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ABSTRACT: Increasing demand for near-infrared-II (NIR-II)
light sources requires improved NIR-II phosphors. We present a
series of phosphors codoped with Cr3+ and Ni2+ that possess NIR-
II emission with an unprecedented internal quantum efficiency
(IQE) of 97.4%. Our study reveals an energy transfer mechanism
involving clusters of Cr3+ where luminescent centers are closely
matched in energy and where the Ni2+ emission intensity can be
tuned through sintering temperature. The profound electron
paramagnetic resonance (EPR) studies disclose the interaction
between Cr3+ clusters and Cr3+−Ni2+ pairs, further proving the
cause of such a high IQE and the significance of Cr3+ clusters. This
work provides promising pathways for the development of NIR-II
light-emitting diodes with outstanding efficiency by suggesting a
new energy transfer source of Cr3+.

■ INTRODUCTION
The near-infrared-II (NIR-II) emission region, lying between
1000 and 1700 nm,1 is favored for sensing applications due to
low scattering, deep penetration, and high signal-to-back-
ground ratio, enabling sensitive chemical bond detection. The
NIR-II emission region has, therefore, been widely exploited
for bioimaging, biodetection, noninvasive biotreatments, and
nondestructive food analysis,2−5 leading to increasing demand
for phosphor-converted light-emitting diodes (pc-LEDs) with
NIR-II emission.6

Transition metal and lanthanoid elements, such as Cr3+,
Cr4+, Mn4+, Ni2+, Eu2+, Er3+, and Yb3+, are commonly used
activators for NIR emission.7−12 Among these, Ni2+ exhibits
broadband emission in the NIR-II region, with the emission
range tunable through the crystal field.13 However, the typical
Ni2+ excitation sources such as 808/980 nm lasers and
ultraviolet (UV)/near UV chips are energy-inefficient, suffering
from low quantum efficiency.14,15 Wang et al.16 reported a
series of Cr3+/Ni2+ codoped NIR phosphors Zn1+ySnyGa2−2yO4
with a Ni2+ emission intensity that can be enhanced by 450 nm
blue light excitation, achieved through Cr3+−Ni2+ electric
dipole−dipole interactions, opening a new approach for NIR-II
phosphor design. Single Cr3+ to Ni2+ energy transfer has been
reported widely, with an internal quantum efficiency (IQE) of
approximately 50%,5,17−19 with a higher IQE of approximately
70% reported through energy transfer from Cr3+−Cr3+ ion
pairs to Ni2+.20 Notably, the most efficient Cr3+−Ni2+ energy

transfer in the Zn1+ySnyGa2−2yO4 phosphor series codoped with
Cr3+/Ni2+ was found for compositions with an intermediate
spinel-type structure, found between normal and inverse
spinel-type structures.16 Miao et al.21 reported the intermediate
spinel-type structured phosphor MgGa2O4:Cr3+,Ni2+ with an
ultrahigh IQE of 96.5%; however, the structural properties and
luminescent mechanism were not investigated. Focusing on the
MgGa2O4 system, Yao et al.22 reported the likely existence of
Cr3+−Cr3+ ion pairs in the MgGa2O4 intermediate spinel-type
structure, and Rajendran et al.23 reported the presence of Cr3+
clusters in an intermediate spinel-type structured material.
Therefore, our work leverages insights into the high-efficiency
energy transfer from Cr3+ clusters to Ni2+ in the intermediate
spinel MgGa2O4 structure to achieve ultrahigh IQE in the
NIR-II region.
The present work investigates the energy transfer from single

Cr3+ ions (x = 0.02) and Cr3+ clusters (x = 0.06) to Ni2+ in the
Mg1−yGa2−xO4:xCr3+,yNi2+ series with an intermediate spinel-
type structure. We report detailed crystal structural analysis
and luminescence properties, as well as energy transfer
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mechanisms, unveiling the importance of Cr3+ clusters in
achieving high-efficiency NIR-II emission.

■ RESULTS AND DISCUSSION
Structural Analysis. MgGa2O4 has an intermediate spinel-

type crystal structure with an Fd3̅m space group comprising six
coordinate octahedra (M1) and four coordinate tetrahedra
(M2) in the ratio 2 to 1, shown in blue and pink, respectively,
in Figure 1a. This structure has M1 and M2 occupied by both
Mg2+ and Ga3+ and can therefore host codoped Cr3+
(substituting Ga3+) and Ni2+ (substituting Mg2+, yielding
luminescence24,25) to form Mg1−yGa2−xO4:xCr3+,yNi2+.
Mg1−yGa2−xO4:xCr3+,yNi2+ with x = 0.02, y = 0.005−0.04

and x = 0.06, y = 0.005−0.04 were characterized using
laboratory powder X-ray diffraction (XRD) shown in Figure
S1. The samples show high crystallinity, and all peaks could be
indexed to the MgGa2O4 structure (ICDD #1252694),
indicating phase purity. Rietveld refinement of this structure
using synchrotron XRD (S-XRD) (and jointly against neutron
powder diffraction (NPD) data for the x = 0.06, y = 0.02
composition) is shown in Figure 1b, Figures S2 and S3, and
Tables S1−S4, where the figures of merit the profile R-factor
(Rp), the weighted profile R-factor (Rwp), and the goodness of
fit (GOF) indicate reliable results.26 The refined unit cell
parameter a and the unit cell volume V decrease with
increasing Ni2+ concentration in samples with x = 0.02 and
0.06, as shown in Figure 1c. The decrease in a with increased
Ni2+ is expected as a result of the smaller Ni2+ relative to Mg2+,
where Mg2+(VI) has an ionic radius of 0.72 Å and Ni2+(VI) of

0.69 Å, compared with Ga3+(VI) of 0.62 Å.27 Notably, if Ni2+
ions were to substitute Ga3+, an increase in a is expected. The
difference in a for samples with the same concentrations of
Ni2+ but different Cr3+ originates from the substitution of Ga3+
by slightly smaller Cr3+(VI) with a radius of 0.615 Å.27

Different occupancies of M1 and M2 by different cations are
found, and the degree of inversion is calculated in Figure 1d,
specifically determining the percentage of trivalent cations in
the M2 tetrahedral site.28 Both series maintained a high degree
of inversion for the system of around 86 and 84% for low and
high Cr3+ concentration samples, respectively. This reveals that
the octahedral M1 site consists of around 43% of the divalent
environment, where Ni2+ is substituted in the octahedral site,
which leads to a likelihood of fewer defects.
Cr and Ga are hard to distinguish using X-ray diffraction,

especially given the small Cr concentration. For this reason, we
used the NPD data of the x = 0.06, y = 0.02 composition
sample to determine that Cr3+ occupies predominantly the
octahedral M1 site substituting Ga3+. X-ray absorption near-
edge structure (XANES) measurements at the Ni K-edge for
the x = 0.02, y = 0.03 and x = 0.06, y = 0.02 samples are shown
in Figure 1e,29 along with the NiO standard, revealing similar
valencies of Ni2+. No pre-edge is found for either sample,
indicating a more symmetric, octahedral environment.30 In all,
we conclude that the system contains predominantly Ni2+ in
the octahedral M1 site. The Cr XANES analysis is presented in
the Supporting Information.
Electron paramagnetic resonance (EPR) studies were

conducted to investigate the environment and interactions of

Figure 1. Structural characterization of Mg1−yGa2−xO4:xCr3+,yNi2+. (a) Crystal structure of MgGa2O4 (ICDD #1252694) with space group
symmetry of Fd3̅m. Octahedrons are colored in blue, and tetrahedrons are colored in pink; green atoms are the percentages occupied by Ga3+,
orange atoms are the percentages occupied by Mg2+, and red atoms are those occupied by O2−. (b) Rietveld refinement profile using neutron
powder diffraction data (jointly refined against synchrotron X-ray powder diffraction shown in Figure S3) of Mg1−yGa2−xO4:xCr3+,yNi2+ at x = 0.06
and y = 0.02. The figures of merit are the profile R-factor Rp, the weighted profile R-factor Rwp, and the goodness of fit (GOF). (c) Lattice
parameter and volume and (d) calculated percentage of inversion of the Mg1−yGa2−xO4:xCr3+,yNi2+ series. Lines through points guide the eye, and
errors are smaller than the points. (e) Ni K-edge XANES data of Mg1−yGa2−xO4:xCr3+,yNi2+ for x = 0.02, y = 0.03 and x = 0.06, y = 0.02 samples,
along with the NiO reference. (f) EPR data for Mg1−yGa2−xO4:xCr3+,yNi2+ at 80 K, where geff is the effective value of the spectroscopic splitting
ratio.
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the paramagnetic luminescent centers.31,32 Cr3+ ions have spin
S = 3/2, and EPR spectra are recorded over the full
temperature range, while Ni2+ ions have integer spin S = 1.
Thus, the EPR signal from Ni2+ can be observed only at low
temperatures. Figure 1f shows the EPR spectrum for a selected
Mg1−yGa2−xO4:xCr3+,yNi2+ compound at T ≈ 80 K in the
range of up to 700 mT. In the EPR signal, it is possible to
distinguish EPR lines originating from single Cr3+, single Ni2+,
Cr3+ clusters, and Cr3+−Ni2+ ion pairs, with the effective
spectroscopic splitting ratio geff = 4.74/2.54, 2.22, 1.98, and
1.83, respectively.33−35 The presence of Cr3+ clusters has been
found and investigated by Rajendran et al.23 The samples are
reproduced and measured in Figure S5a and fitted using the
Curie−Weiss model for single Cr3+ and the Bleaney−Bowers
(BB) model for Cr3+ clusters.36,37 The Ni2+-doped-only
samples are also synthesized and measured at 80 K in Figure
S5b. The results indicate that the signal originates from a single
Ni2+ in the octahedral site rather than NiO, where Ni2+ ions
strongly interact with each other and where the intensity of the
signal increases with increased Ni2+ concentration.38 A
decrease in the Cr3+ cluster signal is observed on the increasing
concentration of Ni2+, shown in the inset in Figure 1f and
Figure S6a,b. However, this intensity decrease was not
accompanied by the broadening of the signal, as shown in
Figure S5a, with a change in only the concentration of Cr3+.
Therefore, all spin Hamiltonian (SH) parameter fittings were
conducted for experimental data as shown in Figures S5c,d and
S6c,d. It should be noted that the signals from single Ni2+ ions
are in superposition with the signals from Cr3+ clusters. At the
same time, the signal from single Ni2+ ions is left of the signal
from Cr3+ clusters, and the signal from Cr3+−Ni2+ ion pairs is
right of the signal from Cr3+ clusters. The negative part of the
signal from single Ni2+ ions aligns with the maximum of the
positive part of the Cr3+ clusters, while the positive part of the

Cr3+−Ni2+ signal aligns with the maximum of the negative part
of the signal from Cr3+ clusters. Hence, the decrease in the
Cr3+ cluster signal does not originate from a decrease in Cr3+
cluster formation but from the superposition of multiple
signals. This also indicates that Ni2+ substitutes in an
environment that is different from that of Cr3+. No evidence
of crystal lattice defects was observed in either EPR signal (geff
≈ 2) or SH fitting parameters,39 suggesting that Ni2+
substitutes at the octahedral Mg2+ site with the same ionic
valency, similar ionic radii, and suitable symmetric environ-
ment, reinforcing the nominal chemical formula. Temperature-
dependent magnetic susceptibility (MS) is shown in Figure S7
and confirms the EPR results.
Photoluminescence (PL). Basic luminescence properties

of single-doped Cr3+ and Ni2+ in the MgGa2O4 structure were
reported previously by Rajendran et al.23 and Suzuki et al.,40

and therefore, we focus on the codoped system. The
photoluminescence (PL) spectrum of single-doped Cr3+
samples is shown in Figure 2a as a function of the Cr3+
doping. The emission spectrum consists of three bands, the R-
band (708 nm), the N-band (750 nm), and the C-band (850
nm), arising from the emission of single Cr3+, Cr3+−Cr3+ pairs,
and Cr3+ clusters, respectively.23 The IQE of the samples is
listed in Table S5, where an IQE > 97% up to x = 0.06 is
found. Based on this result, the x = 0.02 and x = 0.06
compositions are identified as low and high Cr3+ concentration
groups for our Cr3+ to Ni2+ energy transfer research targeting
the energy transfer mechanism from single Cr3+ and Cr3+
clusters.
The photoluminescence excitation (PLE) spectra of both

series Mg1−yGa2−xO4:xCr3+,yNi2+, x = 0.02, y = 0.005−0.04
and x = 0.06, y = 0.005−0.04 are shown in Figure S8. For
samples with x = 0.02, upon 708 nm observation
(corresponding to the 2E → 4A2 transition of Cr3+), the PLE

Figure 2. Photoluminescence properties of Mg1−yGa2−xO4:xCr3+,yNi2+ at room temperature. PL spectra upon excitation at 460 nm of (a) x = 0.01−
0.08, y = 0, (b) x = 0.02, y = 0.005−0.04, and (c) x = 0.06, y = 0.005−0.04 with marked energy level transitions. Internal quantum efficiency (IQE)
of (d) x = 0.02, y = 0.005−0.04, (e) x = 0.06, y = 0.005−0.04, and (f) x = 0.06, y = 0.02 at different sintering temperatures. Lines through the points
are guides to the eye. R, N, and C band emissions are shaded in blue, green, and orange, respectively.
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spectra consist of two excitation bands typical for Cr3+ in 6-fold
octahedral coordination. The high energy band at 420 nm
corresponds to the 4A2 → 4T1 transition. In contrast, the lower
energy band at 580 nm is related to the 4A2 → 4T2 transition of
Cr3+. Upon excitation of 460 nm, the PL spectrum can be
divided into two regions, short wavelength and long wave-
length, arising from Cr3+ and Ni2+, respectively, as shown in
Figure 2b. The emission from Cr3+ consists of the R-band,
corresponding to the 2E → 4A2 transition, and the N-band,
from Cr3+−Cr3+ pairs luminescence. The emission from Ni2+
(1100−1600 nm) corresponds to the 3T2 → 3A2 transition
with a maximum at 1260 nm and full-width at half-maximum
(fwhm) of ≈210 nm, consistent with the results of Miao et
al.21 The concentration of Ni2+ does not affect the shape of
Cr3+ and Ni2+ excitation and emission spectra, but enhances
the intensity of Ni2+ while lowering the emission of Cr3+
significantly. The IQE is given in Table S6 and Figure 2d. The
IQE of Cr3+ decreased and of Ni2+ increased until y = 0.03,
with the highest IQE = 66.5% for the low Cr3+ concentration
series (x = 0.02).
For the high Cr3+ concentration samples (x = 0.06), the PLE

is shown in Figure S8b is the same as the low Cr3+
concentration series, while the PL is remarkably different, as
shown in Figure 2c. Though the PL spectrum is also divided
into two regions, the emission from Cr3+ is dominated by the
N-band and C-band, arising from the emission of the induced
Cr3+−Cr3+ pair and Cr3+ clusters at high Cr3+ concentration,
while the R-band of Cr3+ is still observed but much less intense
by comparison. The concentration of Ni2+ does not change the
shape of the Cr3+ and Ni2+ excitation and emission spectra. As

the concentration of Ni2+ increases, the emission intensity of
Ni2+ is enhanced, whereas the emission intensity of Cr3+
declines, which may indicate more efficient energy transfer
through Cr3+ clusters. The IQE values are listed in Table S7
and plotted in Figure 2e, with the IQE of Cr3+ decreasing and
of Ni2+ increasing until y = 0.02, yielding a maximum IQE =
78.9% for the highest Cr3+ concentration (x = 0.06), with the
intensity drop for Ni2+ at y > 0.02 suggesting concentration
quenching.
The highest IQE arising from Ni2+ emission was obtained

for Mg1−yGa2−xO4:xCr3+,yNi2+, x = 0.06, y = 0.02, and we
investigated the PL of this sample as a function of sintering
temperature in the range 1250 to 1550 °C due to instrument
constraints. The PL results show the emission intensity of Cr3+
drops, and the intensity of Ni2+ increases with increased
sintering temperature, as shown in Figure S9, with IQE shown
in Table S8 and Figure 2f resulting in an IQE from Ni2+
emission as high as 97.4% at the sintering temperature of 1550
°C. The cause of such phenomenon originates from the
increased grain size observed in the SEM images and particle
analysis, as shown in Figure S10 and Table S9, while larger
grain size suppresses the formation and possibility of defects
due to smaller surface area. This obtained IQE is higher than
that of any reported phosphor emission in the NIR-II region to
date.
Energy Transfer Mechanism. To understand the energy

transfer mechanism in the system that gives out such high
IQEs, the PLE and PL spectra of single-doped Ni2+ samples
(Mg1−yGa2−xO4:xCr3+,yNi2+, x = 0, y = 0.005−0.04) are shown
in Figure S11. Upon observation at 1250 nm, PLE spectra

Figure 3. Energy transfer mechanism. (a) PL spectrum of Mg1−yGa2−xO4:xCr3+,yNi2+, x = 0.02, y = 0 and x = 0.06, y = 0 upon excitation at 420 nm,
and the PLE spectrum of x = 0, y = 0.005 monitored at 1250 nm. The intensities are normalized with transitions identified. (b) Schematic of energy
levels and the energy transfer mechanism for isolated Cr3+ and Cr3+ pairs and clusters. Pressure studies were performed for
Mg1−yGa2−xO4:xCr3+,yNi2+. (c) Pressure-dependent PL spectra for Mg1−yGa2−xO4:xCr3+,yNi2+, x = 0.02, y = 0.03 excited at 442 nm from
ambient pressure to 22.5 GPa, and (d) peak energy of emission with pressure.
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consist of three excitation bands at 390, 630, and 1000 nm,
corresponding to the transitions 3A2 → 3T1 (3P), 3A2 → 3T1
(3F), and 3A2 → 3T2 (3F), respectively, for octahedrally
coordinated Ni2+ ions,41,42 where no excitation peaks match
the energy of our excitation at 460 nm in the PLE spectrum of
Ni2+. Figure 3a shows the PLE of Ni2+ along with the PL of low
and high Cr3+ concentration samples, where blue shading
indicates the R-band, green shading the N-band, and orange
shading the C-band. The R- and N-bands correspond to the
3A2 → 3T1 (3F) transition of Ni2+, while the C-band
corresponds to the 3A2 → 3T2 (3F) transition of Ni2+,
indicating possible energy transfer between the activators.
The proposed energy transfer mechanism is shown in Figure

3b. The energy levels of Ni2+ in an octahedral environment are
fixed centrally, with those of single Cr3+ on the left and pair/
cluster Cr3+ on the right. Upon 460 nm blue light excitation,
single Cr3+ can be excited to the 4T1 state, where electrons
nonradiatively relax to the lowest excited state 2E before
emitting 708 nm light (R-band). Simultaneously, energy is
transferred to Ni2+ at the 3T1 energy level, also followed by a
nonradiative transition to the lowest excited state, 3T2, before
producing 1250 nm NIR-II light. Cr3+−Cr3+ pairs and Cr3+
clusters can also be excited by 460 nm blue light, resulting in
750 nm (N-band) and 850 nm (C-band) emission, distributing
to Ni2+3T1 and 3T2 energy levels, respectively. Since energy
transfer from Cr3+ clusters to the 3T2 energy level of Ni2+
occurs directly and does not require nonradiative transition
before emitting NIR-II light, it is reasonable that such a
transfer process would be highly efficient.
The efficiencies are calculated for the series through the eq 1

below:

= I
I

1T
S

0 (1)

where I0 and IS are the Cr3+ emission intensities in the absence
and presence of Ni2+, respectively,16 obtained from Tables S5−
S8. Since several luminescent centers participated in the energy
transfer process (Cr3+ ions, Cr3+−Cr3+ pairs, and Cr3+
clusters), multiple decay pathways were present. Therefore, it
is unreliable to calculate the energy efficiency solely by the
decay curve since decay times are observed as average decay
times and do not represent any individual luminescent centers.
The energy transfer efficiency is found to increase with the
concentration of Ni2+ for both series, with the values of x =
0.06 being higher throughout, reaching a maximum of 93.6 and

98.0% for samples x = 0.02, y = 0.04, and x = 0.06, y = 0.04,
respectively, as shown in Figure S12a. Such high energy
transfer efficiency can be attributed to the interactions of
Cr3+−Ni2+ pairs detected through EPR. Therefore, along with
the IQE findings, we suggest that it is more effective for Cr3+
clusters to transfer their energy to the Ni2+ luminescent center
than single Cr3+ ions. As expected, the energy transfer
efficiency increases with sintering temperature due to the
higher IQE, shown in Figure S12b, resulting in a maximum of
98.3% at 1550 °C. However, the trend of IQE does not match
that of the energy transfer efficiency for the x = 0.02, y =
0.005−0.04 and x = 0.06, y = 0.005−0.04 series at a sintering
temperature of 1250 °C, possibly attributable to concentration
quenching and energy loss in the nonradiative relaxation
process in the Ni2+ system.
Energy transfer and concentration quenching are also

supported by the decay profiles shown in Figures S13 and
S14. The detailed calculation of the decay profiles is elaborated
in the Supporting Information. The calculated decay time for
Cr3+ is much shorter for samples with x = 0.06 (0.5 ms for y =
0) compared to samples with x = 0.02 (4.3 ms for y = 0). The
decay time also decreases with increasing the y for both series,
from 4.3 to 2.8 ms for samples with x = 0.02 and from 0.5 to
0.29 ms for samples with x = 0.06. With the decay profiles of
Cr3+ emission being multiexponential for all samples and
shortening with increasing y, this supports the above-
mentioned energy transfer mechanism. It is shown that the
line and broadband emissions arise from the two different
luminescence sites, from single Cr3+ and from interacting Cr3+,
and shortening of the decay time may arise from energy
transfer between the two luminescence sites. Alternatively,
concentration quenching may also contribute to the reduced
decay time.
Thermal and Pressure Studies. The temperature-

dependent studies are elaborated in the Supporting Informa-
tion. Both samples show stable emission intensity up to 250 K
followed by an obvious decrease, with 47.5% and 44.5%
remaining intensity at the 423 K LED device working
temperature for x = 0.02, y = 0.03, and x = 0.06, y = 0.02,
respectively, indicating slightly better thermal stability for the x
= 0.02, y = 0.03 sample. The reason for this is that Cr3+ clusters
encompass poorer thermal stability; therefore, the intensity
drops slightly more significantly for Cr3+ cluster-induced NIR-
II phosphors at rising temperatures.

Figure 4. LED performance test results. (a) Emission spectrum (fwhm = full width at half-maximum = 224 nm), (b) radiant flux, and (c) efficiency
of NIR pc-LEDs containing Mg1−yGa2−xO4:xCr3+,yNi2+, x = 0.06, y = 0.02. A photo of the LED device is shown in the inset, with the appearance of
the working LED device under visible and NIR light.
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The pressure-dependent PL spectra of Ni2+ emission up to
22.5 GPa for sample x = 0.02, y = 0.03 are shown in Figure 3c.
The reason for demonstrating the x = 0.02, y = 0.03 sample
rather than the x = 0.06, y = 0.02 sample is because the
emission spectrum of Cr3+ clusters overlaps the monitored
Ni2+ emission spectrum. Henceforth, sample x = 0.02, and y =
0.03 would be a better candidate for investigating the emission
performance to pressure. The shape of the spectrum in Figure
3c remains unchanged as the applied pressure increases, but
there is a noticeable shift in position toward higher energies.
By applying pressure to the samples, the strength of the crystal
field increases, resulting in a shift of the 3T2 level toward higher
energy. A pressure-induced shift of 1268 cm−1 is found from
ambient pressure to 22.5 GPa, with the peak position changing
from 1272 to 1050 nm. The band position is plotted with
applied pressure in Figure 3d, where the shift is linearly
correlated with the pressure at 64 ± 2 cm−1/GPa. Though the
significance of pressure change in LED performance is
relatively low, such linearity is helpful in future NIR pressure
sensing applications.
LED Performance. Sample of Mg1−yGa2−xO4:xCr3+,yNi2+,

x = 0.06, y = 0.02 was used to fabricate a 2835 NIR phosphor-
converted (pc) light emitting diode (LED) by coating the
phosphors onto a blue LED chip with an emission wavelength
of 452 nm as a light source. The emission spectrum, radiant
flux, and blue light conversion efficiency are listed in Figure 4.
The resulting emission from Ni2+ powered by the blue LED
chip ranges over 1000−1600 nm in the NIR-II region, peaking
at 1265 nm, with a maximum radiant flux of 23.81 mW at 200
mA driving current. The blue light conversion efficiency
decreased over a higher current, leaving 11.9% at a 200 mA
driving current. The device is shown in the inset of Figure 4b,
and the outstanding luminescent performance results reveal
this phosphor series possesses great potential for future
applications.

■ CONCLUSIONS
In summary, our study on the energy transfer mechanism of
the intermediate spinel MgGa2O4 crystal codoped with Cr3+
and Ni2+ has shed light on the potential for achieving near-
unity quantum efficient NIR-II emission for pc-LEDs.
Diffraction analyses confirm the crystal structures of the
synthesized samples and the substitution of Cr3+ for Ga3+ at
octahedral M1 sites. EPR studies reveal the presence of Cr3+
clusters, the successful substitution of Ni2+ for octahedral
Mg2+, and a strong Cr3+−Ni2+ pair interaction. PL measure-
ments demonstrate emission from both luminescent centers,
and an energy transfer mechanism is proposed that involves
energy transfer from Cr3+ and Cr3+ clusters to Ni2+. Further,
the sintering temperature can be used to tune and enhance the
Ni2+ emission intensity, resulting in an unprecedented NIR-II
emission IQE of 97.4%. The insights gained from this study
contribute to a deeper understanding of energy transfer
mechanisms involving Cr3+ clusters, opening new possibilities
for developing highly efficient and high-performance LEDs
operating in the NIR-II window.

■ EXPERIMENTAL SECTION
Reagents. Gallium oxide (Ga2O3, 99.9%) was purchased from

Gredmann; magnesium oxide (MgO, 99.9%) and chromium oxide
(Cr2O3, 99.9%) were purchased from Merck; nickel oxide (NiO,
97%) was purchased from Acros.

Synthesis of Mg1−yGa2−xO4:xCr3+,yNi2+ (x = 0.02/0.06, y =
0.005−0.04). The material was synthesized by using a solid-state
reaction method. The precursors were weighed according to
stoichiometric ratios and ground in an agate mortar for 20 min.
The mixed powders were transferred into an alumina crucible and
sintered at 1250 to 1550 °C for 5 h in the air. Finally, the sintered
powders were ground in an agate mortar and pestle again. Further
characterization and experimental measurements are provided in the
Supporting Information.
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The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c00438.

Details of characterization, Rietveld fit profiles along
with refined structural parameters, electron paramag-
netic resonance profiles, pressure-dependent decay
profiles and calculated decay time, temperature-depend-
ent emission spectra, and decay profiles (PDF)
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