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Near-infrared (NIR) spectroscopy is a rapidly | 3
growing research area due to its noninvasive, inexpensive, and
rapid analysis capabilities spanning various applications. The key
technology behind the growth of this field involves phosphor-
converted NIR light-emitting diodes (pc-NIR LEDs) due to their
energy efficiency, long operating lifetimes, and chemical and
physical stability. Numerous studies have reported new Cr’*-
substituted phosphors that can more effectively convert blue LED
emission to NIR radiation with a broad full-width-at-half-maximum
(fwhm) that covers a significant portion of the interatomic
vibrational spectrum. However, there is still much to learn about
these materials’ structure—property relationships. In this Spotlight
on Applications, we discuss current research progress in designing
broadband Cr** phosphors as sources of NIR light, specifically emphasizing our research. We examine results from our work and
others that have been used to create an efficient broadband emission in the NIR range. The discussion also emphasizes various
techniques to analyze and improve temperature-dependent photoluminescence. Finally, we highlight the potential applications of
Cr®*-based pc-NIR LEDs in fields such as night vision, bioimaging, and food freshness and analysis. This Spotlight on Applications
aims to provide an overview of the progress of pc-NIR LEDs based on Cr’* by emphasizing the challenges associated with its
advancement while offering a few suggestions for ventures in this field.

pc-NIR LEDs, phosphors, Cr*, broadband emission, luminescence

phosphor-converted NIR LEDs (pc-NIR LEDs) are currently
considered the most promising solution due to their ability to
cover most of the NIR region, low energy consumption, long
operating lifetimes, and remarkable chemical and physical
stability. Pc-NIR LEDs are a relatively new technology. It was
only in 2016 when Osram released the first commercial pc-
NIR LED, SFH4735."" Since that time, tremendous progress
has been made to improve these devices.

Pc-NIR LEDs operate by coating a blue-emitting InGaN
LED chip with an inorganic phosphor that absorbs and down-
converts the LED radiation to NIR photoluminescence. The
primary research has focused on developing new phosphors
that can more effectively convert the blue emission (/,,, = 450
nm) to the NIR. There are multiple strategies to achieve this
down-conversion process. One approach implements the 4f —

Near-infrared (NIR) spectroscopy in the 700 nm to 1700 nm
region of the electromagnetic spectrum has become a research
hotspot due to its widespread application in medical
diagnostics,1 night vision, > plant cultivation,”® remote
sensing,” and food freshness analysis.”® The historical and
universal approach for creating a NIR emission in this window
has involved using tungsten lamps that produce a desirable
broadband luminescence. However, these sources are
extremely energy inefficient, with most energy lost as heat.”
By contrast, direct-emitter NIR light-emitting diodes (LEDs)
based on epitaxial heterostructures of group III-V inorganic
semiconductors such as InGaAlAs, InGaAs, or GaAs are highly
energy efficient.'” The drawback of this approach is that the
LED emission has a narrow full-width half-maximum (fwhm <
50 nm), making it challenging to analyze the signal of multiple
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objects in different energy windows simultaneously. This can Phosphors for Infrared Applications
be overcome by implementing multiple NIR LEDs in a single February 14, 2023

device but at an increased device size, complexity, and cost. April 23, 2023

Unfortunately, LEDs also age at different rates, resulting in test May 4, 2023

discrepancies as the individual emission intensities of specific

wavelengths diminish separately. In light of these challenges,
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Figure 1. (a) The Tanabe-Sugano diagram for a d* electronic configuration in an octahedral environment. The emission spectrum of Cr** and the
respective configuration coordinate diagram under (b) weak, (c) strong, and (d) intermediate crystal field splitting.

4f luminescence of rare-earth ions such as Pr’*, Nd**, Ho*,
Er**, or Yb*".">7'¢ Although reasonably practical, there are a
few drawbacks to these systems. Most notably, the 4f — 4f
luminescence of the lanthanides is characterized by small
values of fwhm, similar to direct-emitter materials. The 4f — 4f
electronic transitions are also forbidden, leading to weak blue
light absorption.'” Additionally, many currently reported host
lattices to have moderate phonon vibrational energies (>900
cm™') that can facilitate multiphonon relaxation, leading to
quenching of the NIR luminescence, which impacts the
photoluminescence quantum yield (PLQY).'® A method to
overcome these limitations is to utilize luminescence from the
spin-allowed, 5d — 4f electronic transitions. However, it is
tricky to design a phosphor that displays a rare-earths emission
in the NIR range because such a low energy emission is most
readily achieved by searching for phosphors with high crystal
field splitting energy and low covalency.'” To the best of our
knowledge, there are no reports of Ce**-substituted phosphors
with an emission maximum beyond 750 nm. There are also
only a few reports of NIR emission from Eu®' that have been
published. For example, the garnet-type Ca;Sc,Si;O;y:Eu**
phosphor covers the NIR range (700 nm—1050 nm), but
the phosphor does not efficiently absorb blue light.”” This
incompatibility with commercial blue LEDs will hinder its
commercial application in current blue-based pc-NIR LED
devices. Another example that emits in the 600—900 nm range
upon blue light excitation is K;LuSi,O,:Eu®’,”" while
Ba,,,Sr;_,Ga,04:0.02Eu™ (y = 0, 0.3, 0.5, 0.7) can be excited
by blue light generating an emission centered at 670 nm to 775
nm depending on the Ba:Sr ratio.”” There are only a few Eu*'-
substituted phosphor systems reported to date, and much is
left to learn about their structure—property relationships.”***
Beyond these rare-earth ions, transition-metal activators such
as Bi**, Mn*", Ni**, Mn**, or Fe** have also been investigated,
but most of these materials do not fulfill the optical property
requirements for application.”>™**

Cr** is another ion studied for its optical properties and is of
interest for NIR light production. Cr** has been a widely
investigated activator ion since its success in the first ruby laser,
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a-ALO5:Cr**.*” The ion’s popularity stems from its tunable
luminescence, excitation wavelength in the visible region, and
high PLQY. The nature of the observed Cr** emission band
strongly depends on the strength of the crystal field with a
weak (octahedral) crystal field splitting environment resulting
in broadband 3d — 3d intraconfigurational spin-allowed *T,
— *A, transitions. In contrast, strong crystal field splitting
yields sharp line emissions from the spin-forbidden *E — *T,
transitions. The luminescence of Cr** can be deliberately tuned
for specific applications by modifying the crystal field splitting
energy to control the optical properties.”” In the case of ruby,
the strong crystal field experience by Cr’* in a-Al,O, results in
a sharp, narrow emission centered in approximately the 690
nm to 720 nm range.”” On the contrary, in a weak crystal field,
broad NIR luminescence can be achieved with an fwhm
between 130 nm to 340 nm (~1000 cm™ to 6000 cm™!)
depending on the number of crystallographic sites or any
potential average and local structural distortions within the
structure.”’ These properties in tandem make Cr’* the most
promising activator for pc-NIR light sources where the ability
to analyze multiple analytes reliably is imperative.

Over the past few years, our work and others have expanded
the understanding of crystal chemistry in Cr**-substituted
phosphors by synthesizing and characterizing several novel
materials with great potential for pc-NIR LED applica-
tions.”>° A number of reviews highlighting the fundamental
spectroscopic characteristics of Cr’*, including the crucial role
these compounds play in the context of NIR LEDs, are
provided elsewhere.”””’~* The goal of this Spotlight on
Applications is to establish the fundamental structure—
property relationships enabling the design of these materials
with an eye toward device integration. First, the basic
spectroscopic properties of Cr’" ions will be outlined. The
crystal-chemical handles that yield efficient broadband NIR
luminescence and thermally robust photoluminescence from
Cr*" investigated by our group and others will be discussed.
Finally, the potential applications arising from using Cr** pc-
NIR LEDs, from food freshness analysis to night vision, are
highlighted.
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A profound understanding of the energy level structure and
electronic transitions of Cr’* is essential for the design of
efficient, broadband NIR-emitting phosphors. When a
luminescence center, or so-called activator ion, is incorporated
within a host crystal structure, the ligands generate an
electrostatic field that splits the S-fold degenerate transition
metal (TM) depending on the exact symmetry. When the
central ion is inserted into an octahedral environment, the d
orbitals split into the triply degenerate t,, orbitals (d,, d,,, d,.)
and the doubly degenerate, e, orbitals (d.p, dp).3o%0
Depending on the ligands, the energetic position of the t,,
and, e, orbitals vary. In some cases of O, symmetry, the d,2.»
and d orbitals (eg) experience greater repulsion relative to the
triple-degenerate t,, orbitals, which causes e, to shift to higher
energy and t,, to fall energetically lower than e,. In the case of
tetrahedral symmetry, the effect is reversed, where the t,,
orbitals lie beneath the ¢, orbitals in energy. The energy
difference between t,, and e, levels is expressed as D, where Dy
characterizes the strength of the crystal field splitting. D, is
described by eq 1, where z is the charge of the anion, e is the
charge of an electron, r is the radius of the wave function, and
R is the distance between the central ion and its surrounding

ligands.

xyl

2 4
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q 6R5
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It is clear from eq 1 that the crystal field splitting energy is
inversely proportional to the metal—ligand bond distance. As a
result, a blue-shifted luminescence can be obtained by
decreasing the metal-ligand bond distances and inducing
stronger crystal field splitting.

Fundamental knowledge about the optical properties of
transition metals substituted in the inorganic host crystal
structure can be well explained by Tanabe-Sugano diagrams.
Figure la presents the Tanabe-Sugano diagram for transition
metals with d® configuration with O, symmetry, such as
octahedrally coordinated Cr**. In Figure la, the x and y axes
represent the D /B and E/B values, respectively, whereas E
stands for the energy of the transition, and B is the Racah
parameter, which describes exchange interactions between
pairs of electrons and Coulomb repulsion. A decrease in B
indicates smaller electron repulsion relative to the free TM ion,
which implies that the d-orbital electron cloud is more
extensive in the Cr**-substituted material. This is well-known
as the nephelauxetic effect. The reduction of the Racah
parameter from its free ion value is defined as the
nephelauxetic parameter f and can be calculated following
eq 2:

B

complex

ﬂ =
2)

The size of the nephelauxetic effect depends on the bond
strength between metal and ligand. Therefore, smaller 3 values
indicate stronger covalency between the metal and ligand. In
the case of Cr’ materials, covalency and the local activator
environment are essential to the tunability of the observed
luminescence.

Three principal cases should be considered when analyzing
the Tanabe-Sugano diagram for Cr**. The first involves a weak

B free ion
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crystal field environment, where values of D /B are <2.3. As
illustrated in Figure 1b, when Dq/B < 2.3, relaxation from the
first excited state *T, to the *A, ground state results in a spin-
allowed radiative relaxation with a decay time of £#100 ys. This
broadband emission is desirable for application in pc-NIR
LEDs because these transitions should cover the entire NIR
region of interest (700 nm —1300 nm).*” The fwhm and
emission maximum can also be easily tuned due to the
presence of multiple substitution sites or through crystal site
engineering by creating solid solutions. This is further
discussed in section 3.2. Conversely, in a strong crystal field
environment, the value of D /B > 2.3, and the luminescence is
characterized by narrow lines, typically in the deep red region
of the visible spectrum, as presented in Figure 1c. The Tanabe-
Sugano diagram reveals that the °E state becomes the lowest
excited level, and consequently the E — *A, transition is
observed. Since this transition is forbidden not only by parity
(Laporte rule) but also by the spin rule (AS = 0), the
luminescence spectrum resembles narrow 4f — 4f transitions,
and the radiative decay time is even longer than the
luminescence originating from the *T, state, on the order of
a few microseconds.

As illustrated in Figure 1d, the intermediate values when D/
B ~ 2.3 lead to an intersection of the *T, and ’E levels at the
minimum of the potential energy surfaces, which results in
orbital mixing. As a result, the ion experiences strong and weak
crystal fields simultaneously, enabling radiative relaxation from
two excited states. The outcome is a combination of narrow
emission lines overlapping with the broadband emission. These
systems are desirable for luminescence thermometry because
an increase in temperature induces a thermal population to a
higher energy excited state.”*"** This causes a drastic change
in peak shape from sharp line emission to broadband emission.
However, for pc-NIR LEDs, this phenomenon is not favorable
since the emission band’s shape, position, and fwhm should
remain thermally stable up to 423 K, which is the temperature
that LEDs can reach during operation. Therefore, ideally, there
should be a lack of coupling between °E and *T, excited states
at elevated temperatures.

The observed luminescence from Cr’* depends upon the
Racah parameter or the crystal field splitting energy. Therefore,
targeting an appropriate covalency and crystal field environ-
ment is essential for designing next-generation NIR-emitting
phosphors. Sadly, it is not enough to simply produce a
broadband NIR emission. The phosphor must have a
sufficiently broad fwhm to cover the NIR region of interest,
whether biological windows I and II or the region to assess
food freshness (800 nm—1350 nm). The materials must also
have a high quantum efficiency under blue light excitation.
Therefore, our work and others have focused on establishing
new strategies for enhancing the luminescent properties of
Cr’*-substituted phosphors that can be assembled into design
guidelines to address each of these requirements.

One universal strategy for obtaining broadband luminescence
is to target inorganic host crystal structures with more than one
crystallographic site for Cr’* substitution. Indeed, structures

https://doi.org/10.1021/acsaom.3c00058
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Figure 2. (a) The crystal structure of La;Ga;GeOy, is drawn to highlight the [Ge/GaO,] tetrahedra (green) and two independent [GaOy]
octahedral units (red and gray). (b) The excitation (den; = 700 nm, A,y = 850 nm) and emission spectrum (A, = 473 nm) of
La;GagGeO,;:0.05Cr** were recorded at room temperature. (c) The photoluminescence excitation (dashed) and emission (solid) spectra of
La;GasGeOy,:xCr’* where x = 1% (gray), 3% (red), 5% (navy), 7% (yellow), and 9% (blue). (d) The thermal stability of La;Ga;GeO ,:xCr**
phosphor was investigated through temperature-dependent luminescence measurements. (e) The crystal structure of XSc,Ga;0;, where X = Lu, Y,
Gd, and La. (f) The emission spectrum of the XSc,Ga;0,,:Cr** phosphors recorded at room temperature. (g) The integrated intensity as a
function of the temperature of the XSc,Ga;O,:Cr*" phosphors. Panels b—d are modified from ref 31 and panels f and g are modified from ref 45.

with multiple crystallographically independent polyhedral
environments with different geometries, bond lengths, and
polyhedral volumes produce different magnitudes of crystal
field splitting, increasing the emission fwhm. This multisite
strategy has been successfully used to obtain a vast emission
band (fwhm = 330 nm or ~6100 cm~™!) in
La;GasGeO,,:Cr**.*" This host crystal structure has three
independent sites capable of accommodating Cr**, two GaOy
octahedra, and one disordered (Ga/GeO,) tetrahedron
(Figure 2a). The latter is occupied in a 1:1 ratio of Ge* to
Ga*. X-ray absorption near-edge structure (XANES) and
electron paramagnetic resonance (EPR) measurements
revealed that the Cr’* simultaneously occupies the octahedral
and tetrahedral sites. This leads to the broad emission band
that can be excited by blue light (4., = 450 nm), as shown in
Figure 2b. The emission spectrum spans 650 nm—1200 nm
with two distinct maxima at &~ 800 nm and 980 nm, originating
from Cr*" in octahedral and tetrahedral positions, respectively.
Increasing the Cr’* concentration does not influence the
excitation spectra (Figure 2c), although the emission intensity
of the peak located at 950 nm increases. This phenomenon was
also observed in the BaMgAl,;,0,,:Cr** phosphor, where the
fwhm was increased 10-fold by site-selective occupation.” As
the concentration of Cr’* increases, the activator occupies both
octahedral [AlOg] crystallographic sites in the host, resulting in
an fwhm = 92.6 nm (& 2000 cm™"). Nevertheless, the fwhm of
this emission band is not quite wide enough to meet the
requirements of pc-NIR LED lighting because the emission
maximum occurs at relatively high energy 1., = 690 nm.
Broadband emission was also achieved in the La,MgZrO:Cr’*
phosphor with an outstanding fwhm of 210 nm (~ 3190 cm™")
due to the presence of Cr’* on the ZrO4 and MgOy distorted
octahedral sites."* The substitution of an activator ion on more
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than one crystallographic site is one viable method for
designing broadband NIR-emitting phosphors that can be
utilized in blue LED-based NIR spectroscopy.

Broadband NIR-emitting phosphors can also be developed by
tuning the emission maximum. One of the most common
approaches for red-shifting the emission maximum is
modifying the local coordination of Cr’* since D, strongly
depends on the cation—ligand distance (eq 1). Studies based
on varying covalency in the X3Sc,Ga;O, garnet family (X =
Lu, Y, Gd, La) have shown that the position of the Cr**
emission band can be tuned from 690 to 810 nm.** Garnets
crystallize in cubic space group Ia3d with the chemical formula
A;B;Oy, or A;B,C;0,,, where A, B, and C represent different
cations. Figure 2e illustrates the crystal structure containing
three crystallographically independent sites for Cr** substitu-
tion. It is expected that Cr** (recpeq = 0.615 A)*® would
substitute on the octahedral [ScOg] site (rg.cporq = 0.745 A)
rather than the [GaO,] tetrahedral position (74 ooq = 0.390
A). Analyzing Figure 2f, the emission spectrum of
Lu;Sc,Gay0y,:Cr’* (dark blue) consists of superimposed
transitions from the *T, and ’E levels to the ground state of
the Cr**. Replacing Lu** with ions of progressively larger ionic
radii (Lu** < Y3* < Gd" < La®") leads to the linear increase of
the lattice parameters and, consequently, an increase in the
Cr¥*—0?* distance. As a result, the crystal field strength
decreases, as observed in the luminescence spectra, where a
significant red shift occurs from X = Lu** to X = La*" by almost
120 nm. The calculated Dq/B values decrease from 2.57 to
2.27, proving the smaller crystal field splitting and conseqa lack
of luminescence from the E excited state. Regardless, these
garnet materials do not possess a wide enough emission fwhm

https://doi.org/10.1021/acsaom.3c00058
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Figure 3. (a) The crystal structure of -Ga,O;. As proven by density functional theory techniques, the substitution of In** for Ga*" occurs on the
octahedral sites exclusively. (b) The luminescence spectra of Ga,_,In,O,:Cr** with a different In** concentration were recorded at ., = 450 nm.
(c) Photoluminescence quantum yield of Ga,_,In,O5:Cr** as a function of x concentration. (d) Temperature-dependent integrated emission areas
of Ga,_,In,0;:Cr** phosphors where x = 0, 0.2. 0.4. (e) Crystal structure of LiScSi,Os. Ge*' ions likely replace Si*, forming tetrahedrons. (f)
Luminescence spectra of LiSc(Si;_,Ge,),05Cr* for the full Ge:Si range. (g) fwhm and centroid as a function of Ge concentration. (h)
Temperature-dependent decay time of the LiSc(Si;_,Ge,),0¢:Cr** solid solution. Panels b—d: modified from ref 33. Panels f— h modified from ref

47.

for NIR application; however, it is evident that cation
substitution is an effective strategy to red-shift the emission
maximum toward NIR emission.

The surrounding coordination environment of the activator
ion can also be influenced by creating a solid solution. Indeed,
intentionally introducing structural distortions can cause
desirable inhomogeneous broadening of the emission band.
As recently presented by our work, the luminescent properties
of f-Ga,05:Cr’* can be nicely tuned by substituting Ga** with
In*.*® The crystal structure of p-Ga,O, belongs to the
monoclinic C2/m (no. 12) space group. As shown in Figure 3a,
the structure comprises distorted [GaOg4] octahedral units
corner-connected with [GaO,] tetrahedra to produce a three-
dimensional network. Rietveld refinement and formation
energy calculations agree that both In** and Cr*" preferentially
substitute on the octahedral sites over the tetrahedral sites. The
luminescence of Cr’" can be excited by blue (4 = 450 nm)
light, leading to a broad luminescence covering the 600 nm
—1000 nm spectral region (Figure 3b). Substitution of In*" by
Ga®" induces weaker crystal field splitting, and D,/B decreases
from 2.65 in [(Ga, ¢,Cry;)]O; to 2.37 in [(Ga, 4,Crg;)Ings]-
O;. Consequently, the emission peak maximum shifts toward
longer wavelengths from ~713 nm to 820 nm, and the fwhm
also increases from 122 nm to 157 nm. These changes stem
from modulating the crystal field splitting energy through In**
substitution, which distorts the crystal structures and broadens
the emission band. Most importantly, the photoluminescence
quantum yield remains nearly constant as a function of In**
substitution, between 85% and 90%, until x = 0.5, where the
PLQY decreases to 72%. For samples containing x = 0, 0.2, and
0.4, the luminescence intensity signal remains high even at
elevated temperatures with 77% for x = 0, which decreases to
60% compared to the room temperature emission intensity
when x = 0.40 (see Figure 3d).
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Finally, Van Bunningen et al. investigated the luminescent
properties of a LiSc(Si;_,Ge,),04 clinopyroxene solid solution
substituted with Cr**.*” LiScSi,Oy crystallizes in monoclinic
space group C2/c (no. 15) and is isostructural with LiScGe,Oq,
allowing for the creation of a complete solid solution by
varying the ratio between Si:Ge. Figure 3e presents the
structure of the investigated material. It consists of alternating
tetrahedrally coordinated Li* and Si** layers along with
octahedral [ScOg] units. Due to their similar ionic radii and
charge, Ge*" replaces Si** ions, while Cr** most likely occupies
the octahedrally coordinated [ScOg4] polyhedron. The material
can be excited by blue radiation (1., = 450 nm) to produce a
broad emission band covering the NIR range of the spectrum.
As plotted in Figure 3f,g, the A, shifts with increasing Ge
content in the investigated materials by around 645 cm™. As
revealed in Figure 3g, a distortion in the second coordination
sphere in the Ge*':Si*' results in an inhomogeneous
broadening of the emission band, with the broadest fwhm
observed in the mixed Ge:Si system (fwhm = 2258 cm™ for x
0.8). An analogous approach was utilized in (Lil-
n)l_},anyInSbOé.3 Considering coordination number, as well
as the ionic radii of Zn*', a cosubstitution of Zn** onto the Li*
and In*" site occurs. Consequently, the cosubstitution causes a
contraction of the In—O bonds and increases the D /B values,
inducing a blue-shift in the luminescence. The emission peak
shifts from 965 nm to 892 nm, and the biggest fwhm was 235
nm (2452 ecm™) for (Liln)y4Zn,,InSbO4:Cr*.

Beyond possessing a broadband emission, other requirements
must be fulfilled when designing efficient Cr** phosphors for
NIR pc-LEDs, such as high PLQY of the material expressed as
a ratio between the number of emitted photons relative to the
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Table 1. Summary of Select Cr**-Substituted Phosphors with the Reported D./B, fwhm, S, PLQY, I,,; ¢ Values, Excitation,

And Maximum Emission Wavelength

formula D,/B Aex (nm) Aem (nm)

Weak Crystal Field

NaGaP,0,:Cr** 1.98 460 793
K,NaScF:Cr®* 2.06 450 765
GaTa0,:Cr** 2.29 460 840
Gd;Sc; 4,GagsGaz0;,:Cr** 245 460 756
KAIP,0.:Cr** 1.90 450 790
K,NalnFg:Cr* 1.79 450 774
LaTiTaO4:Cr* 2.12 354 950
Y,In,Ga;0,,:Cr** 224 450 760
Gd;Al,Ga;04,:Cr* - 445 730
GdAL(BO,),:Cr** 248 420 740
SrAlGag0,4:Cr** ~ 2.5 450 770
Intermediate/Strong Crystal Field

Sr3Sc,0q:Cr** 2.69 468 761
BaMgAl ,0,,:Cr** 2.52 399 692
Y,CaAl,SiO;,:Cr** 2.62 440 750
SrGa;,0,y:Cr** 342 448 750
a-ALO5:Cr** 2.81 405 695
LaGaO;:Cr** 2.87 450 727
ZnAlL0,:Cr** 3.68 384 687

absorbed photons. The PLQY can be correlated with the rate
of the radiative (kz) and nonradiative (kygz) transitions as
presented in eq 3:'

kg

o) = ———
® kg + knr (3)

Radiative de-excitation pathways lead to the generation of
photon emission, where nonradiative pathways are associated
with the liberation of vibrational energy. To much extent, the
temperature-dependent changes in luminescence intensity
originate from the fluctuations of the nonradiative transition
rate probability. Consequently, increasing the probability of
nonradiative transitions will directly decrease the PLQY.
Bearing in mind that current InGaN LEDs operate at ~423
K, phosphors are only considered thermally robust if they have
a minimum Ty, (defined as the temperature at which the
intensity/decay time of the luminescence is 2-fold lower than
at the lowest temperature) above 423 K.** For example,
temperature-dependent luminescence measurements on
La;GagGeO,,:Cr’* were conducted to investigate the thermal
stability of the phosphor.”’ The phosphor possesses a high T,
of 7560 K, which is sufficient for application in a NIR pc-LED
(Figure 2d). Yet, it is unclear what changes in the crystal
chemistry suggest further work to establish the mechanisms of
thermal quenching in these phosphors.

As noted, it is essential to account for the change in optical
properties as a function of temperature. The correlation
between the intensity of the luminescence and temperature can
be expressed by using eq 4:'

IO
I, AE
L+ e (_ﬁ) ()

where T is the radiative lifetime at 0 K (in practice when no
thermal quenching occurs), I, corresponds to the attempt rate
of nonradiative transitions, kg is a Boltzmann constant, and AE
is the activation energy responsible for the quenching process.
The value of AE can be easily obtained by fitting the integrated

KT) =

fwhm PLQY (%) S Iy ¢ (%) ref
1780 cm™!/115 nm 56.4 226 85.5 52
1709 cm™'/101 nm 74.0 2.96 89.6 53
1872 cm™'/140 nm 91.0 3.82 60 35
1682 cm™!/120 nm 91.0 - 86 54
1852 cm™!/120 nm 78.9 2.58 77 55
1855 cm™!/124 nm 70.2 2.52 78.3 56
3184 cm™!/300 nm 10.23 9.19 24.64 51
1567 cm™!/125 nm 91.60 1.60 100 50
1562 cm™!/70 nm 97.3 - 96.8 57
1678 cm™'/140 nm 91 - 100 58
~1719 cm™!/110 nm 84 - ~100 59
1721 cm™!/120 nm 87.00 2.58 ~ 45 60
2000 cm™'/92 nm 94.00 - 63.00 43

2293 cm™!/160 nm - - - 61

1625 cm™!/78 nm 96.55 - 80.00 62
- 87.1 - 482 4

- - - - 63
- - - - 64

emission intensity or the photoluminescent lifetime as a
function of temperature. Usually, a small value of AE indicates
a high probability of quenching processes within the
investigated material, whereas a large AE indicates better
thermal stability. There are two main pathways responsible for
the quenching processes in the phosphors. The first one
involves a thermally activated photoionization process. If the
bandgap of the materials is not wide enough, the excited levels
of Cr’* can be near the conduction band. With increasing
temperature, the thermally activated photoionization process
becomes increasingly likely, as the excited electron and
conduction band wave functions effectively couple, promoting
photon extraction. Activation energy responsible for the
quenching process (AE) corresponds to the distance between
the bottom of the conduction band and the lowest energy
excited 3d orbital. To prevent the photoionization process, it is
essential to choose a host structure with a wide bandgap (E, >
2)."” The second mechanism is a thermally induced crossover
process where a thermal quenching occurs at an intersection
between the excited- and ground-state potential energy
surfaces. Here, AE corresponds to the distance between the
crossing point and the lowest vibrational level of the excited
state. The equilibrium distance between the ground and
excited parabola can be determined utilizing the Huang—Rhys
parameter (S), which indicates the magnitude of the electron—
phonon coupling. One of the universal approaches for the
determination of the Huang—Rhys parameter is fitting the
temperature-dependent emission fwhm using eq S, where #v is
the phonon energy:**

fwhm(T) = V8 In2 X Aw X /S coth(fw/2kyT) (s)

A large value of S indicates stronger electron—phonon
coupling, which leads to a broader emission bandwidth.
However, unfortunately, it also facilitates the probability of
nonradiative transitions due to the higher S value causing a
more significant shift between the excited and ground potential
energy surfaces, which increases the likelihood of an
intersection point and leads to lower values of AE. The
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Figure 4. (a) NIR output power and photoelectric energy conversion efficiency of Ga,g,_,,Mg,Ge,Cr;0; (x = 0, 0.04, 0.12, and 0.2) as a
function of driving current. Photography of fruits taken by (b) natural light and (c) NIR camera. Reprinted with permission from ref 32. Copyright
2022 American Chemical Society. Normalized transmittance spectra of Mg;Ga,GeOg:Cr** phosphors after penetrating a pear with different (d)
water contents and (e) sugar contents. A linear relationship between absorbance and (f) sugar degree or (g) water content. Measured versus
calculated (h) sugar content or (i) water content. Panels a—c modified from ref 32. Panels d—i modified from ref 69.

crossover process is also observed in the garnet phosphors, as
discussed above and plotted in Figure 2g. The thermal stability
decreased from Lu;Sc,Ga;0,:Cr** (Ts, 710 K) to
La;Sc,Ga;0,,:Cr** (Tyo = 410 K).* This is probably due to
stronger electron—phonon coupling and the lower energy of
the excited Cr’* orbitals, which leads to a crossover point
between the ground and excited potential energy surfaces.

Generally, the poor T, hinders the applicability of this
material in pc-NIR LEDs and needs to be improved. Similarly,
in the example of LiSc(Si;_,Ge,),04 expanding the fwhm and
maximum of the emission band by substituting Si for Ge as
desired naturally causes the Ts, to decrease following an
increase in S (eq 4) with the thermal quenching dropping from
339 to 393 K, as plotted in Figure 3h.*” One method to
minimize nonradiative relaxation through the crossover process
and increase the PLQY is to ensure that the host crystal
structure is rigid. However, the distinction of host lattices that
possess greater structural rigidity than others by merely
comparing their crystal structures can often be challenging.
One of the ways to determine structural rigidity is to calculate
a material’s Debye temperature (®p).* This can be done by
using density functional theory (DFT) calculations. As shown
in Y3In,Ga;0,,:Cr** material, Debye temperature reaches 599
K.*° Consistently, calculated PLQY reaches an impressive 91%
value. Therefore, combining a wide energy gap and ©p can
serve as a proxy for a phosphor’s PLQY and be used to screen
inorganic crystal structure databases.

The optical properties of Cr**-substituted phosphors in select
host crystal structures are presented in Table 1, along with
their D /B values, Huang—Rhys parameter (S), PLQY, and
I3 The strong dependence of Cr’* on crystal field splitting
and the nephelauxetic effect dramatically influence the
exploration of new broadband NIR-emitting phosphors.
Based on observations from the literature, the covalency
between Cr** and the ligand cannot exhibit values of D,/B that

1144

are too low or too high or, consequently, stronger crystal field
splitting will result. This will cause radiative relaxation
exclusively from the 2E excited level. For example, the
LaGaO,:Cr** perovskite phosphor (see Table 1) has a D,/B
value of 2.87, producing a luminescence spectrum composed
only of narrow lines. Instead of focusing on strongly covalent
host structures such as LaGaO; or a-Al,0O;, research should
focus on more ionic hosts, which tend to produce broadband
luminescence originating from the *T, excited level. Thus,
fluorides, phosphates, and some garnets, as presented in Table
1, are of interest. Besides covalency, electron—phonon
coupling also plays a crucial role in evaluating the applicability
of the Cr’* phosphors in NIR LEDs. As shown in
LaTiTaOg:Cr** phosphor, despite an impressive broad fwhm
(~300 nm/3184 cm™!), the estimated S parameter reaches
9.19, resulting in a poor PLQY value (10.23%) and low I3 ¢
(24.64%).”" Conversely, an extraordinary I,; (100%) was
reported in Y;In,Ga;0,,:Cr’* phosphors with a high PLQY
(~91.60%). This can be attributed to the relatively low S
parameter value of only 1.60.>°

It is important to note that the materials presented in Table
1 are among the only weak crystal field systems with all of
these parameters reported. Researchers investigating Cr’'-
substituted phosphors often omit many of these vital
parameters in their reports, limiting a complete understanding
of the material’s optical properties and their applicability in pc-
NIR LED devices. As valuable as these reports on phosphors
are, the field can be even further improved by performing a
complete analysis of a material, which includes investigating
the Huang—Rhys parameter. This can give insight into the
factors that control a phosphor’s fwhm and thermal stability,
enabling the development of highly eflicient phosphors.
Moreover, if future researchers want to apply machine learning
to identify promising materials more rapidly, then access to
this data is vital for building a reliable training set.
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The success of pc-NIR LEDs depends on two factors: fwhm of
the band and radiant flux. For simultaneous detection of
vibrational modes of different functional groups, it is necessary
to have a broad fwhm that covers as much of the NIR region as
possible. This is how these light sources can enable efficient
and noninvasive sensing of indigents such as water, fats,
proteins, or the presence of pesticides, as each has a
characteristic fingerprint in a given spectral range. The radiant
flux, defined as the amount of radiant energy that emerges
from a source per unit of time, is also essential. The
relationship between radiant flux (also known as light output)
and current in LED chips can be complex and depends on
several factors. However, in general, the radiant flux of an LED
increases with increasing current up to a certain point, after
which the radiant flux decreases. This behavior is because the
efficiency of LED (light output/power input) decreases due to
the heating of the material, which can facilitate nonradiative
transitions. A similar quenching process occurs in the
phosphor coating. Therefore, optimizing the operating current
to maximize radiant flux is essential. The ideal performance of
pc-NIR LEDs should reveal simultaneously high output power
with a relatively low input current, which is related to the
phosphor material’s efficiency and also a broad light
distribution.

Night vision has been employed across industries, addressing
the needs of military and rescue activities, security, engineer-
ing, and medical applications. The most common NIR light
sources used in night vision are tungsten and halogen lamps.
As mentioned in the introduction, these light sources are
highly inefficient due to the amount of heat they produce and
their relatively short operating lifetimes. Thus, one of the
promising solutions is applying Cr**-substituted phosphors as
more effective NIR light sources. The proposed strategy’s
potential has been nicely demonstrated in numerous scientific

papersz’g’?”és_67 where researchers show the potential of these
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systems by taking digital photographs of samples irradiated
with a NIR pc-LED and detected using a NIR camera.

For example, our work investigated the potential usability of
Cr*" for night imaging in Ga, g;_,,Mg,Ge,0;:Cr*", where x =
0, 0.04, 0.12, and 0.2.>> Elemental substitution modified the
crystal field splitting, which resulted in a tunable, red-shifted
emission band as the Mg and Ge content increased. The
device’s performance was evaluated by coating the phosphor
on a blue LED chip. As depicted in Figure 4a, NIR output
power increases as a function of driving current without any
visible saturation. However, the efficiency of the phosphor
decreases along with the increment of current. The highest
efficiency is achieved for Ga,05:Cr’* phosphor (43.4 mW@
15.3%, driven by 100 mA). The practical application of
fabricated NIR pc-LED was further demonstrated in Figure
4b,c. The results show that under NIR light produced by the
prototype device, black-and-white fruit images are easily
distinguishable, suggesting a potential for these materials in
spectroscopic applications. Similar research was conducted in
ScF5:Cr** phosphors.”” Due to the weak crystal field splitting,
it was possible to observe the luminescence of Cr’* in the
700—1100 nm range. However, the building prototype reveals
relatively poor efficiency and radiant power (~7.5 mW@2.65
driven by 100 mA). The effectiveness of the night vision
application was also demonstrated in Ca;Sc,Si;04,:Cr®*
phosphor by capturing a digital photograph of water and
milk using the fabricated device as the NIR light source.”® The
phosphor shows excellent performance as a fabricated high-
power NIR LED device, with its optical power reaching nearly
110 mW at 520 mA while showing no signs of saturation.

The capability of pc-NIR LEDs for food analysis was
investigated using the Mg;Ga,GeOg:Cr’* phosphor to
determine water content and sugar degree in fruit. It was
possible due to the overlapping of the emission spectra of Cr**
with second overtones of the O—H stretching band (970 nm—
980 nm) and third (~910 nm) and fourth (~750 nm)
overtones of C—H stretching vibrations in soluble sugars such

https://doi.org/10.1021/acsaom.3c00058
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as fructose, glucose, or sucrose. The NIR light penetrated the
pears in the experiment with different water and sugar
contents. A significant drop in the transmission spectra at
~980 nm occurs following the increasing water content
(Figure 4d). This is due to water reabsorption. Analogously,
Figure 4e shows that increasing the amount of sugar led to a
decrease intensity in the 720 nm—910 nm range. As depicted
in Figure 4f,g, a comparison of the actual water and sugar
contents derived from the experiment results in an excellent
linear correlation. Therefore, using Lambert—Beers law, it was
possible to calculate an experimental water and sugar content,
and as presented in Figure 4h,i, there is a good agreement
between actual and determined content. As shown by our
work, Cr** phosphors can also be effectively utilized for
analyzing food freshness by capturing tissue damage of the fruit
using an NIR camera, which is not visible to the naked eye.*®
The examples highlighted here demonstrate that a non-
destructive method for food quality can be achieved by using
broadband phosphor as an NIR light source. It is also
important to note that applying Cr**-substituted phosphors in
food quality analysis is a relatively new field, and discoveries,
applications, and successes will be made as research in this area
continues.

The use of NIR radiation is a paramount requirement for tissue
imaging. The absorption of different components such as
melanin, fat, water, or hemoglobin has a particular spectral
window, as plotted in Figure Sa, that falls into three distinct
biological windows: 650 nm 950 nm (I), 1000 nm—1350 nm
(I1), and 1550 nm—1870 nm (III)." Irradiating samples using
one of these windows enables light to penetrate tissues up to a
few centimeters. Unfortunately, under oxidizing conditions,
Cr’* can coexist with Cr* and Cr®, increasing chromium
toxicity and limiting its usability as an in vivo marker.
Regardless, it is still possible to use Cr’** for in vitro imaging.

For example, K,NaGaF:Cr** phosphor was investigated
with applications aimed at venography’® Bearing in mind that
hemoglobin in the blood can absorb some NIR photons when
NIR light passes through tissue cells, it is possible to clearly
distinguish blood vessels that absorb the photons compared to
the joints in the fingers and palm that absorb less by changes in
brightness and darkness in the recorded image, as shown in
Figure Sb. An analogous case was presented in the isostructural
K,NaInF:Cr** phosphor, where the NIR radiation penetrated
the wrist about 4 cm with a well-resolved image of the
distribution of veins.”® The influence of the thickness of beef
on the NIR depth penetration was investigated by using the
NIR radiation in ScBO;:Cr** phosphor.”" The results revealed
that the tissues could be effectively penetrated even at 1 cm,
where only 30% of the initial luminescence intensity is lost
after passing through the beef (see Figure Sc). Above 1 cm,
only 225% of the initial emission intensity passes through the
beef. An exciting example of dental analysis using NIR
spectroscopy was presented by the Sr,Sc(PO,),:Cr’* phos-
phor.”” The authors described constructing an NIR device for
dental imaging analysis. On the basis of the captured NIR
images, it was possible to judge the tooth calcification
compared with visible measurement. This approach would
open an opportunity to use a noninvasive method for
evaluating the teeth instead of using X-ray radiation for 2D
X-ray images. Like food freshness analysis, pc-NIR LEDs for

bioimaging have not been extensively explored; however, initial
results are genuinely encouraging.

Despite significant advances in developing NIR light sources
based on pc-LEDs, improvements are needed to advance this
technology. Still, among all activator ions, Cr’*-substituted
inorganic host crystal structures in a weak crystal field
environment have the best potential to improve NIR
commercial devices. This Spotlight on Applications highlights
a set of design rules stemming from our work and work from
leaders in the field that have enabled the creation of broadband
Cr**-substituted phosphors. We presented the current state of
the art in Cr’* literature from fundamental aspects to
employment in pc-NIR LEDs. The key takeaways include
guidelines for selecting host crystal structures that should
produce broadband luminescence originating from the *T,
excited state. We also show how the crystal chemistry can be
modified to obtain broadband emission, further broaden the
fwhm, and red-shift the emission maximum toward the NIR
region. Indeed, several strategies are available today following
extensive research to create highly desirable NIR broadband
emitters, including multisite occupancy of Cr’*, manipulating
the energy of the crystal field splitting, or introducing structural
disorders in the form of solid solutions. Besides broadband
emission, parameters that should be considered when design-
ing efficient Crt phosphors are also highlighted. Indeed, the
combination of high PLQY, low S parameter, high I,,; , and
broad fwhm can genuinely result in a highly efficient Cr**
phosphor that could be used successfully in NIR LEDs
applications. Initial research has successfully demonstrated the
capability of applying Cr** pc-LEDS in fields such as night
vision, food freshness testing, and in vitro imaging. As shown,
Cr’*-substituted phosphors can be used to detect water or
sugar in fruits and vegetables or to detect tissue damage in an
easily accessible way. This field will continue to emerge as an
active area for research and development, and based on the
growing number of research papers in this field in the last year,
it is likely that we will see continued progress in Cr’" pc-NIR
LEDs in the coming years.
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