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ABSTRACT: Broadband near-infrared (NIR) emitting materials are in great
demand as next-generation smart NIR light sources. In this work, a Cr3+-substituted
phosphor capable of efficiently converting visible to NIR light is developed through
the solid solution, Ga2−xInxO3:Cr

3+ (0 ≤ x ≤ 0.5). The compounds were prepared
using high-temperature solid-state synthesis, and the crystal and electronic structure,
morphology, site preference, and photoluminescence properties are studied. The
photoluminescence results demonstrate a high quantum yield (88%) and impressive
absorption efficiency (50%) when x = 0.4. The NIR emission is tunable across a wide
range (713−820 nm) depending on the value of x. Moreover, fabricating a prototype
of a phosphor-converted NIR light-emitting diode (LED) device using 450 nm LED
and the [(Ga1.57Cr0.03)In0.4]O3 phosphor showed an output power that reached 40.4 mW with a photoelectric conversion efficiency
of 25% driven by a current of 60 mA, while the resulting device was able to identify damaged produce that was undetectable using
visible light. These results demonstrate the outstanding potential of this phosphor for NIR LED imaging applications.
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1. INTRODUCTION

Broadband near-infrared (NIR) luminescent materials emitting
in the 700−1100 nm range have gained recent attention owing
to their widespread need in food quality testing and analysis,
night vision, and the medical diagnostic fields.1−4 This
wavelength window is also useful because NIR light can be
transmitted through the first biological window allowing it to
be used for deep tissue imaging and blood glucose sensing,
among numerous other uses.5,6 Most importantly, this
wavelength region can be detected using inexpensive silicon
detectors.7 Despite the diverse set of applications and ease of
detection, these analytical tests all require the generation of the
NIR photons. There remains a need to create devices that can
efficiently generate the NIR light. Recently, phosphor-
converted NIR light-emitting diodes (pc-NIR LEDs) were
shown to produce superior output power, high efficiency,
durability, and compact size compared to traditional NIR light
sources, such as incandescent bulbs, tungsten halogen lamps,
or NIR LEDs. These advantages make pc-NIR LEDs ideal for
low-cost and convenient spectroscopic applications.8,9

A pc-NIR LED operates by converting the highly efficient
blue LED emission (λem ≈ 450 nm) to the NIR region using an
inorganic phosphor. Cr3+-substituted materials are considered
ideal NIR emitters for this process because their broadband
excitation spectrum matches the LED output. The subsequent
generation of either sharp-line, spin-forbidden (2E→ 4A2) Cr

3+

transitions or broadband, spin-allowed (4T2 → 4A2) Cr3+

transitions occurs in the red or NIR region, depending on
the crystal field splitting.9−11 Trivalent chromium is partic-

ularly exciting because, unlike rare-earth ions, which tend to
emit at shorter wavelengths,12−14 substituting this ion into a
weak octahedral crystal field environment will generate low-
energy (red-shifted) spin-allowed electronic transitions.15 As a
result, various Cr3+-activated broadband NIR phosphors have
been developed with emission peaks ranging from 700 to 1100
nm.16−22 Among them, the Ca3Sc2Si3O12:Cr

3+ (λem = 783 nm)
and Gd3Sc2Ga3O12:Cr

3+ (λem = 756 nm) phosphors were
reported to have a quantum yield (QY) above 90%,23,24 and
LaMgGa11O19:Cr

3+ (λem = 775 nm) has a QY of 83%,25

showing a great potential in practical applications. However,
the materials currently reported with an emission peak
wavelength over 800 nm tend to suffer from a lower efficiency
(QY < 80%).26−30

The simple oxide Ga2O3 was recently reported to exhibit a
high QY (>90%), with the emission peak located at ∼715 nm
when substituted with Cr3+.31 Although this material generates
highly efficient NIR photoluminescence, the comparatively
short emission wavelength limits its versatility. However, it is
possible to partially substitute Ga3+ with various trivalent
cations, which provides a chemical handle to tune the crystal
field splitting by influencing the crystal structure. Indeed, the
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incorporation of larger ions such as Sc3+ or In3+ via solid
solution substitution is likely to tune the luminescence toward
a longer emission wavelength by reducing the crystal field
splitting of Cr3+. Moreover, synthesizing solid solutions allows
the composition, structure, and luminescence properties of
Cr3+-activated phosphors to vary gradually and reveal new
insight into these materials. Recently, Fang et al. reported a
(Ga,Sc)2O3:Cr

3+ solid solution with a high efficiency and
tunable NIR emission, demonstrating the outstanding perform-
ance of this material system.32 As In3+ is larger than Sc3+ in
ionic size, the weaker crystal field induced by In3+ could lead to
the extension of the emission to longer wavelengths. In this
regard, and considering the reported solubility of In3+ in
Ga2O3,

33 a series of Cr3+-substituted Ga2−xInxO3 (0 ≤ x ≤ 0.5)
phosphors were investigated. The solid solution of these
compounds generated a high QY and tunable emission. The
resulting structural and photoluminescence properties were
then investigated through a combination of experiment and
theoretical calculation to understand the fundamental crystal
chemistry dictating the properties. Finally, the power
conversion efficiency of transforming a blue LED (λem = 450
nm) to the NIR region was found to be excellent, with the
potential of this new pc-NIR LED demonstrated in food
analysis. These results highlight the potential of the
Ga2−xInxO3:Cr

3+ solid solution as a promising LED-excited
NIR-emitting material that can be used for future imaging
applications.

2. EXPERIMENTAL SECTION
2.1. Synthesis. [(Ga1.97−xCr0.03)Inx]O3 (x = 0, 0.1, 0.2, 0.3, 0.4,

and 0.5) solid solutions were prepared using a high-temperature,
solid-state chemical route with Ga2O3 (Sigma-Aldrich, 99.95%), In2O3
(Sigma-Aldrich, 99.9%), and Cr2O3 (Sigma-Aldrich, 99.99%)
employed as the starting materials. The powders were weighed
according to the required stoichiometric ratio and ground using an
agate mortar and pestle, and the homogeneous mixtures were placed
in an alumina crucible. The mixtures were heated to 1300 °C with a
heating rate of 3 °C/min and held for 6 h in air. The final products
were ground into a fine powder using an agate mortar and pestle.
2.2. Characterization. X-ray diffractograms (X’Pert3 PANalyt-

ical; Cu Kα, λ = 1.5406 Å) were collected to confirm phase purity and
determine the lattice parameters for each nominally loaded
composition. Scanning electron microscopy (SEM) images and
energy-dispersive X-ray spectroscopy (EDS) elemental mapping
were collected on a Hitachi-S4800 (Japan). The room-temperature
photoluminescence, temperature-dependent photoluminescence, and
the time-gated photoluminescence decay curves of the Cr3+-
substituted compounds were all collected using an FLS-980
fluorescence spectrophotometer (Edinburgh Instruments) equipped
with a Xenon flash lamp (450 W, Osram) excitation source. The QYs
were measured using a Quantaurus-QY Plus C13534-11 (Hamamatsu
Photonics). The diffuse reflectance (DR) spectra were detected on a
UV−vis−NIR spectrophotometer (Shimadzu, Japan) with an
integrated sphere attachment and BaSO4 powder as a standard. The
NIR LED device was fabricated by coating a mixture of the as-
prepared Ga1.57In0.4Cr0.03O3 phosphor and resin with a 1:10 ratio in
weight on a 460 nm blue LED. The electroluminescence spectrum,
output power, and photoelectric conversion efficiency of the
fabricated pc-NIR LED device were measured using a HAAS2000
photoelectric measuring system (EVERFINE, China).
2.3. Computation. The crystal structures of Ga2O3 and

(Ga1.875−xInxCr0.125)O3 (x = 0, 0.0625, 0.125, 0.25, 0.375, 0.5, and
0.625) were optimized using the Vienna Ab initio Simulation
Package,34 which is a plane-wave pseudopotential total energy
package based on density functional theory.35−38 The atomic
positions and lattice parameters were relaxed with electronic

convergence criteria of 1 × 10−5 eV and atomic convergence criteria
of 0.01 eV/Å. The cutoff energy of 500 eV was used for the basis set
of the plane waves, and a 4 × 8 × 8 Γ-centered Monkhorst−Pack k-
point grid was used to sample the first Brillouin zone. The PBE
exchange-correlation functional was employed for structure opti-
mization, charge density, and formation energy calculations, whereas
the subsequent electronic properties were determined using the
HSE06 hybrid functional.39

3. RESULTS AND DISCUSSION
3.1. Phase, Crystal Structure, and Morphology. The

powder X-ray diffractograms of [(Ga1.97−xCr0.03)Inx]O3 (x = 0,
0.1, 0.2, 0.3, 0.4, and 0.5), plotted in Figure 1, reveal that the

samples are all phase pure and can be indexed to the β-Ga2O3
phase (ICSD no. 15647). A gradual shift of diffraction peaks
toward a lower angle follows the increasing concentration of
In3+ in the product because of the lattice expansion caused by
larger In3+ ions substituting for the smaller Ga3+ ions. The
linear change in the refined lattice parameters (Figure S1)
follows Vegard’s law, indicating the successful incorporation of
In3+ in the range of x studied without changing the crystal
structure. Further increasing In3+ beyond x = 0.5 was reported
to result in the presence of an In2O3 impurity.33 However,
additional procedures in synthesis, including pressing the raw
starting materials into a pellet before sintering, resulted in a
phase-pure product when x = 0.6 (Figure S2). Unfortunately,
the luminescence of the sample when x = 0.6 was very weak.
Given the interest in NIR photoluminescence, further values of
x were not attempted and additional optical properties from
the x = 0.6 sample were not pursued. Rietveld refinements of
the X-ray powder diffraction data for [(Ga1.57Cr0.03)In0.4]O3
were performed to confirm the crystal structure, with the
refinement results shown in Figure 2. The refined crystal
structure data are provided in Table 1. The refined atomic
positions are provided in Table S1. The β-Ga2O3 crystal
structure belongs to the monoclinic crystal system with the
C2/m (no. 12) space group. The structure is composed of
corner-connected distorted octahedral [(GaO6] and tetrahe-
dral [GaO4] units that make a three-dimensional polyhedral
network, as shown in Figure 3. The Cr3+ ion is expected to
occupy the octahedral Ga3+ site because ionic radii of Ga3+

(r6‑coord. = 0.62 Å) is similar to Cr3+ (r6‑coord. = 0.615 Å),40 while
In3+ appears to enter the octahedral Ga3+ site based on the
refinement results.

Figure 1. X-ray powder diffractograms of [(Ga1.97−xCr0.03)Inx]O3 (x =
0, 0.1, 0.2, 0.3, 0.4, and 0.5). The standard pattern form of β-Ga2O3
(ICSD no. 15 647) is provided.
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The morphology of the selected [(Ga1.57Cr0.03)In0.4]O3
crystallites as a representative product was then examined
using SEM, with a resulting micrograph shown in Figure 4a.
The particles form agglomerated columns as their crystal habit,
and the average particle size of the materials falls in the 1−6
μm range. EDS mapping (shown in Figure 4b−f) on a
randomly selected particle indicates that only the loaded
elements (Ga, In, O, and Cr) are present in the sample, with
no unexpected elements detected. The elements are also
homogeneously distributed throughout the particle. The EDS
spectra (Figure S3) reveal that the ratio of atoms In/Ga is
5.91/26.68, which is close to 0.4/1.57, indicating that the
nominal composition and EDS-determined chemical compo-
sition are consistent.

3.2. Site Occupation and Electronic Properties. There
are two crystallographically independent Ga3+ positions in β-
Ga2O3. One site is tetrahedrally coordinated by oxygen,
whereas the second site is octahedrally coordinated by oxygen.
Therefore, it is necessary first to identify the site preference of
Cr3+ and In3+ when introduced in the solid solution. The
relative formation energies were calculated for each ion type
occupying the two different crystallographic positions. The
energy difference between these different models was then
calculated and is plotted in Figure 5. The calculations show

that In3+ and Cr3+ both prefer to enter the octahedral sites
rather than tetrahedral sites. This was expected, as noted
above, because of the ionic size mismatch effect.41 Increasing
the concentration of In3+ in the sample shows that Cr3+ always
energetically favors the octahedral site. However, adding more
In3+ decreases the energy difference between the Cr3+

occupying the tetrahedral and octahedral sites, while In3+

gains an even stronger energy preference to substitute on the
octahedral site. Furthermore, the formation energy calculation
(Figure S4 and Table S2) of the Cr3+−Cr3+ ion pair indicates
that Cr3+ should be randomly distributed in (Ga1.875Cr0.125)O3,
whereas In3+ incorporation modeled by [(Ga1.8125Cr0.125)-
In0.0625]O3 causes Cr3+ to have a strong (≈1 eV/atom)
preference to agglomerate instead of separating. Moreover, the
deformation charge density calculation (Figure S5) demon-
strates that In3+ with weaker electronegativity than Ga3+ doped

Figure 2. Rietveld refinement of the [(Ga1.57Cr0.03)In0.4]O3 X-ray
powder diffractogram. The measured data are represented by black
circles; the refinement fit is in red, and the difference curve is in blue.

Table 1. Refined Crystal Structure Data

formula [(Ga1.57Cr0.03)In0.4]O3

radiation type; λ (Å) X-ray; 1.5406
Q range (Å−1) 1.000−5.5
temperature (°C) 25
space group; Z C2/m; 2
a (Å) 12.4922(1)
b (Å) 3.1091(1)
c (Å) 5.8740(1)
β (deg) 103.26(3)
unit cell volume (Å3) 222.05(3)
profile R-factor, Rp 0.0590
weighted profile R-factor, Rwp 0.0773
χ2 7.274

Figure 3. Crystal structure of β-Ga2O3 is illustrated with the [GaO6]
and [GaO4] polyhedral units highlighted.

Figure 4. (a) SEM and (b−f) EDS mapping on a single particle of
[(Ga1.57Cr0.03)In0.4]O3.

Figure 5. Formation energy differences between octahedral and
tetrahedral sites upon the substitution of In3+ and Cr3+ in
[(Ga1.875−xCr0.125)Inx]O3.
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in the Ga2O3:Cr
3+ system partially transfers electrons to the

O2− anions surrounding Cr3+ and thus changes the local charge
distribution of Cr3+, thereby stabilizing the trivalent oxidation
state.
To further investigate the influence of dopants on the

electronic structure, the density of states (DOSs) of
(Ga1.875Cr0.125)O3 and [(Ga1.625Cr0.125)In0.25]O3 were calcu-
lated using the HSE06 hybrid functional. The resulting
electronic structures are plotted in Figure 6. The Ga 3d

orbitals set the bottom of the conduction band in
(Ga1.875Cr0.125)O3, and the O 2p states dominate the top of
the valence band. The Cr 3d states are located in the middle of
the band gap and are split into occupied t2g states and
unoccupied eg states. The addition of In

3+ causes the bottom of
the conduction band to significantly shift toward lower energy,
whereas the t2g and eg states of Cr

3+ only shift slightly toward
lower energy. This results in the narrowing of the energy gap
between the top of valence states and ground states of Cr3+.
3.3. Reflectivity and Band Gap. The DR spectra of

[(Ga1.97−xCr0.03)Inx]O3 (x = 0, 0.1, 0.3, and 0.5) were collected
and are plotted in Figure 7a. The samples present intense
absorption in the blue and red regions of the visible spectrum
ascribed to their respective 4A2 → 4T1 and 4A2 → 4T2 Cr3+

electronic transitions. A red shift is observed with increasing
In3+ content because of the weakening of the crystal field. The

optical band gap (Eg) of these samples can then be estimated
for each sample according to the following equation:42,43

hv A hv E( )n1/
gα[ ] = − (1)

where hv, α, Eg, and A refer to the photon energy, absorption
coefficient, band gap, and proportionality constant, respec-
tively. The value of the exponent n is determined by the nature
of the electronic band and transition type. For the direct
allowed transition, direct forbidden transition, indirect allowed
transition, and indirect forbidden transition, n values are 1/2,
3/2, 2, and 3, respectively. β-Ga2O3 has a direct band gap with
an allowed transition (n = 1/2), which results in the optical Eg
= 4.75 eV. This is consistent with the reported Eg = 4.78 eV.44

The band gap was determined to be 4.50, 4.24, and 4.10 eV for
x = 0.1, 0.3, and 0.5, respectively, revealing a gradual narrowing
band gap with an increase in the In3+ concentration (Figure
7b). These experimental results are also in agreement with the
computational band gap trends.

3.4. Photoluminescence. The room-temperature photo-
luminescence excitation and emission spectra of (Ga1.97Cr0.03)-
O3 are depicted in Figure 8a (gray line). The excitation

spectrum consists of three broad bands peaking at 297, 437,
and 605 nm, corresponding to the 4A2 →

4T1 (
4P), 4A2 →

4T1
(4F), and 4A2 →

4T2 (
4F) transitions of Cr3+, respectively.45,46

The excitation spectrum in the visible region is described by
two Gaussian peaks, while increasing the In3+ concentration
produces a significant red-shift in the three bands (Figure S6).
This follows the reduction of crystal field splitting, causing a
lowering of the energy difference between the 4A2 ground state
and the 4T1 (4P), 4T1 (4F), and 4T2 (4F) excited states.45,47

The crystal field variations can be characterized by crystal field
Dq and the Racah parameter, B, calculated using eqs 2−4:48

Dq E E10 ( T ) ( A T )4
2

4
2

4
2= = → (2)

Dq
B

x
x x
15( 8)

102= −
− (3)

x
E E

Dq
( A T ) ( A T )4

2
4

1
4

2
4

2=
→ − →

(4)

Figure 6. DOSs of (a) Ga1.875Cr0.125O3 and (b) Ga1.625In0.25Cr0.125O3
calculated using the HSE06 hybrid functional.

Figure 7. (a) DR spectra of [(Ga1.97−xCr0.03)Inx]O3 (x = 0, 0.1, 0.3,
and 0.5) solid solutions and the (b) corresponding optical band gap.

Figure 8. (a) Photoluminescence excitation spectrum of
(Ga1.97Cr0.03)O3 (dashed line) and photoluminescence emission
spectra of [(Ga1.97−xCr0.03)Inx]O3 (x = 0, 0.1, 0.2, 0.3, 0.4, and 0.5).
(b) Emission peak wavelength and intensity as a function of In3+

concentration, x.
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The calculated Dq, B, and Dq/B parameters, presented in
Table 2, verify the gradual weakening crystal field strength with
increasing In3+ concentration.

The emission spectrum covers a broad region from 650 to
1000 nm, as shown in Figure 8a, extending the emission to a
longer wavelength than (Ga,Sc)2O3:Cr

3+ (650−950 nm) as
In3+ induces weaker crystal field splitting. The weaker crystal
field also results in a continuous red-shift of the emission
spectra, with the maximum wavelength shifting from 713 to
820 nm as the In3+ concentration increases from x = 0 to 0.5.
Furthermore, the full width at half-maximum (FWHM)
gradually expands from 122 to 157 nm across this same
range because of the enhanced electron−phonon coupling.32

The emission intensity also gradually increases and then
decreases, achieving a maximum when x = 0.3 (as shown in
Figure 8b). This supports that the initial high efficiency is
maintained (or even improved to a point) while making the
emission spectrum tunable. This is not often the case for NIR
phosphors. The emission intensity enhancement likely stems
from the gradual red shift (437−452 nm) of the excitation
peak in the blue region, gradually matching better with the 450
nm excitation. Furthermore, the incorporation of In3+ may help
stabilize Cr3+ through charge redistribution and prevent the
formation of Cr4+, which is known to act as a luminescence
quenching center.23 However, at a certain point, the high In3+

concentration enhances the possibility of nonradiative
relaxation by reducing the band gap (Figure 7b). This
increases the chance of photoionization by reducing the
energy barrier between excited states and the bottom of the
conduction band (Figure S7) and increasing electron−phonon
coupling, as indicated by the broader emission peak.
The QY of the samples was measured and is listed in Table

S3. As shown, when x = 0.4, which has an emission peak
wavelength over 800 nm, QY was determined to be 87.9%,
with an absorption efficiency of 50.2% (Figure 9). This QY
value is close to the highest broadband NIR luminescent
material (Ga,Sc)2O3:Cr

3+ (QY ≈ 90%) with an emission peak
over 800 nm. The absorption efficiency of this sample is also
much higher than previously reported phosphors such as
La2MgZrO6:Cr

3+ (32%) and Gd3Sc2Ga3O12:Cr
3+ (20%).24,49

For reference, the QY and absorption of (Ga1.97Cr0.3)O3 in this
work were measured to be 92.5% and 30.7% (Figure S8),
respectively, in agreement with the previous report.31

Obviously, there is a significant absorption increase in this
material system with In3+ incorporation. Generally, two
possible mechanisms can explain the increase in the absorption
efficiency of Cr3+-doped phosphor. One approach is to increase
the Cr3+ concentration to a high level, which occurs in
phosphors such as LaMgGa11O19:Cr

3+.25 The other mecha-
nism is by introducing odd-parity to break the forbidden

transitions through lattice distortion.50 In the reported
phosphor here, the Cr3+-doping concentration is low (1.5%)
and nearly the same in all samples; hence, the primary
mechanism for absorption increase is likely due to the
introduction of odd-parity, resulting from a lattice distortion
caused by replacing Ga3+ (r6‑coord. = 0.62 Å) with larger In3+

(r6‑coord. = 0.8 Å).40

The room-temperature photoluminescence decay curves of
Ga2−xInxO3:Cr

3+ (x = 0−0.5) collected using 450 nm
excitation are plotted in Figure 10a. A single exponential

function describes the decay curve of Ga2O3:Cr
3+, as shown in

Figure S9, even though the monitored emission peak at 713
nm is composed of spin-forbidden 2E → 4A2 transitions and
spin-allowed 4T2 →

4A2 transitions. Because the decay time of
spin-allowed 4T2→

4A2 transitions is much shorter than that of
spin-forbidden 2E → 4A2 transitions, the photoluminescence
decay time is almost entirely determined by spin-forbidden 2E
→ 4A2 transitions in these measurements.32 Increasing the In3+

concentration indicates that the decay curves progressively
deviate from the single exponential function, and the lifetimes
decrease dramatically. The average lifetimes can be calculated
using eq 5:51,52

Table 2. Transition Energy, Crystal Field Parameter, and
Racah Parameter for Cr3+ in the [(Ga1.97−xCr0.03)Inx]O3 (x =
0, 0.1, 0.2, 0.3, 0.4, and 0.5) Solid Solution

x 4A2−4T1 (cm
−1) 4A2−4T2 (cm

−1) Dq (cm−1) B (cm−1) Dq/B

0 22 883 16 556 1656 624 2.65
0.1 22 675 16 340 1634 627 2.61
0.2 22 573 16 207 1621 633 2.56
0.3 22 321 15 974 1597 633 2.52
0.4 22 222 15 798 1580 646 2.45
0.5 22 124 15 625 1563 659 2.37

Figure 9. QY measurement of the [(Ga1.57−xCr0.03)In0.4]O3 phosphor
under 450 nm excitation. The inset shows the amplified emission
spectra and the reference in the 600−1200 nm region.

Figure 10. (a) Time-gated photoluminescence decay curves of Cr3+

(λex = 450 nm) in [(Ga1.97−xCr0.03)Inx]O3 (x = 0, 0.1, 0.2, 0.3, 0.4, and
0.5). (b) Temperature-dependent emission peak intensity of the
[(Ga1.97−xCr0.03)Inx]O3 (x = 0, 0.2, and 0.4) samples.
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where 0 and tmax are the time of beginning and end of the
measurement range, respectively, and I(t) is the intensity of
luminescence at time t. The calculated average lifetimes are
230.1 μs (x = 0), 122.0 μs (x = 0.1), 85.0 μs (x = 0.2), 67.0 μs
(x = 0.3), 64.2 μs (x = 0.4), and 57.8 μs (x = 0.5). The
decrease in the luminescence lifetimes with an increase in In3+

concentration likely stems from the disappearance of the spin-
forbidden 2E → 4A2 transitions, while the decay curves
gradually deviating from a single exponential function is mainly
ascribed to the site distortion with increasing In3+ concen-
tration.
The temperature-dependent photoluminescence of

[(Ga1.97−xCr0.03)Inx]O3 (x = 0, 0.2, and 0.4) was also evaluated.
The emission peak intensity as a function of temperature is
shown in Figure 10b and indicates that the emission intensity
decreases with increasing temperature in all samples. The
emission intensity at 150 °C remains high (77%) for the
unsubstituted sample and then decreases to 66% when x = 0.2
and to 60% when x = 0.4. The value for sample x = 0.4 is lower
than that for LiInSi2O6:Cr

3+ (77%)7 but higher than those for
Ca2LuScGa2Ge2O12:Cr

3+ (59%),45 ScBO3:Cr
3+ (51%),8 and

LiIn2SbO6:Cr
3+ (<10%) phosphors,30 which have an emission

peak over 800 nm. The change in the thermal stability with
more In3+ is due to the gradually enhanced electron−phonon
coupling effect, making the phonon-assisted cross-relaxation
between the excited and ground states easier, which is
supported by the significant increasing of the Huang−Rhys
factor (S) as In3+ concentration increases (Figure S10),20 while
the reduced host band gap promotes the possibility of
photoionization thermal quenching.53,54 Besides, the narrow-
ing of the band gap between the top of valence states and
ground states of Cr3+ may also promote the possibility of
valence electrons entering into ground states and preventing
radiative transitions of excited electrons back to ground states,
which also occurs in Mn4+-activated phosphors.55

3.5. Application to pc-NIR LEDs. Given the excellent
optical properties of [(Ga1.97−xCr0.03)Inx]O3, especially com-
pared to overall Cr3+ phosphors reported thus far, a prototype
of a pc-NIR LED device (shown in the inset of Figure 11a) was
fabricated by combining the optimal phosphor, [(Ga1.57Cr0.03)-
In0.4]O3, with a 450 nm blue InGaN chip. The fabricated LED
device was driven by 30−300 mA, which produced an emission
peak centered at 820 nm with an FWHM of 150 nm (Figure
11a). Increasing the current from 30 to 300 mA, as plotted in
Figure 11b, shows that the output power gradually increases
from 21 to 154.8 mW without saturating, indicating that higher
output power could be achieved using an even high power
excitation light source. The photoelectric conversion efficiency
gradually decreases from 26.6% to 17.2% and would also likely
be even better if the data above 1000 nm were included in the
calculation.
The NIR light constructed was then used in addition to a

standard LED light bulb to illuminate various produce. Figure
11c shows the photographs obtained by different cameras
under natural light and pc-NIR LED light. The visible-light
camera shows a conventional color photo illuminated by a
standard light (Figure 11c, left). Turning on the pc-NIR LED
and using the same visible-light camera (Figure 11c, center) do
not show any image. In contrast, the NIR camera can capture

black-and-white images when the pc-NIR LED lamp is
illuminated. Most importantly, the NIR camera can also detect
the tissue damage of fruit, which is not easily detected by the
naked eye or a standard visible-light camera (Figure 11d).
These results substantiate the phosphor system’s outstanding
photoelectric conversion efficiency and its great potential in
NIR LED applications.

4. CONCLUSIONS
In summary, a series of broadband NIR Cr3+-substituted
[(Ga1.97−xCr0.03)Inx]O3 solid solution phosphors with a high
efficiency and tunable emission were successfully synthesized
via a high-temperature solid-state reaction. The phase purity
was confirmed by powder X-ray diffraction and supported by
electron microscopy. Formation energy calculations revealed
that the In3+ and Cr3+ ions prefer to occupy the octahedral
crystallographic site rather than the tetrahedrally coordinated
Ga3+ position. The reflectivity measurement indicates that
upon In3+ substitution, the absorption of Cr3+ red-shifts and a
steady reduction of the band gap from 4.75 to 4.10 eV occurs.
The photoluminescence results confirm the photolumines-
cence excitation, emission spectra also red-shift with a high
In3+ content because of the weakening crystal field strength,
and ultrahigh QY (87.9% for x = 0.4) and absorption efficiency
(50.2% for x = 0.4) of this material system can be achieved in a
broad emission region (713−820 nm). Finally, under a driving
current of 60 mA, the output power and photoelectric
conversion efficiency of a prototype of a pc-NIR LED device
fabricated using a 450 nm LED combined with the as-prepared
[(Ga1.57Cr0.03)In0.4]O3 phosphor reached 40.4 mW and 25.0%,
respectively, making the device fabrication using this phosphor
competitive with the best materials currently available for NIR
LED applications.

Figure 11. (a) Photoluminescence spectrum of the fabricated pc-NIR
LED device that combines a 450 nm InGaN blue LED chip (λem =
450 nm) with [(Ga1.57Cr0.03)In0.4]O3 NIR phosphor under a forward
bias of 30−300 mA, and the insets show the photographs of the LED
device. (b) Output power and photoelectric conversion efficiency of
NIR device as a function of driven current in the range of 30−300
mA. (c) Photographs under natural light and pc-NIR LED light
captured by the corresponding visible camera and an NIR camera. (d)
Photographs of tissue damage under natural light and pc-NIR LED
light captured by the corresponding visible camera and an NIR
camera.
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