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Highly efficient broadband NIR phosphor
Y,CaHfScAlz04,:Cr’*,Yb** with superior thermal
stability for spectroscopy applicationsf
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The rising demand for spectroscopy applications in the fields of information encryption, non-invasive
detection and component analysis has attracted extensive attention to achieve high power near-infrared
(NIR) light sources. Near-infrared phosphor-converted light emitting diodes (NIR pc-LEDs) are regarded as
ideal light sources to meet the current needs due to their advantages of high power, low cost, and
portability. However, it remains a huge challenge to design a NIR phosphor with high emission efficiency,
superior thermal stability, and broadband emission. Herein, a novel NIR phosphor, Y,CaHfScAlzO.:Cr**
(YCHSA:Cr®"), is reported from a fundamental study of garnet type inorganic materials. YCHSA:Cr** displays
an intense broadband NIR emission covering from 650 to 900 nm with a full width at half maximum
(FWHM) of 110 nm and good thermal stability (/423x/303x = 76%). Furthermore, we reasonably utilized the
energy transfer from the Cr* to Yb®' ions and obtained the YCHSA:0.08Cr**,0.03Yb®" phosphor, and

Received 20th February 2023, achieved performance improvement with a broader NIR emission band (FWHM = 327 nm) as well as better

Accepted 28th March 2023 thermal stability (Up to lssk/z03¢ = 83%). The excellent performance of NIR pc-LED is crucial for
spectroscopy applications. The optimal samples and 450 nm commercial blue chips are packaged into NIR

pc-LEDs, and give a high output power of 63.6 mW at a drive current of 100 mA. Finally, the superior
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Introduction

NIR light sources have been widely applied in various fields,
such as information encryption, non-invasive detection, com-
ponent analysis, night vision, and plant growth illumination."?
As the traditional NIR light sources, incandescent lamps are
shelved due to their low energy conversion efficiency, large size,
and short lifetime. AlGaAs LEDs are attractive NIR light sources
due to their high efficiency and small size. However, the high
cost and narrow NIR emission band (FWHM < 50 nm) impose
roadblocks in promoting their application.>* Recently, NIR pc-
LEDs as a new generation of NIR light sources have drawn
extensive attention. NIR pc-LEDs have many superior proper-
ties such as small size, broadband emission, high efficiency,
and excellent thermal stability. The compactness facilitates the
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performance in information encryption and non-invasive detection is demonstrated.

widespread use of NIR light sources. The broader NIR emission
band ensures to expand the detection range, enabling the
detection of components by using various responses of organic
groups in the component analysis. The higher emission intensity
in the long wavelength region (>1000 nm) contributes to greater
biological tissue penetration in the field of non-invasive detection.
The high efficiency not only saves energy but also reduces heat
release, and the excellent thermal stability allows pc-LEDs to
maintain good performance at operating temperatures.>® These
advantages depend on the excellent performance of the phos-
phors, as they are the ones that absorb the narrowband blue light
of the chip and efficiently convert it to the desired NIR light.”
Over the past few years, many efforts have been made in the
research of various activator doped NIR phosphors, such as MgA-
1,OgMn*"® Ba;Lu(BO;)s:Eu*,’ K;LuSi,0-Eu™",' Y,Ti,0,:Bi*","*
Ca;Y,Ge;0.,:Crrt % LilnSL,0s:Cr',®  and  Y;In,Gaz0p,:Crrt.
Unfortunately, the FWHM of all these NIR phosphor emission
bands is less than 200 nm and the emission is weak at positions
greater than 900 nm, limiting their application in many fields. To
obtain super broadband NIR emission, researchers developed Cr**-
doped phosphors with two or more different octahedral lattice sites,
for example, La;GasGeOy4:Cr',"” La,MgZrOq:Cr**,'® and Li,MgZ-
rO4Cr’*."” However, the thermal stability of these phosphors is
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poor, due to the fast non-radiative relaxation of the loosely coordi-
nated Cr’*. Another strategy is to introduce Yb®* ions into Cr*-
doped NIR phosphors to obtain super broadband NIR phosphors
by constructing the energy transfer from Cr** to Yb®* ions, such as
Ca,ZrGe;0,,:Cr’" Yb*""®  LiScP,0,:Cr’",Yb*",'”* and Lu,CaMg,.
Ge;01,:Cr’*,Yb**.*° but they also suffer from low quantum yield
(QY) and/or poor thermal stability. Therefore, it is of great theore-
tical and practical value to actively explore new efficient super
broadband and thermally stable NIR phosphors.

In this paper, we report a garnet-type YCHSA:0.08Cr*>* phos-
phor with broadband NIR emission (FWHM = 110 nm) and
good thermal stability (I;p3x/303x = 76%). Furthermore, introducing
Yb*" ions into YCHSA:0.08Cr*" led to a broader emission band
(FWHM = 327 nm) and better thermal stability (I,p3x/303x = 83%).
The optimized NIR pc-LED is fabricated by combining YCHSA:0.08-
Cr*',0.03Yb>" with a commercial blue LED chip, giving a high
output power of 63.6 mW at a drive current of 100 mA, and its
applications in information encryption and non-invasive detection
are demonstrated.

Experimental section

Material synthesis.

Typically, YCHSA:Cr**,Yb®" phosphors were synthesized by a
high-temperature solid-state reaction method. According to the
Y,CaHfScAl;04,:xCr** yYb*" (x = 0.02 to 0.34, y = 0.01 to 0.16),
the stoichiometric amounts of raw materials Y,O3 (99.999%),
CaCO; (99%), HfO, (99.9%), Sc,0; (99.99%), Al,O; (99.99%),
Cr,05; (99%), and Yb,O; (99.99%) were weighed and well-
ground in agate for about 0.5 hours for full mixing. Then the
mixture was transferred into covered corundum crucibles and
pre-fired at 800 °C for 2 hours and finally sintered at 1550 °C for
4 hours under a reductive atmosphere (90% N, + 10% H,). After
being cooled down to room temperature, the final products
were ground to obtain the target green powders.

Characterization

Powder X-ray diffraction (XRD) measurements were performed
on a D8 Advance Power Diffractometer (Bruker Corporation,
Germany) at 40 kV and 40 mA with Cu Ko radiation (/ = 1.5406 A).
The Rietveld refinement was performed using the FullProf pro-
gram. Diffuse reflection spectra (DRS) of samples were recorded
using a UV-vis-NIR spectrometer (Hitachi UH4150). The particle
morphology and energy dispersive X-ray (EDS) mapping of samples
were characterized by scanning electron microscopy (SEM, JSM-
IT800) equipped with an EDS detector (Oxford Aztec Standard
X-MaxN 100 mm?). Photoluminescence excitation spectra, photo-
luminescence spectra and temperature-dependent (303-483 K)
spectra were recorded using an Everfine EX-1000 Exciting Spectra
And Thermal Quenching Analyzer For Phosphors. For the PL QY
measurement, the samples were put inside an optical integrating
sphere coupled to an Edinburgh Instruments FLS 980 spectro-
meter. The low temperature photoluminescence excitation spectra
and photoluminescence spectra were recorded using an Edinburgh
Instruments FLS-1000 spectrometer (Edinburgh Instruments,
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Edinburgh, UK). The fluorescence decay curves were measured
using a fluorescence spectrophotometer (Edinburgh FLS1000). The
NIR pc-LED devices were fabricated by mixing phosphor and
transparent silicone resin at 1:1 and coating the 450 nm InGaN
blue chips. The photoelectric properties of the pc-LEDs were
measured using an integrating sphere spectroradiometer system
(HASS-2000, 350-1650 nm, Everfine).

Results and discussion
Phase identification and crystal structure analysis

Fig. 1a shows the representative XRD patterns of undoped YCHSA,
YCHSA:0.03Cr**, YCHSA:0.08Cr**, and YCHSA:0.08Cr*",0.03Yb*"
samples, and standard cards of Ca,GdZr,Al;0;, (COD-4338781).
One can see that the XRD peaks of the samples match well with the
diffraction peaks of the standard cards, indicating that we have
successfully synthesized the samples. There are minor diffraction
peaks from CaHfO; (PDF#36-1473) impurities. Due to their very
small amount, the effect of CaHfO; on photoluminescent proper-
ties of YCHSA:Cr*",Yb®" can be ignored. Fig. 1b shows the crystal
structure of YCHSA. It is composed of [YOg/CaOg] dodecahedra,
[HfO4/ScOg] octahedra, and [AlO,] tetrahedra. Considering that Sc**
and Cr*" ions possess the same electrovalence and a similar radius,
Cr’*" ions are more likely to replace Sc*" ions in the octahedra (Sc**
(Nones) = 0.745 A), Cr** (rjon-g) = 0.615 A)). To further understand the
structure of YCHSA, we use the crystallographic data of Ca,GdZ-
1,Al;0,, (COD-4338781) as the start model to refine the undoped
YCHSA and YCHSA:0.08Cr*",0.03Yb®>" samples, and the results are
presented in Fig. S1 (ESIT) and Fig. 1c. The fitted parameters for
the undoped YCHSA and YCHSA:0.08Cr*",0.03Yb** samples were
obtained as Ry, = 9.35%, R, = 6.87% and Ry, = 9.68%, and R, =
7.07%, respectively, which represent reliable refinement results.
The detailed refined crystallographic and structure parameters are
summarized in Tables S1 and S2 (ESIt). To further study the
microstructure and elemental composition of YCHSA:Cr**,Yb*",
scanning electron microscopy (SEM) images and energy-
dispersive X-ray spectrometry (EDS) patterns were recorded and
are presented in Fig. 1d. The SEM image shows particles with an
irregular shape and a size distribution range of 1-10 um. The EDS
mapping of randomly selected YCHSA:Cr**,Yb*" particle reveals
that Y, Ca, Hf, Sc, Al, O, Cr, and Yb elements are uniformly
distributed throughout the YCHSA:Cr*",Yb** sample. The diffuse
reflection spectra (DRS) of the undoped YCHSA, YCHSA:0.08Cr™",
and YCHSA:0.08Cr**,0.03Yb®>" samples were recorded and are
shown in Fig. 2a. Compared with the DRS of undoped YCHSA,
YCHSA:0.08Cr** and YCHSA:0.08Cr**,0.03Yb*>" have two addi-
tional absorption bands distributed in the blue and red regions
corresponding to the *A,,—"Ty, and *Ay—"T,, transitions of the
Cr** ions. The optical band gap of undoped YCHSA can be
calculated by the following equations:**

Y2
R 0

F(R) =

(ohv)* = A(hv — Ey) 2)

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 (a) XRD patterns of the different doping concentrations of YCHSA:Cr®*,Yb®*, and the diffraction peak data of Ca,GdZr,AlzO1,. (b) Crystal structure
of YCHSA. (c) Rietveld refinement XRD pattern of YCHSA:0.08Cr**,0.03Yb>*. (d) SEM image and EDS elemental mapping on a single particle of

YCHSA:0.08Cr**,0.03Yb>*.

[WFR )] = A(hv — Ey) (3)

where R refers to the diffuse reflectance, F(R) represents
absorption, v denotes photon energy, and A and E, are the
absorption constant and band gap. On the basis of the above-
mentioned formula, the band gap of undoped YCHSA was
calculated to be 3.89 eV, as shown in Fig. 2b.

Luminescence properties

Fig. 3a shows the photoluminescence excitation (PLE) and photo-
luminescence (PL) spectra of the YCHSA:0.08Cr*" phosphor. Two
excitation bands at about 465 nm and 640 nm could be assigned to
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the *A,; — “Tyy and A,y —> *T,, transitions of the Cr** jons. Under
the excitation of 450 nm light, the PL spectrum shows a broadband
NIR emission peaking at 757 nm with a FWHM of 110 nm, which
corresponds to the “T,, — “A,, transition of the Cr’' ions.
According to Adachi’s study, the local crystal-field parameters Dq,
and B can be obtained by using the following formulas:**

Fig. 2 (a) DRS of the undoped YCHSA, YCHSA:0.08Cr**, and YCHSA:0.08Cr**,0.03Yb** samples. (b) Tucker curves of the undoped YCHSA.

This journal is © The Royal Society of Chemistry 2023

1.4 4 L
Dq = EE O T E( Toe) st “)
1 1
B=6.18Dq — 5[(12.36Dq)* — 2.22E(*Ey) 1 D> (5)
(b)
Undoped YCHSA |
|
5
=
e
=
E,=3.89 eV
T ' T T
3.0 3.5 4.0 45 5.0
Energy (eV)
J. Mater. Chem. C, 2023, 11, 5515-5523 | 5517


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3tc00634d

Open Access Article. Published on 06 April 2023. Downloaded on 3/30/2026 10:00:15 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Paper Journal of Materials Chemistry C
(a)- (b)
— YCHSA:O.OBCT3+ E(zEg)ZPL
3 1.0 —_
g 3| E(Togzm ‘
2 A, =450 nm s
w %8 >
c =
£ 2
S o6 o
° £
8 w T=6K
= 0.4 |
g 5 — Ay =750 nm
5 o2 o = A =450 nm
P-4
0.0
400 600 800 1000 1.6 2.0 2.4 2.8 3.2
Wavelength (nm) o1 Photo energy (eV)
(c) < (d).s
| ycHsA:xcr* oo,
S 40] Aex =450 nm I \
40 T, & | o0 N / 9
9 ; —0.04 \ =
Bgg] T 006 >\ g @ \
(/2] —(0.08 -
5 0.12 \ ]
g Eos 0.16 0 4 8 12 16 20 24 28 32 36
o 20 e 0.20 x content (%)
20 g 8 0.34 /\
Noa /
4 ©
O £
Eq O 0.2
4A29 Z
0 0.0
0 1 2 3 4 700 800 900 1000
Da/B Wavelength (nm)

Fig. 3 (a) PL and PLE spectra of YCHSA:0.08Cr** at room temperature. (b) PL and PLE spectra of YCHSA:0.08Cr** when T = 6 K. (c) Tanabe—-Sugano
energy-level diagram for a 3d* system in an octahedral crystal field. (d) Concentration-dependent emission spectra of YCHSA:xCr®* (x = 0.02 to 0.34)
phosphors. The upper inset shows the integrated emission intensity under different Cr** doping concentrations.
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where Dq represents the crystal field intensity, B is the Racah
parameter. The exact E(’E,)zpr, energy position can be determined
using the clear spike in the PLE spectrum at 6 K in Fig. 3b to be
1.79 eV. According to Adachi’s previous study, E(4T2g)ZpL is located
near the onset of the PLE spectrum in Fig. 3b, where we take it as
1.73 eV. From eqn (4)~(6), Dq/B and E(*Ty,)zpr, can be calculated as
2.07 and 2.52 eV, respectively. According to the crystal field theory,
Cr’" ions reside in a weak crystal field with broadband NIR
emission (corresponds to 4T2g — 4A2g transition). The values of
E(*T1g)zp1/B, E(*Tag)ze1/B, and E(*Eg)yp1/B are further calculated and
represented by colored dots displayed in Fig. 3c. The symbol dots
all show excellent agreement with the Tanabe-Sugano diagram
curves, which represents reliable results.

Fig. 3d presents the PL spectra of YCHSA:xCr’* (x = 0.02 to
0.34), with a maximum emission intensity of Cr*" ions for x =
0.08. On further increasing the doping amount of Cr** ions, the
emission intensity decreases due to the effect of concentration
quenching. The critical energy transfer distance (R.) can be
calculated to understand the mechanism of the concentration

5518 | J Mater. Chem. C, 2023, 11, 5515-5523

quenching in YCHSA:Cr** by the following formula:**

k14

R.=2 %
T (4TerN )

where N is the number of center cations in a unit cell, V
represents the cell volume, and x. stands for the critical
concentration. In YCHSA:Cr®", N = 8, V = 1902.11 A® and x, =
0.08. The calculated result of R, is 17.84 A. Therefore, the
energy transfer mechanism among Cr** ions is governed by
electric multipolar interactions since the exchange coupling
takes place generally in a forbidden transition (the R, is
typically < 5 A). According to the report of Van Uitert, the PL
intensity per activator concentration can be calculated by the
following equation:*°

log (i) = fglogx + 4
X 3

where I represents the intensity of emission, x is the concen-
tration of Cr** ions, and 0 and A are constants under the same
excitation. On the basis of the Dexter theory, the value of 6 = 6,
8, and 10 correspond to the dipole-dipole (d-d), dipole-quad-
rupole (d-q), and quadrupole-quadrupole (q-q) interaction,
respectively. Fig. S2 (ESIf) shows the dependence of logl/x
and logx; the slope (—6/3) of the line is calculated to be

(7)

(8)

This journal is © The Royal Society of Chemistry 2023
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—1.37, therefore the 0 is 4.11 close to 6, indicating that the
concentration quenching mechanism of Cr*" ions in YCHSA is
attributed to dipole-dipole (d-d) interaction. Fig. S3 (ESIt)
shows a slight broadening of the NIR emission band and a
red shift of the emission peak position as the concentration of
Cr’" ions increases. The former is due to the enhanced lattice
distortion as the content of Cr** increases, leading to intensify-
ing the splitting of the Cr** energy levels. The latter is attributed
to the increased probability of the energy transfer from Cr**
ions with higher “T,, energy levels to Cr’" ions with lower “T,,
energy levels by increasing the Cr**-concentration.

The PLE and PL spectra of YCHSA:0.08Cr*" and YCHSA:0.08-
Cr**,0.03Yb®" are shown in Fig. 4a and b, respectively. It can be
found that the PLE spectrum for monitoring the Yb*" emission
at 1032 nm is similar to the PLE spectrum for monitoring the
Cr** emission at 757 nm. Moreover, under 450 nm excitation,
the PL spectrum of YCHSA:0.08Cr>*,0.03Yb>" contains not only
the emission band of Cr*" ions but also the emission lines of
Yb*" ions (corresponding to the *F5, — *F-, transition). These
two features illustrate the occurrence of energy transfer from
Cr’" to Yb*" ions. The PL spectra of YCHSA:0.08Cr*",yYb*" (y =
0.01 to 0.16) were recorded and are shown in Fig. 4c. As the
concentration of Yb** ions increases, one can see the constantly
enhanced emission intensity of Yb®" ions and the emission
intensity of the Cr** ions continuously decreases. Fig. 4d shows
the FWHM and integrated emission intensity of YCHSA:-
Cr’*,yYb*". When the concentration of Yb*' ions increases,
FWHM first increases to the maximum value (327 nm) for y =
0.03 and then decreases. Compared with some reported broad-
band NIR emission phosphors (Table 1), YCHSA:0.08Cr*",
0.03Yb*" has a relatively broad emission band. The integrated
emission intensity of the codoped samples decreases mono-
tonically with an increase in the concentration of Yb*" ions.

View Article Online
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As illustrated in Fig. S4 (ESIt), the internal quantum efficiency
(IQE) of YCHSA:0.08Cr*" and YCHSA:0.08Cr**,0.03Yb?" samples
is measured and found to be 85.8% and 67.8%, respectively.
A partial energy level diagram of electron transition in YCHSA:-
Cr’*,Yb*" is given in Fig. 4e to understand the mechanism of
energy transfer from the Cr** to Yb®* ions. Under 450 nm
excitation, the electrons of Cr*" ions jump from the ground
state 4A2g to the excited state and relax to the lowest excited
state 4T2g. Next, part of the electrons return to the ground state
*A,¢ with NIR emission covering from 650 to 900 nm. On part of
the energy being transferred to the Yb>* ions, electrons are
excited from the *F,,, to °Fs, of the Yb®" ions, and finally,
return to °F,, with the emission around 1000 nm in the long
wavelength region.

Fig. 4f presents the decay curves of YCHSA:0.08Cr*"yYb®*
under 450 nm excitation and monitoring at 757 nm. The PL
lifetime of Cr** ions at various values of y is calculated, and the
detailed results are listed in Table S3 (ESIt). As the concen-
tration of Yb*' ions increases, the PL lifetime of Cr’" ions
decreases monotonically from 73.55 to 22.68 ps. The energy
transfer efficiency from the Cr** to Yb** ions can be calculated
by the following formula:**

9

T
ner =1 — %
where 7, and 7 are the Cr’" PL lifetime in the absence and the
presence of Yb**, respectively. As shown in Fig. 4g and Table S4
(ESIY), the energy transfer efficiency increases continuously as
the concentration of the Yb®' ions increases and reaches
69.16% at y = 0.16, which is ascribed to the increasing prob-
ability of the energy transfer from the Cr** ions to the neigh-
boring Yb®" ions, indicating the enhanced rapidly energy
transfer with an increase in the concentration of Yb*" ions.
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Fig. 4
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(a) PLE and PL spectra of YCHSA:0.08Cr** and YCHSA:0.08Cr**,0.03Yb>". (b) Concentration-dependent PL spectra of YCHSA:0.08Cr** yYb>*

(y = 0.01to 0.16). (c) Emission integrated intensity and FWHM of YCHSA:0.08Cr**yYb>*. (d) Partial energy level diagram for the energy transfer process of
YCHSA:Cr?*,Yb®*. (e) PL decay curves of the YCHSA:0.08Cr** yYb** samples. () Relative PL lifetime of Cr** ions and (g) energy transfer efficiency in

YCHSA:0.08Cr** yYb®* samples.
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Table 1 PL performance of some broadband NIR emission phosphors as well as photoelectric properties of the fabricated NIR pc-LEDs devices

Phosphor FWHM (nm)  Ipsk30sx (%)  Photoelectric conversion efficiency (%)  Output power (mW)  Ref.
Y,CaHfScAl;0,,:0.08Cr*",0.03Yb*" 327 83 29.7 63.6 MW@100 mA This work
Lu,CaMg,Siz04,:Crt 125 70 14.8 59.5 mMW@100 mA 24
Ca,LaHf,Al;0,,:Cr*", Yb** 300 — — 33.24 mW®@200 mA 25

Gd;Sc; sAly 5Gaz0,,:Cr*t,Yb** — 97 24 50 mW@100 mA 26
La,MgHfOg:Cr**,Yb** 333 81.6 3.7 — 27
LiInSi,O¢:Cr** 143 77 17.2 51.6 mMW@100 mA 13
Ca,LuHf,Al;0,,:Cr*" — — 21.28 46.09 mMW®@100 mA 28
CaLu,Mg,Siz0q,:Crt 128 82.3 11.6 34.75 mW@100 mA 29

Photoluminescence thermal stability

Photoluminescence thermal stability is a key characteristic for
evaluating phosphors, as the operating temperature of LED
devices is usually around 400 K. Fig. 5a, b and Fig. S5, S6 (ESIt)
show the temperature-dependent PL spectra of YCHSA:0.08-
Cr’*yYb*" (y =0, 0.03, 0.09 and 0.22) varying from 303 to 483 K,
respectively. Fig. 5¢ shows the temperature dependences of
Cr’", Yb**, and the total emission intensity. Under the excita-
tion of 450 nm, the Cr*" ions show similar thermal quenching
behaviour with the increasing temperature, and the Cr** ions
emission intensity at 423 K is ~76% of that at 303 K. However,
the emissions of Yb®>" ions are enhanced with increasing
temperature in the range of 303-423 K. Thus, the introduction
of Yb** ions into YCHSA:0.08Cr*" considerably improves the
thermal stability of the YCHSA:0.08Cr**,yYb*". The total emis-
sion intensity of YCHSA:0.08Cr**yYb*" (y = 0, 0.03, 0.09 and
0.22) increased from 76% for y = 0 to 96% for y = 0.22 at 423 K.
YCHSA:0.08Cr>",0.03Yb>" retained 83% of the initial emission
intensity when the temperature reached 423 K, indicating
YCHSA:0.08Cr**,0.03Yb®>" has better stability than most of the
reported NIR phosphors (Table 1). The enhancement of ther-
mal stability can be attributed to the results of rapid energy

transfer between Cr**-Yb*" ions pairs against thermal de-
activation in Cr** ion emitting states.>?

It can be seen from Fig. 5b that the Yb**-emission lines
(located within 900-1100 nm) show different changes with the
increase of temperature. The emission lines at 1032 and 1020 nm
decrease rapidly, while the emission line at 949 nm is continu-
ously enhanced. This phenomenon can be well explained by the
Yb®* ion energy level splitting. Due to the effect of the crystal field
and the symmetry of the surrounding environment, the >Fs,
energy levels of the Yb*" ions split into three Stark energy levels
and the *F,, energy levels of Yb*" ions split into four Stark energy
levels in the YCHSA matrix as shown in Fig. 5d. The colored
arrows in Fig. 5b correspond to the emission peaks marked with
the same colors that can be directly identified in Fig. 5b. The black
arrows correspond to emission peaks that cannot be directly
identified in the spectrum, which are calculated from the deter-
mined energy levels. The emission lines at 910 nm, 937 nm,
952 nm, and 963 nm originate from the Stark level (2) of *Fs/, to
the Stark levels of *F,, transition, The 949 nm, 982 nm, 996 nm,
and 1007 nm emission lines are derived from the Stark level (1) of
%F,,, to the Stark levels of ®F,, transition, The emission lines at
971 nm, 1001 nm, 1020 nm, and 1032 nm come from the Stark
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Fig. 6 (a) Luminescence spectra of the NIR pc-LED fabricated using YCHSA:0.08Cr**,0.03Yb** under different drive currents. The inset pictures show
that the fabricated pc-LED is off and on. (b) Output power and photoelectric conversion efficiency under various drive currents.

level (0) of °Fs;, to the Stark levels of °F,, transition. As the
temperature increases, more electrons are thermally distributed
to the higher Stark level of *Fs,, so the emission lines originating
from the Stark levels (1) and (2) are enhanced and the emission
lines coming from the lowest Stark level (0) are weakened.

Fabrication of NIR pc-LEDs

Given the superior photoluminescence properties of the YCH-
SA:Cr*",Yb®" phosphors, NIR pc-LEDs are fabricated by coating
the samples (YCHSA:0.08Cr**,0.03Yb**) on commercial InGaN
chips (450 nm). Fig. 6a shows the luminescence spectra of the
NIR pc-LED device obtained at different drive currents ranging
from 10 to 300 mA. With an increase in the current, the spectral
profile of the as-fabricated pc-LEDs has no changes except for
the continuous intensity increase. The inset pictures of Fig. 6a
are taken by a visible camera when the fabricated NIR pc-LED is
off and on, respectively. From Fig. 6b the total output power
and NIR output power gradually increase and reach 63.6 mW
and 55.8 mW at 100 mA, while the total photoelectric conver-
sion efficiency and NIR photoelectric conversion efficiency

(a)

Information encryption
- =

Non-invasive detection

(b)

pc-LED light

decrease gradually from 29.7% to 21.2% and 26.1% to 18.6%
due to the efficiency of the blue LED chip decreasing. Detailed
test information is listed in Table S5 (ESIt). The fabricated NIR
pc-LEDs show excellent photoelectric properties compared with
that of the previously reported broadband NIR emission phos-
phors in Table 1.

NIR pc-LEDs for applications

Since different inks have different absorption in NIR light, we
exploited this property to explore the application of fabricated
NIR pc-LEDs in information encryption. As shown in Fig. 7a, we
first use carbon black ink to print important information on an
A4 paper. Then we use a black water pen to draw black squares
to obscure the important information. Under natural light,
we can only see a black square. But when we light up the NIR
pc-LED fabricated with YCHSA:0.08Cr*",0.03Yb*>" and take
pictures with a NIR camera, important information appears.
We also explored the application of fabricated NIR pc-LEDs in
non-invasive detection. As shown in Fig. 7b, it is hard to locate
veins in the palm through a visible light camera under natural

pc-LED light

—

NIR
CAMERA

NCU + GIA

Fig. 7 Applications in information encryption (a) and non-invasive detection (b).
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light, while it is easy to obtain a clear distribution of veins in
the palm when we place the palm between the NIR pc-LED and
the NIR camera and take a photo. These results reveal that
YCHSA:Cr**,Yb®" have great potential for information encryp-
tion and non-invasive detection applications.

Conclusions

In summary, a series of efficient super broadband and thermally
stable NIR phosphors have been developed by exploiting the
YCHSA garnet as the host for Cr** and Yb** ions. Under 450 nm
excitation, the YCHSA:0.08Cr’" phosphors show a broad NIR
emission peaking at 757 nm with a FWHM of 110 nm and good
thermal stability (I53x/30sx = 76%). On further introduction of
Yb*" ions, the YCHSA:0.08Cr**,0.03Yb®>" has an emission band
with a FWHM of 327 nm covering 700-1100 nm and enhanced
thermal stability (I423x/303x = 83%). The high-performance NIR
pc-LED device fabricated using the YCHSA:0.08Cr**,0.03Yb**
phosphor a and commercial blue chip produces 63.6 mW output
power at 100 mA input current and its applications in informa-
tion encryption and non-invasive detection are demonstrated.
These results suggest that YCHSA:Cr’*',Yb®" phosphors have
great potential for spectroscopy applications.
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