Downloaded via UNIV OF HOUSTON MAIN on May 29, 2025 at 19:58:38 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

E]]] MATERIALS

pubs.acs.org/cm

| Aricle |
Developing the Na,CaZr,Ge;0,,:Cr** Garnet Phosphor for Advanced
NIR pc-LEDs in Night Vision and Bioimaging

Published as part of Chemistry of Materials virtual special issue “C. N. R. Rao at 90"

Zurong Liao, Malgorzata Séjka,§ Jiyou Zhong,* and Jakoah Brgoch*

I: I Read Online

Article Recommendations |

Cite This: Chem. Mater. 2024, 36, 4654—4663

ACCESS |

ABSTRACT: Materials emitting near-infrared (NIR) light play a
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crucial role in the development of phosphor-converted light- I this work
emitting diodes (pc-LEDs) for applications ranging from 100- e o ]
fundamental science like spectroscopic analysis to highly applied 80 e ® W

uses like night vision and biological imaging. One class of materials S o %

that has garnered significant interest for these technical spaces is cuieo; o o o o -
Cr*'-activated garnets due to their high efficiency and ability to =t o

operate at relatively high temperatures. However, their limited . 40+ ° o o
emission beyond 800 nm impedes their use as optimal blue LED- P %e,m | ‘a‘d\\\’& Foe

pumped NIR-emitting materials. In this study, we present a new Sop S i0° gl I ]

L L 1 L
garnet-type NIR phosphor, Na,CaZr,Ge;0,,:Cr’", that addresses 700 ~ 750 800 850
. . . .. peak wavelength (nm)

this challenge—the material exhibits a long-wavelength emission

(Aemmax = 832 nm) and good thermal quenching resistance while
maintaining an excellent internal quantum efficiency (IQE = 98%). These properties are attributed to a crystal environment
reconstruction, where a crystal structure distortion is coupled to a weak crystal field, which is uncommon for most rigid garnet-type
phosphors. Furthermore, the fabricated NIR pc-LED devices using this material demonstrate superior performance compared with
devices employing well-known efficient NIR phosphors operating in this emission range. The light source is subsequently
demonstrated in applications spanning night vision, bioimaging, and nondestructive analysis. This study not only provides insights

into the luminescence properties of Cr’*-activated garnet materials with desirable performance but also highlights the practical

application of NIR-emitting garnet phosphors.

1. INTRODUCTION

Near-infrared (NIR) light spanning from 780 to 1100 nm
boasts a diversity of potential applications across various
domains, including nondestructive food-quality analysis,
medical diagnostics and treatment, biological imaging, plant
growth, security monitoring, and remote temperature and
pressure monitoring, among numerous other fields.'™
Presently, the available NIR light sources used for such
spectroscopic or imaging techniques predominantly comprise
incandescent halogen lamps or direct-conversion light-emitting
diodes (LEDs). Each source has distinct advantages and
drawbacks. Incandescent lamps possess the ability to generate
continuous light emission spanning the NIR range, but they
struggle with issues of poor energy efficiency, a restricted
operating lifespan, and substantial size.”® LEDs, on the other
hand, address the inefliciency problems compared to

blue-emitting InGaN LED chip coated with a near-infrared-
emitting inorganic phosphor. The phosphor absorbs the
emitted blue LED radiation and down-converts the photons
into the NIR region of the electromagnetic spectrum. This
approach possesses distinct advantages such as the same
compact size, long lifetime, and even less energy consumption
compared with direct-emitting NIR LEDs. They also have the
added benefit of an easily adjustable emission spectrum,
including the ability to cover nearly the entire NIR region
similar to the incandescent lamps using a single broad-emitting
phosphor.'”™" These attributes make them ideal for future
integration into portable smart devices, enabling a wide array
of applications.

incandescent lamps; however, they have a narrow emission
spectrum, limited output power in the NIR range, and elevated
cost, which currently discourage broad industrial consider-
ation.”” Compared with the direct-emitter NIR LED sources,
NIR phosphor-converted light-emitting diodes (NIR pc-LEDs)
have become a popular option by using a higher-efficiency
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The careful selection of a broadband NIR phosphor is
pivotal for optimizing the overall performance of NIR pc-
LEDs. This choice impacts the device’s total light output.
Given that current InGaN LEDs typically operate at around
~423 K, it becomes necessary to prioritize the development of
broadband NIR phosphors that not only provide extensive
spectral coverage but also possess exceptional thermal
stability."*™'® Indeed, combination of the large Stoke shifts
associated with blue light absorption and NIR emission
generates intrinsic, nonradiative relaxation that acts as a local
atomic-scale heat source.'” Combined with the general heating
experienced by the phosphors during overall device operation,
managing thermal effects becomes critical for NIR phosphor
performance. The best option today for meeting these needs
are Cr’*-activated materials, owing to their efficient absorption
in the blue region of the electromagnetic spectrum, aligning
with the commercially produced InGaN blue-emitting LEDs,
and the ability to produce tunable broadband NIR emission
when incorporated into a weak octahedral crystal field.”**°~**
As a result, many Cr’*-activated phosphors have emerged in
recent years, with particular focus on the garnet family. Here,
multiple Cr’*-activated materials have been identified,
showcasing a remarkable combination of internal quantum
efficiency (IQE) and exceptional thermal stability. For
instance, Gd;Sc; sAlsGa;015:Cr’* (Aemmax = 756 nm) and
Ca38¢,8i302:Cr" (Aemmax = 770 nm) exhibit an IQE
approaching 100% and retain over 90% of the room-
temperature emission intensity at 423 K (I,,; ), the accepted
operating temperature of InGaN LEDs.”**

The high performance of the garnet family can be mainly
ascribed to the high rigidity of the host structure and wide
band gap of the host that can effectively suppress the
photoionization process.”**® Nevertheless, the densely packed
atomic structure can give rise to a strong crystal field, causing
the majority of Cr’*-activated garnet materials to exhibit an
emission peak wavelength below 800 nm.””*?°7*° This
portion of the far-red region (650—780 nm) is not conducive
to applications requiring NIR light. Consequently, there is a
desire to shift the emission produced by garnet phosphors to a
longer emission wavelength, ideally, A, ,..x > 800 nm.

Designing a phosphor with electronic transitions in this
region can be done by modulating the crystal field strength, as
portrayed by the Tanabe—Sugano diagram.’® A specific
example is the LajIn,Ga;0,,:Cr** phosphor, where a weak
crystal field environment was engineered by selecting large ions
to occupy cationic sites, resulting in the desired emission peak
at 830 nm.* Regrettably, the excitation peak of this material
(Aex ~ 480 nm) and the overall shape of the excitation peak do
not align with the blue-emitting LED. This compound also
shows a relatively low internal quantum efficiency (IQE <
40%), hindering practical application.”’

There is a possible solution to these challenges. Recent
studies have demonstrated that the introduction of Jahn—
Teller distortion effectively enhances the generation of long-
wavelength emission by increasing the splitting of the d energy
levels.*>™>* Based on this effect, the successful design of Ca’*-
Zr*/Hf* and Zn**-Ga** mixed ions occupying octahedral
sites in the base Gd;Sc,Ga;0), garnets has achieved emission
peak wavelengths surpassing 830 nm while maintaining
excitation with blue light.***>*® Unfortunately, the heavy
substitution killed the IQE of these heavily distorted garnets,
primarily due to the emergence of defects resulting from
substantial size mismatches in octahedral sites.”® Defects,
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including antisite defects, surface defects, and the formation of
Cr*, act as quenching centers for Cr’* by trapping excited
electrons, leading to a comparatively low efficiency.””*>*"**

In this work, we aim to combine the advantages of a weak
crystal field effect and Jahn—Teller distortion to create a garnet
phosphor with a general composition, A;B,C;0,, that can be
excited by blue light and efficiently emit relatively long-
wavelength NIR light even at elevated temperatures. With
these criteria in mind, we settled on a phosphor following these
design parameters: low-valence-state Na®, having an ionic
radius even larger than La**, was selected to occupy the A site
to further reduce the crystal field strength. This choice
necessitates substituting the B and C sites with higher-valence-
state ions to maintain a charge balance. Consequently, Zr*"
and Ge*" were selected for the octahedral and tetrahedral sites,
respectively. To minimize defects and stabilize the Cr** valence
state, Na'/Ca®* cooccupancy in the A site was finally
implemented for charge self-balancing. This resulting compo-
sition, Na,CaZr,Ge;0,, was anticipated to have a weak crystal
field and suitable distortion induced by Na'/Ca** with
different ionic radii in the dodecahedral site, which proves
beneficial for achieving long-wavelength NIR emission.
Furthermore, the single-ion occupation in octahedral sites
should minimize defects, promoting high efficiency. The
synthesis of this targeted composition was ultimately achieved
using a high-temperature solid-state reaction, while photo-
luminescence measurements demonstrated that, as anticipated,
Na,CaZr,Ge;0,,:Cr** exhibits a broadband NIR emission
with a relatively long-wavelength peak at 832 nm. Notably, the
IQE was measured at an impressive 98% for
Na,CaZr,Ge;0,,:0.02Cr**, while increasing the Cr** led to a
better external quantum efficiency (EQE) of 34% for
Na,CaZr,Ge;01,:0.06Cr** (both under 455 nm blue light
excitation). Moreover, the construction of a NIR pc-LED
device, optimized for performance, surpasses those of
previously reported phosphors with similar emission peaks.
Finally, the potential of the fabricated device has also been
estimated through multiple practical applications.

2. EXPERIMENTAL SECTION

2.1. Materials and Synthesis. Polycrystalline samples of
NaZCaZrz_xGe3012:xCr3+ (x = 0, 0.01, 0.02, 0.04, 0.06, 0.08, and
0.10) were prepared by a high-temperature solid-state reaction. The
starting materials NaHCO; (Aladdin, 99.95%), CaCO; (Macklin,
99.99%), ZrO, (Aladdin, 99.99%), GeO, (Aladdin, 99.99%), and
Cr,0; (Aladdin, 99.99%) were used as received and weighed
according to the stoichiometric ratio. To compensate for the
evaporation of Na at elevated temperatures, an additional S mol %
of NaHCO; was added. The starting materials were thoroughly
ground with an agate mortar and pestle for 30 min using ethanol as a
wetting medium. The mixtures were subsequently placed into
corundum crucibles as loose powder and sintered in a muffle furnace
at 1624 K for 8 h in the air. The resulting products were ground into a
fine powder by using an agate mortar and pestle. To enable direct
comparison of the title phosphor with previously published materials,
each displaying an emission peak maximum at 830 nm, these
compounds—Gag 99, T20,:0.006Cr**, Lilng,Si,04:0.06Cr**, and
Ga, 5;Mg;,Gey,05:0.03Cr**—were also synthesized here following
the original reports.>*~*

2.2. Characterization. Powder X-ray diffractograms were
collected for all prepared samples using an X'Pert’ PANalytical
diffractometer (Cu Ka, 1 = 1.5406 A). The products were confirmed
to show near-phase purity, while unit cell parameters were obtained
from refinements based on the Rietveld method using the General
Structure Analysis System (GSAS) software and the EXPGUI
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interface.*"*> Visualization for Electronic and Structural Analysis

(VESTA) was employed to visualize the crystal structure.*> The
morphology and chemical composition of the prepared samples were
analyzed by a Hitachi $4800 (Japan) scanning electron microscope
(SEM) and an X-ray energy-dispersive spectrometer (EDS), while an
FEI Talos F200 electron microscope was employed to measure high-
resolution transmission electron microscopy (HRTEM) mapping.
The diffuse reflectance (DR) spectrum was collected via an
ultraviolet—visible—near-infrared (UV—vis—NIR) spectrophotometer
(Shimadzu, Japan), and EPR (electron paramagnetic resonance)
measurements were performed using an EPR spectrometer (Japan,
JES-FA300) at liquid nitrogen temperature (77 K). X-ray photo-
electron spectroscopy (XPS) measurements were carried out on a
photoelectron spectrometer (K-Alpha, Thermo Scientific). An FLS-
1000 fluorescence spectrophotometer (Edinburgh Instruments Ltd.)
was utilized to record the photoluminescence excitation and emission
spectra at room-temperature and fluorescence decay curves. For
photoluminescence excitation and emission measurements, a 450 W
continuous xenon arc lamp was used as the excitation source, while
the decay traces were collected by using a 450 W Xe pulse lamp.
Measurements of the internal quantum efficiency (IQE) and
absorption efficiency (AE) were conducted by using a Quantaurus-
QY Plus C13534-11 (Hamamatsu Photonics), which was equipped
with an integrating sphere using BaSO, as a reference.

The NIR pc-LED devices were fabricated by uniformly integrating
a mixture of optimal phosphors and resin in a 1:1 ratio onto the
InGaN blue chips (A, = 455 nm). Devices were created
incorporating the title phosphor and the previously reported
phosphors:  Gag 9, Ta0,:0.006Cr>*, Liln,,Si,04:0.06Cr**, and
Ga, ;Mg ,Gey,03:0.03Cr**.>*7* Electroluminescence (EL) spectra,
NIR output power, and photoelectric conversion efficiency of all NIR
pc-LED devices were recorded by a HAAS2000 photoelectric
measuring system (350—1000 nm, EVERFINE, China).

2.3. Computation. The electronic structure of Na,CaZr,Ge;O,,
was analyzed using the Vienna ab initio simulation package (VASP),
which is based on density functional theory (DFT).** The crystal
structure was first optimized by treating by creating an ordered
distribution of Na* and Ca® on the dodecahedral site according to
the overall composition. The electronic and atomic convergence
criteria were set to be 1 X 107> eV and 0.01 eV/A, respectively. The
cutoff energy was set to 500 eV for the basis set of the plane waves,
and a single I" point was used to sample the first Brillouin zone for this
large unit cell. The PBE exchange—correlation functional was utilized
in structure optimization, electronic structure, and elastic constant
calculations. The Debye temperature is calculated based on the
calculated elastic constants and the arithmetic relations outlined by
the quasi-harmonic Debye model.”*~*’

3. RESULTS AND DISCUSSION

3.1. Crystal Structure, Density of States, and Diffuse
Reflectance Spectra of Na,CaZrGe;0;,. One-step solid-
state synthesis of the pristine, unsubstituted Na,CaZrGe;0,,
was achieved at 1624 K producing a highly crystalline single-
phase product, as confirmed by laboratory powder X-ray
diffraction (Figure 1a). The results indicate that the target
material is isostructural with a Y;Al;O,, garnet-type cubic
crystal structure (ICSD #23848). The crystal structure was
refined using the prototypical garnet structure starting point
for Rietveld refinement. The dodecahedral site bore a
combination of Na* and Ca®' in a 2:1 statistical mixture;
Zr*" replaced A" on the octahedral site, and Ge*" replaced
AP* on the tetrahedral site. The resulting model was then
refined with the unit cell parameters and atomic positions as
symmetry-constrained variables. The results showed excellent
agreement between the collected data and the structural
model. The refinement details and refined atomic position are
summarized in Tables 1 and S1, respectively. Na* and Ca’* are
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Figure 1. (a) Rietveld refinement of X-ray powder diffraction data for
the Na,CaZr,Ge;0,, host. Black circles represent the measured data;
the refinement is red, while the difference curve is blue. (b) Refined
crystal structure of Na,CaZr,Ge;Oy,. (c) Density of states of
Na,CaZr,Ge;0,, calculated by using a PBE functional. (d) Diffuse
reflection spectrum of the unsubstituted Na,CaZr,Ge;O,, host
material with the calculated optical band gap shown in the inset.
(e) XPS spectra of the Na,CaZr, 0,Ge;O1,:0.06Cr** sample. (f) EPR
spectra of Na,CaZr, ,Ge;0y,:xCr’* (x = 0.01, 0.04, and 0.10).

statistically mixed with a refined occupancy of 2:1 ratio,
consistent with the nominally loaded composition.

The crystal structure of Na,CaZr,Ge;O,, belongs to the
cubic crystal system in space group Ia3d (no. 230). The
structure comprises mixed-occupancy Ca**/Na* ions located at
Wryckoff position 12¢. Each ion is dodecahedrally coordinated
to eight oxygen atoms, which are shared with neighboring

Table 1. Rietveld Refinement Data of Na,CaZr,Ge;0,,

formula Na,CaZr,Ge;0,
radiation type; 4 (A) X-ray; 1.5406
20 (deg) 5—120
temperature (K) 298
space group Ia3d
a=p=y (deg) 90.00
a=b=c(A) 12.5916(7)
vV (A3) 1996.40(1)
profile R-factor, R, 0.0497
weighted profile R-factor, R, 0.0779
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[GeO,] tetrahedra and [ZrOg] octahedra, as depicted in Figure
1b. This arrangement forms a network of corner-connected
octahedral [ZrOg] and tetrahedral [GeO,], resulting in a dense
three-dimensional polyhedral network. To visualize the
contribution of each element to the formation of a band gap
in the examined compound, it is imperative to calculate the
density of states. The DFT-PBE functional will underestimate
the band gap, as presented in Figure 1c, but should be reliable
for interpreting the basic electronic structure. The partial
density of states indicates that the O 2p states dominate the
top of the valence band, whereas the bottom of the conduction
band consists of the Zr 4d states hybridized with the Ge 4s
states. The electronic band gap revealed an (underestimated)
indirect band gap value of 3.39 eV (Figure S1). To validate the
determined indirect band gap, diffuse reflectance of the
material was collected (Figure 1d). The absorption cutoff
edge of the host is at ~228 nm, and the Kubelka—Munk
function®***** is provided in eq 1

[hal'" = A(hv - E,) (1)
where hv represents the photon energy, a is the absorption
coeflicient, E, is the value of the optical band gap, and A is a
proportionality constant used to determine the band gap. The
exponent n is dependent on the nature of the electronic
transition and can be set to 1/2, 3/2, 2, and 3 for the direct
allowed transition, direct forbidden transition, indirect allowed
transition, and indirect forbidden transition, respectively.

The experimental optical band gap was found to be best
described when n = 2, indicating the material has an indirect
allowed transition, in agreement with the calculations. Based
on this fitting, the experimental E, was estimated to be 5.50 eV,
surpassing many garnet hosts such as Ca;S¢,Si;0,, (Eg =421
eV), Y3In,Ga;0, (E; = 4.98 €V), and Na;In,LisF,, (E; = 5.30
eV).>**”%% Such a wide band gap might indicate high-
photoluminescence thermal stability when Cr** is incorporated
in the material, as usually, a narrow band gap increases the
likelihood of luminescence quenching via thermally activated
photoionization.”*> However, beyond the band gap value,
high structural rigidity within the host structure is frequently
regarded as essential for designing efficient and thermally
stable phosphor materials. The evaluation of structural rigidity
can be achieved by determining the materials’ Debye
temperature (©®p) based on the DFT-PBE elastics con-
stants.””** The calculated ®}, in Na,CaZr,Ge;0,, is found
to be 486 K. This value aligns with other host structures that
are known efficient NIR phosphors when substituted with Cr**
such as GaTaO, (Op = 567 K, IQE = 91.2%), LiInSi,O4 (Op =
550 K, IQE = 75%), and Ga,0; (@, = 530 K, IQE =
92.4%).>**” These results indicate that the Na,CaZr,Ge;O,
host structure should be promising luminescent materials when
activated with Cr** for NIR applications.

3.2. Cr** Substitution in Na,CaZr,_,Ge;0,,. Incorporat-
ing Cr’" and varying the concentration following
Na,CaZr,_,Ge;0,:xCr** (x = 0.01, 0.02, 0.04, 0.06, 0.08,
and 0.10) produced a series of pure polycrystalline samples
based on refinements of their powder X-ray diffractograms
(Figure S2). As the concentration of Cr’* increases, the lattice
parameters and cell volume gradually decrease (Figure S3),
indicating the likely substitution of the smaller Cr** (r¢co0r. =
0.62 é) for the larger Zr*" (rg.coor. = 0.72 A) on the octahedral
sites.™

4657

High-resolution transmission electron microscopy
(HRTEM) for the Na,CaZr, 4,Ge;0,,:0.06Cr** sample was
conducted to further confirm the structure, as presented in
Figure S4a. The lattice fringes with a d-spacing of 0.261 nm
were assigned to the (332) planes, which is slightly narrower
than that (0.268 nm) in the undoped Na,CaZr,Ge;0,,
simulated from the refined structural model. The morphology
of Na,CaZr, 4,Ge;0,,:0.06Cr*>* was also examined by means of
SEM, as shown in Figure S4b—i. The micrographs revealed
that the particles have an irregular morphology with a size
falling between 1 and 50 um. Mapping the elemental
distribution using energy-dispersive X-ray spectrometry
(EDS) indicated that the loaded elements are uniformly
distributed in the region examined and no contamination was
present from the synthesis (i.e., aluminum from the crucible).
Furthermore, X-ray photoelectron spectroscopy (XPS) was
utilized to determine the Cr valence state in the
Na,CaZr,Ge;0, host structure. As shown in Figure le, the
resulting spectrum indeed supports the expected +3 valence
state for Cr centered at 586.6 eV.>’

To further investigate the local structure and interactions
around Cr*, electron paramagnetic resonance (EPR) spectra
of Na,CaZr,_,Ge;0,,:xCr** (x = 0.01, 0.04, and 0.10) samples
were collected, as depicted in Figure 1f. In all analyzed
samples, distinct signals appear at g = 3.7 and 1.98, attributed
to individual Cr** ions and coupled Cr’**—Cr’* ion pairs within
the octahedral site, respectively.””*® With an increase in the
concentration of Cr*" in the host structures, the intensities at g
= 3.7 and 1.98 also increase. However, their dynamics reveal a
notable contrast: the intensity at g = 3.7 displays a more
pronounced enhancement compared to that at g = 1.98. This
observation suggests that the majority of Cr’* ions reside
within the crystal in isolated states.””*

3.3. Photoluminescence Properties of the NIR
Phosphor. Figure 2a presents the photoluminescence
excitation and emission spectra of
Na,CaZr, 9,Ge;01,:0.06Cr*". The excitation spectrum exhibits
two intense absorption peaks in the blue and red regions of the
visible spectrum corresponding to ‘A, — *T, and ‘A, — *T,
Cr’* intraconfigurational 3d < 3d transitions, respectively.’*"’
Monitoring the emission upon excitation at 4., = 460 nm leads
to the intense broadband NIR luminescence with the
maximum located at 832 nm and full width at half-maximum
(fwhm) of 2054 cm™' (144 nm), indicating a typical emission
of Cr’" in a weak crystal field. The magnitude of crystal field
splitting can be estimated by the crystal field strength (D) and
Racah parameter (B) value using eqs 2—4"%

10D, = E(*T,) = E(*4, > 'T) 2)
D _15(x-8)
B ¥ - 10x ()
E(A, —» 1) — ECA, > 'T)
X =
D, (4)

The value of the Dq/B ratio is found to be 1.99. According
to the Tanabe—Sugano diagram, this confirms that Cr¥ s
situated in a weak crystal field environment as desired (Figure
S5).

Examining the emission spectra of Na,CaZr,_,Ge;O1,:xCr**
(x = 0.01, 0.02, 0.04, 0.06, 0.08, and 0.10), plotted in Figure 2b
and excitation spectra (Figure S6), offers further insight into
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Figure 2. (a) Normalized photoluminescence excitation (exc) and
emission (em) spectra of the Na,CaZr,,Ge;0;,:0.06Cr* sample.
(b) Normalized photoluminescence spectra of
Na,CaZr,_,Ge;0,:xCr>* (x = 0.01, 0.02, 0.04, 0.06, 0.08, and
0.10). (c) Room-temperature internal quantum efficiency (IQE),
absorption efficiency (AE), and external quantum efficiency (EQE)
measurements of Na,CaZr,_ Ge;O,,:xCr** (x = 0.01, 0.02, 0.04, 0.06,
0.08, and 0.10) under 460 excitation. (d) Room-temperature decay
curves of Na,CaZr, .Ge;0,,:xCr>* (x = 0.01, 0.02, 0.04, 0.06, 0.08,
and 0.10).

the luminescent characteristics of this phosphor. Despite
varying the Cr’* concentration, there is no noticeable shift in
the excitation peaks. The consistent position of the excitation
spectrum suggests that the crystal field splitting remains largely
unaffected by variations in the concentration of Cr**. This
stability primarily arises from the rigid nature of the crystal
structure and the low substitution concentration, which do not
disturb the overall crystal structure. Conversely, a slight red
shift can be seen when analyzing the emission spectra, which is
likely due to spectral overlap between excitation and emission
peaks, leading to the reabsorption process.

The room-temperature IQE, absorption efficiency (AE), and
external photoluminescence quantum efficiency (EQE) were
measured under 4., = 460 nm. As observed in Figure 2c, the
IQE initially has an impressive efficiency of 98.4% when x =
0.02; however, it immediately decreases at higher concen-
trations due to concentration quenching caused by energy
migration between neighboring Cr*" centers, and the increased
possibility of forming defects caused by the aliovalent Cr**
substitution for Zr*'. Nevertheless, the maximum value of IQE
is higher than those of most NIR materials when the emission
peak is centered above 800 nm. This includes Lu-
Ca,ScZrGa,Ge0,:Cr** (A, = 815 nm, IQE = 68.8%),
La,MgZrOg:Cr** (A, = 825 nm, IQE 58%), and
LiScSi,04:Cr** (A, = 845 nm, IQE = 64.4%).° % The AE
and EQE values also increase with increasing Cr’** concen-
tration. This can be attributed to the improved absorption of
the incident excitation energy by the phosphor. Similar to most
garnet materials, the AE value is not the highest among Cr'*-
activated materials mainly due to the high structure symmetry
of garnet, which is unfavorable to breaking the parity-forbidden
transitions.”* However, the combined exceptional IQE and the
moderate EQE (maximally 34%) of this phosphor directly
from the furnace suggest there is potential for further

4658

improvement through additional optimization and postsyn-
thesis processing.

Room-temperature photoluminescence decay curves of
Na,CaZr,_,Ge;0,:xCr** (x = 0.01, 0.02, 0.04, 0.06, 0.08,
and 0.10) are presented in Figure 2d upon excitation with 460
nm light. All of the decay curves are described by a single-
exponential function as presented in eq 5°"%

_ i)
T (5)

where I, stands for the offset, I, represents intensity at time t, A
represents the fitting constant, and 7 is the lifetime. The
obtained lifetime gradually decreases from 54.8 to 40.2 us with
increasing Cr’* concentration, stemming from the gradually
enhanced interactions between Cr’* ions, which lead to energy
loss in nonradiative transitions.

3.4. Thermal Stability of NIR Emission. To delve deeper
into the luminescence properties of the investigated material
and assess its potential in reallife applications, the sample
containing 6% Cr’* (highest EQE) was studied in detail.
Collecting the temperature-dependent emission spectra of the
Na,CaZr, 9,Ge;0,,:0.06Cr** sample in the 298—473 K
temperature range reveals that the emission intensity gradually
decreases as the temperature increases. Figure 3ab presents
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Figure 3. (a) Contour plot of the temperature-dependent PL spectra
of Na,CaZr, 4,Ge;0,,:0.06Cr*". (b) Normalized integrated intensity
of Na,CaZr,,Ge;0,:0.06Cr* as a function of temperature. (c)
Configuration coordination mechanism responsible for thermal
quenching. (d) Fitted Huang—Rhys factor S.

the contour plot of spectra together with integrated intensity as
a function of temperature, while the raw spectra are provided
in Figure S7. The material retains 62.8% of the room-
temperature intensity at 423 K. These results demonstrate
reasonably high thermal stability compared with materials with
similar emission peak wavelengths, such as GaTaO,:Cr’*
(Lips x = 60%), BaZrGe;Oq:Cr¥* (L3¢ 53%), and
Gal.sMgo.zGeonyCr“ (Lpsk = 42-8%)~38’40'65

The thermal stability of phosphors typically hinges on two
primary mechanisms: thermally activated photoionization and
crossover process. Considering the wide band gap of the
Na,CaZr,Ge;0,, host structure (Eg = 5.50 eV), it is unlikely to
induce thermal quenching via photo- or thermal-ionization
processes.”””” The thermal quenching of the phosphor is
therefore likely to occur through a mechanism involving a
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thermally activated crossover process. This process takes place
when the potential energy surfaces of the ground and excited
states intersect, as illustrated in Figure 3c. The absorption of
radiation quanta results in the excitation of an electron situated
at the lowest electronic and vibrational levels, propelling it to
the edge of the excited parabola (process A). Following, the
electron undergoes a nonradiative relaxation process, descend-
ing to the lowest vibrational level of the excited state and
releasing excess energy into the surroundings as heat.
Consequently, the electron may spontaneously relax to the
ground state, emitting a photon of light in the process. When a
substantial offset exists between the potential energy surfaces
of the excited state and ground state, the possibility of their
intersection (process C) arises. This intersection facilitates the
nonradiative relaxation of the excited state, typically resulting
in the release of energy in the form of heat (process D).
Therefore, it is imperative to determine the parabola offset in
the Na,CaZr, ,Ge;0,,:0.06Cr** material, which is controlled
by the magnitude of the electron—phonon coupling and can be
characterized by the Huané—Rhys factor (S). The value of S
can be calculated by eq 67"

fwhm (T) = +/8In2 X /S X hv X coth(ﬂ)
2kT (6)

where fwhm (T) is the full width at half-maximum of emission
spectra at temperature T, hv is the phonon energy, and k
stands for Boltzmann’s constant (8.617 X 1075 eV/K).

As shown in Figure 3d, the calculated S and hv values for the
title phosphor were determined to reach 1.13 and 98.3 meV,
respectively. These values are close to the values estimated by
the empirical equation S = (1/2EStokes/hv + 1/4) + 1/4
(Figure S8). Compared to other reported NIR phosphors, such
as LaySc,Gay0,,:Cr’* (S = 6.0), ScF4:Cr** (S = 3.01), and
K,NaScF4:Cr’* (S = 2.96), this value is notably low indicating
a weak electron—phonon coupling effect in the title materi-
al > %%% This finding aligns with the determined ©®p
temperature for this composition (486 K). However,
considering the temperature-dependent luminescence data,
this is somehow surprising as weak electron—phonon coupling
typically signifies high thermal stability. Here, a decrease in
luminescence intensity, albeit small, is observed above 300 K.
This discrepancy might be attributed to the fact that structural
distortion within the host can notably diminish the S value, as
discussed previously.” Therefore, the obtained S value might
not entirely represent the EPC effect in materials with
dodecahedral site distortion.

The alternative mechanism of photoionization could also be
related to the anomalous thermal quenching behavior.
Although initially discounted based on the wide E, of the
phosphor host, it is still a possible quenching pathway based on
the position of the Cr** 3d orbitals and the host conduction
band. To further investigate the nature of this thermal
quenching pathway, an activation energy (AE) was calculated,
which acts as the energy barrier for excited electrons to pass
the intersection, causing nonradiative transitions, and can be

estimated following eq 73:9,62,63
Iy
b= AE
1+C exp( — E) .

where I, represents the emission intensity at 298 K, I is the
intensity at temperature T, and C is a constant. As presented in
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Figure S9, the AE from this analysis can be determined to be
0.284 eV, which is lower than LiScP,0,:Cr** (AE = 0.337 eV),
ScBO4:Cr** (AE = 0.36 eV), and GdAL(BO,),:Cr** (AE =
041 eV).”°”7* This is a relatively low thermal barrier,
indicating, indeed, a high probability of thermal quenching at
elevated temperatures. Consequently, improving this material
necessitates exploring techniques for chemically altering the
phosphor, which elevates the activation barrier to prevent the
Crossover process.

3.5. NIR Pc-LED Fabrication and Applications. To
evaluate the potential of the phosphor in a pc-NIR LED
application, several parameters should be considered, such as
fwhm, thermal stability, efficiency, and spectral coverage.
Figure 4a presents a comparison of some promising garnet-
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Figure 4. (a) Comparison of properties with some relatively long-
wavelength-emitting garnet materials. (b) EL spectra of
Na,CaZr, 4,Ge;01,:0.06Cr**-containing pc-LED devices under 100
mA driving current and the photograph of the device. A comparison
of (c) NIR output power and (d) electric-photoconversion efficiency
of the fabricated NIR pc-LED devices within a driving current of 25—
300 mA.

type materials along with the material investigated in the given
work.””?>>7? Among all of the presented compounds,
Na,CaZr,Ge;O1,:Cr** stands out for its noteworthy attributes:
longer-wavelength emission, the highest observed IQE and
EQE, and a commendable level of thermal stability. These
characteristics distinguish it prominently within the category of
garnet NIR phosphors. This unique combination of properties
positions it as a promising candidate worthy of testing to verify
the potential application. Thus, a prototype NIR pc-LED
device was fabricated by coating a blue LED chip (4., = 455
nm) with the Na,CaZr, 4,Ge;01,:0.06Cr** phosphor encapsu-
lated in a silicone resin. The electroluminescence (EL) spectra
driven by 100 mA current were collected and are plotted in
Figure 4b, accompanied by an inset featuring a photograph of
the device. The measured NIR output power was found to be
33.2 mW, giving rise to a NIR photoelectric conversion
efficiency of 11.4% (at 100 mA). This combination of LED and
phosphor outperforms all other devices utilizing garnet
materials (as listed in Table S2).
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with different concentrations.

The superior performance of Na,CaZr, 4,Ge;01,:0.06Cr*" in
this device was, therefore, demonstrated by direct comparison
with several other efficient NIR phosphors, all known for their
peak wavelengths of more than 830 nm. The samples were all
resynthesized here, and the corresponding X-ray diffractogram
patterns are provided in Figure S10. These phosphors were
also fabricated into NIR pc-LEDs and measured under
identical conditions. As plotted in Figure 4c, the NIR output
shows an incremental increase with increasing driving currents
for all devices. However, within the 25—300 mA range tested
here, the device utilizing the Na,CaZr,o,Ge;0,,:0.06Cr>"
phosphor consistently exhibits the highest output power. At
the same time, Figure 4d provides each device’s NIR
photoelectric conversion efficiency. Driving the phosphor
shows an overall gradual decrease as a function of the driving
current throughout the range. This reduction is primarily
attributed to the “efficiency droop” phenomenon of the blue
InGaN LED chip.””*>*® Nevertheless, because a same
millimeter LED was used for each device, these results
demonstrate that incorporating the
Na,CaZr, ¢,Ge;0,,:0.06Cr** phosphor produces a NIR pc-
LED that outperforms the others, showing the smallest drop as
a function of driving current. Indeed, a better NIR photo-
electric conversion efficiency is obtained for all driving currents
up to 300 mA. Hence, a comprehensive analysis of both NIR
output power and photoelectric conversion efficiency con-
sistently establishes that the Na,CaZr,4,Ge;0;,:0.06Cr**
phosphor stands out as the superior choice among all
investigated materials. Its performance surpasses that of the
other tested phosphors across varying driving currents,
emphasizing its excellence for applications in NIR-emitting
devices.

The real-world potential of the Na,CaZr, 4,Ge;0;,:0.06Cr**
material was finally assessed through various experiments
including night vision, imaging, and analytical chemical
analysis. In Figure Sa, a digital image of a flower captured
under daylight conditions is compared with a nighttime
photograph taken by using a NIR camera. Notably, the black-
and-white image illuminated by NIR light distinctly reveals the
intricate details of the flower, highlighting the utility of this
technology as the light source for night-vision applications.
Similarly, Figure Sb illustrates a comparison between photo-
graphs of a hand taken in natural light and those taken in NIR
light. Under the NIR light, the blood vessels in the fingers are
evident, suggesting the potential application of this device in
biomedical imaging or nondestructive examinations. Finally,
the fabricated NIR pc-LED device was used as the excitation
source to measure the transmission spectra for various alcohol
concentrations. These data were collected by inserting a
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cuvette with alcohol solutions into the sample chamber’s
optical path. Collecting the absorption spectra clearly reveals
characteristic absorption bands at 970 and 910 nm, which can
be assigned to the second overtones of the O—H stretching
band and to the third frequency of the C—H bond, respectively
(Figure 5¢).>* Based on this, the absorption of alcohol
solutions at various concentrations was measured and is
depicted in Figure S11. The linear fit of the relationship
between absorbance intensity and alcohol concentration
(plotted in Figure Sd) at 965 and 905 nm, with goodness of
fit values R* = 0.990 and 0.993, respectively, suggests an
excellent potential for utilizing this material in nondestructive
and quantitative analysis using the vibrational spectra.’””*

4. CONCLUSIONS

In summary, a new garnet-type phosphor,
Na,CaZr,Ge;0,,:Cr**, was developed using the crystal-
chemical understanding of Cr** developed over the past few
years. The targeted composition was successfully synthesized
through a high-temperature solid-state reaction, and the
optimized sample containing a Cr** concentration of x =
0.06 was shown to exhibit a broad near-infrared (NIR)
emission spanning from 700 to 1150 nm, with a peak at 832
nm when excited at 455 nm. Remarkably,
Na,CaZr, ¢3Ge;01,:0.02Cr*" achieves a high internal quantum
efficiency (IQE) of 98%, and Na,CaZr, 4,Ge;01,:0.06Cr**
possesses a high external quantum efficiency (EQE) of 34%.
The properties could likely be further improved through
synthesis optimization, including charge compensation and/or
using flux to mitigate defect formation. The emission intensity
also retains 62.8% of its room-temperature value, indicating a
serviceable thermal stability. The manufactured NIR phosphor-
converted light-emitting diode (pc-LED) device demonstrates
outstanding performance with an output power of 33.2 mW
and a photoelectric conversion efficiency of 11.4% under a 100
mA driving current. These results showcase significant
advantages of Na,CaZr,Ge;0,,:Cr’* over previously reported
phosphors with similar emission wavelengths. Additionally, the
device exhibits multifarious applications such as night vision or
detection of ethanol concentration in solution, underscoring
the substantial potential of this material for NIR applications.
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