demonstrate that the LZS0:0.03Cr**,0.03Ni*"
system has great potential in the biological application field of
optical thermometers.

Fig. 4a displays the EL spectra of the prepared NIR-II pc-
LED under different driving currents. It is observed that all the
EL spectra consist of a dominant NIR-II broadband NIR emis-
sion at #1465 nm and a weak blue emission ~at 460 nm, indi-
cating that LZSO:Cr’*,Ni** phosphors can effectively convert
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Fig. 4 (a) EL spectra. (b) Thermographs of the device at different driven
currents from 20 to 200 mA. (c) Output optical powers and conversion
efficiencies of the NIR-Il pc-LED depending on the driving current. (d)
Photographs were obtained under fluorescent light and NIR-II light,
respectively.
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blue light into NIR light. In addition, when the driving current
is increased from 20 to 200 mA, the PL intensity gradually
increases. At the same time, the operating temperature of the
NIR pc-LED device increased from 28 °C to 49 °C, as induced
by the heat buildup that occurs with higher drive currents
(Fig. 4b). Such a small temperature change is acceptable in
applications. Fig. 4c shows the relationship between NIR-II
output power and photoelectric conversion efficiency of the
NIR-II pc-LED as a function of driving current. Moreover, with
an increase in the drive current from 10 to 200 mA, the output
power of the prepared NIR-II pc-LED escalates from 1.98 to
9.96 mW, while the photoelectric conversion efficiency shows
the opposite trend from 4.43 to 1.81%. The primary cause of
this phenomenon is the efficiency drop of the blue light
chip.®® Under the illumination of the NIR-II pc-LED light
source in darkness, the NIR-II camera is able to capture
shapes and positions of fruits and toys, as well as finger veins
(Fig. 4d). This fully demonstrates the potential applications of
the prepared NIR-II pc-LED in night vision and medical
imaging.

To further demonstrate that the fabricated NIR-II pc-LED
can be applied to non-destructive testing, a spectral experi-
mental setup is shown in Fig. 5a. Fig. 5b displays the absorp-
tion spectra of four frequently used organic solvents, which
include H,0, C,H;OH, C4H;00, and CgH;,0. Interestingly,
NIR-II PL spectra can cover more information about the mole-
cule and contribute to higher detection sensitivity compared
to the NIR-I PL spectra. There are characteristic absorption
bands toward the NIR-II region for four solvents, such as H,O
(~1390 nm), C,H;0H (~1185 and ~1585 nm), C;H;,0 (~1195
and ~1595 nm), C¢H;4,0 (~1210 and ~1595 nm). Chemical
analysis was performed using the original PL spectrum of
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Fig. 5 (a) Schematic diagram of NIR spectral analysis device. (b)
Measured absorption spectra of 4 organic solvents including H,O,
CyHsOH, C4H300, and CgHy140. (c) Spectra of NIR-II from
LZS0:0.03Cr**,0.03Ni** before (black dotted line) and after (solid line)
penetrating different organic solvents.
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LZS0:0.03Cr*",0.03Ni*" and the PL spectrum of NIR light pene-
trating different solvents (Fig. 5¢). Therefore, the setup can dis-
tinguish differences between solvents by detecting the PL
intensity and peak position.

4 Conclusions

To summarize, we synthesized a novel Cr’*-Ni** co-doped
LZSO phosphor using a conventional high-temperature solid-
phase method. The prepared LZSO:Cr**,Ni*" phosphor utilizes
the sensitization effect of Cr’* ions on the Ni**, achieving blue-
light excitation and efficient broadband emission in the NIR-II
region. The obtained LZSO:Cr’*,Ni** exhibited broadband
emission peaking at 1465 nm, with a large FWHM of 300 nm
and an IQE of 43.3% under 426 nm excitation. More intrigu-
ingly, using the prepared NIR-II pc-LED as the light source for
night vision, medical imaging, and non-destructive analysis
were realized. Furthermore, the phosphor has the character-
istics of ultra-wideband emission with dual emission peaks in
the NIR-I and NIR-II regions, as well as high sensitivity, which
hold promise for the application of NIR thermometry in bio-
technology. This research not only obtains a prospective phos-
phor for future NIR-II light sources but also highlights the vast
application prospects of NIR technology.
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