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Abstract: To address the issue of the lack of red light in traditional Ce3+: YAG-encapsulated blue LED
white light systems, we utilized spark plasma sintering (SPS) to prepare spinel-based Cr3+-doped
red phosphor ceramics. Through phase and spectral analysis, the SPS-sintered ZnAl2O4: 0.5%Cr3+

phosphor ceramic exhibits good density, and Cr3+ is incorporated into [AlO6] octahedra as a red
emitting center. We analyzed the reasons behind the narrow-band emission and millisecond-level
lifetime of ZAO: 0.5%Cr3+, attributing it to the four-quadrupole interaction mechanism as determined
through concentration quenching modeling. Additionally, we evaluated the thermal conductivity and
thermal quenching performance of the ceramic. The weak electron-phonon coupling (EPC) effects
and emission from antisite defects at 699 nm provide positive assistance in thermal quenching. At a
high temperature of 150 ◦C, the thermal conductivity reaches up to 14 W·m−1·K−1, and the 687 nm
PL intensity is maintained at around 70% of room temperature. Furthermore, the internal quantum
efficiency (IQE) of ZAO: 0.5%Cr3+ phosphor ceramic can reach 78%. When encapsulated with Ce3+:
YAG for a 450 nm blue LED, it compensates for the lack of red light, adjusts the color temperature,
and improves the color rendering index (R9). This provides valuable insights for the study of white
light emitting diodes (WLEDs).

Keywords: phosphor ceramic; WLED; spinel; Cr3+

1. Introduction

Over the past two decades, progress in semiconductor light source technology has
led to a substantial transformation in the field of illumination. White light emitting diodes
(WLEDs), known for their high efficiency, environmental friendliness, compact size, and
extended lifespan, have increasingly replaced traditional electric light sources such as
incandescent bulbs, fluorescent lamps, and high-intensity discharge lamps [1–3]. Currently,
solid-state light sources for white lighting are mainly based on phosphor-converted white
LEDs (pc-WLEDs). Furthermore, many researchers, such as the US GE Research Insti-
tute and individuals like Kurtin [4,5], are dedicated to developing phosphor materials
for WLEDs. Among the elements of pc-WLEDs, rare earth/transition metal-ion-activated
inorganic phosphors, selected for their high efficiency, suitable emission colors, and good
physicochemical stability, have become crucial materials for achieving WLEDs with excel-
lent color and high color rendering index (CRI).

In 1995, Shuji Nakamura of Nichia Chemical Industries invented the phosphor-
converted white LED system, which first introduced yellow emitting yttrium aluminum
garnet (YAG: Ce3+) phosphor coated on a blue LED to the market [6–8]. However, the
white light obtained using this method lacks red components, limiting its application in
high-end indoor lighting [9,10]. Therefore, there is a need to increase the red phosphor to
improve the color rendering index and adjust the color temperature. To date, pc-WLEDs
remain the most mainstream solution for achieving WLED illumination sources due to
their low cost, high reliability, and mature technology. Different fluorescent powders in
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various red emission bands compensate for the improvement of the color rendering index
(CRI) in different application scenarios based on the varying sensitivity of the human eye
to red light waves. For instance, WLEDs used in high-demand settings like theater lighting
require a CRI of 95, while WLED lighting in conventional places typically demands a CRI
of around 80. Currently, commercially available red phosphor (Ca, Sr) AlSiN3: Eu2+ with
Eu elements is expensive, and the nitride preparation process is complex [11,12]. Therefore,
there is an urgent need to develop new luminescent materials with good performance that
are simultaneously low cost and have a simple preparation process.

In this context, chromium (Cr3+) ions, as transition metal ions with abundant reserves
and the potential to serve as red emitting centers, have garnered widespread attention as
activators for LED phosphor materials [13–17]. Another major issue faced by pc-WLEDs is
the poor thermal conductivity of the phosphor film due to the current packaging method,
where transparent silicone gel and phosphors are mixed and encapsulated on LEDs [18]. In
response to this challenge, high thermal conductivity fluorescent ceramics have emerged,
especially suitable for high-power/high-brightness excitation [19–21].

Among the various matrices of phosphor ceramics, spinel ceramics are a relatively
mature transparent technology [22–24]. Currently, magnesium aluminum spinel is the
most widely researched and used. In comparison, zinc aluminum spinel has better acid
and alkali resistance and higher thermal conductivity [25–29], and its [AlO6] octahedral
coordination environment matches well with Cr3+ ions. It holds promise for the preparation
of fluorescent ceramics for high-power/high-brightness WLEDs. We utilized spark plasma
sintering (SPS) to prepare ZnAl2O4: xCr3+ (x = 0.3%, 0.4%, 0.5%, 0.6%, and 0.7%) phosphor
ceramics. We conducted comprehensive characterization and analysis of their phase,
luminescent properties, thermal quenching, etc. This was done to validate their potential
application value in compensating for red light in traditional white light sources.

2. Experimental Section
2.1. Materials and Synthesis

ZnAl2O4: xCr3+ (ZAO: xCr3+, x = 0.3%, 0.4%, 0.5%, 0.6%, and 0.7%) phosphor ce-
ramics were synthesized using spark plasma sintering (SPS). Commercially raw materials,
including ZnO (99.999%), Al2O3 (99.999%), Cr2O3 (99.999%), and LiF (99.999%), were used
without additional purification. Precise amounts of the raw materials were measured
according to specified ratios and thoroughly mixed with zirconia balls through ball milling.
The resulting mixture underwent washing, and after drying in a 100 ◦C oven for 10 h, dry
powders were obtained. The mixed powders were obtained after three rounds of screening
with a 100-mesh sieve. To eliminate organic impurities, the obtained powders underwent
sintering in a muffle furnace at 800 ◦C for 5 h. Subsequently, 2 g of the powder was weighed
and placed into a graphite mold within the SPS for the final ceramic sintering. The sintering
process was conducted at 1260 ◦C for 15 min. Finally, the sintered phosphor ceramics were
subjected to double-sided polishing for testing.

2.2. Characterization

X-ray diffraction (Empyrean X’pert 3, Almelo, The Netherlands) within the 2θ range
from 20◦ to 80◦ with Cu Kα irradiation (λ = 0.15418 nm) was used to examine the crystal
phases of the phosphor ceramics. Photoluminescence excitation (PLE) spectra, temperature-
dependent PL spectra (30 to 240 ◦C), quantum yield (QY), and PL decay curves were
acquired by a fluorescence spectrophotometer (Edinburgh Instruments FLS1000, Livingston,
UK). Diffuse reflection spectra (DRS) and transmittance spectra were carried out using
an ultraviolet-visible-near-infrared spectrophotometer (Shimadzu SolidSpec-3700i/3700i
DUV, Kyoto, Japan). Morphological features were investigated using a field-emission
scanning electron microscope (SEM, Regulus 8100, Tokyo, Japan). Luminescence spectra of
the phosphor-converted LED (pc-LED) assemblies were measured and calculated using
an LED opto-electrical analyzer (Everfine ATA-500, Hangzhou, China). Additionally, the
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thermal conductivity of the ZnAl2O4: 0.5%Cr3+ phosphor ceramic was determined using
the flash laser method (Netzch LFA-457, Serb, Germany).

3. Results and Discussion

Through XRD and its refinement (Figure 1a,b), we conducted phase analysis on ZAO:
xCr3+ (x = 0.3%, 0.4%, 0.5%, 0.6%, and 0.7%) samples. The XRD diffraction peaks of all
samples are clear and consistent, with no apparent impurities or shifts. For ZAO:0.5%Cr3+,
the refined XRD results show an Rwp of 9.88% and Rp of 7.83%, indicating a good data fit.
The detailed refinement parameters are listed in Table 1. According to the refinement results,
after doping with 0.5%Cr3+, the unit cell parameters and cell volume significantly increase.
The doping of Cr3+ into the [AlO6] octahedra results in an increase in the Al/Cr-O bond
length from 1.9117 Å to 2.0161 Å. Simultaneously, the [ZnO4] tetrahedra experience a slight
contraction, leading to a shorter Zn-O bond. Figure 1d illustrates the schematic diagram
of the crystal structure of ZAO, depicting the [ZnO4] tetrahedra and [AlO6] octahedra.
According to the refined XRD and ion coordination information (RAl3+ = 0.53 Å, CN = 6;
RCr3+ = 0.63 Å, CN = 6), Cr3+ tends to preferentially occupy the [AlO6] octahedra, resulting
in the emission of deep red light.
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Figure 1. (a) XRD patterns of ZAO: xCr3+ (x = 0.3%, 0.4%, 0.5%, 0.6%, and 0.7%) phosphor ceramics.
(b,c) XRD refined patterns and cross-sectional SEM images of the ZAO: 0.5%Cr3+ sample. (d) Spinel
crystal structure of ZAO.

Table 1. The detailed refinement parameters of ZAO and ZAO: 0.5%Cr3+ samples.

Sample a (Å) b (Å) c (Å) V (Å3) [Zn-O] (Å) [Al/Cr-O] (Å)

ZAO 8.0665 8.0665 8.0665 524.87 1.9525 1.9117

ZAO:0.5%Cr3+ 8.0839 8.0839 8.0839 528.28 1.9475 2.0161

Additionally, we scanned the cross-section of ZAO: 0.5%Cr3+ phosphor ceramic using
SEM, as shown in Figure 1c, and observed no obvious pores, presenting an overall smooth
and dense structure. The successful incorporation of Cr3+ into the ZAO matrix was achieved
through SPS, with Cr3+ effectively integrated into the ZAO lattice.

The optical bandgap determines the intrinsic characteristics of luminescent materials.
We conducted diffuse reflectance tests on two samples, ZAO and ZAO: 0.5%Cr3+, as shown
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in Figure 2a,c light, respectively. The ZAO matrix exhibits no apparent absorption peak,
and its optical bandgap can be fitted using Formulas (1) and (2) [30]:

[F(R∞)hv]n = A
(
hv − Eg

)
(1)

F(R∞) = K/S = (1 − R∞)/2R∞ (2)
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phosphor ceramic.

In the provided expression, R∞ is the reflectance ratio, hν is the photon energy, K is
the absorption coefficient, S is the scattering coefficient, A is the proportionality coefficient,
and where n is 2, it represents the indirect bandgap. As illustrated in Figure 2b, it yields a
value of 4.07 eV, suitable for Cr3+ doping luminescence [31].

In Figure 2c, two distinct absorption peaks are observed in ZAO: 0.5%Cr3+, corre-
sponding to the 4A2 − 4T1 transition near 400 nm and the 4A2 − 4T2 transition around
535 nm for Cr3+ [32]. At the same time, the absence of a distinct absorption peak for Cr4+

indicates the highly reducing atmosphere of the SPS, ensuring that the 687 nm deep red
emission originates from Cr3+. Furthermore, we tested the transparency of ZAO: 0.5%Cr3+

ceramic in the visible light region, as depicted in Figure 2d. The maximum transmittance
can reach up to 50%, accompanied by two prominent characteristic absorption peaks of
Cr3+. This pattern is consistent with the diffuse reflectance spectra, indicating that the
semi-transparent ceramic allows the transmission of 450 nm blue light and Ce3+: YAG
yellow light, compensating for the lack of red light.

In order to find the optimal Cr3+ doping concentration, we tested the PL spectra of
ZAO: xCr3+ (x = 0.3%, 0.4%, 0.5%, 0.6%, and 0.7%) samples, as shown in Figure 3a. ZAO:
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0.5%Cr3+ exhibited the strongest PL intensity, as illustrated in the inset on the left side of
Figure 3a. Hence, we delved into the concentration quenching mechanism, assessing it by
calculating the critical distance (Rc) through the use of Formula (3) to identify the type of
interaction [33]:

Rc ≈ 2
(

3V
4πxcN

)1/3
(3)
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Figure 3. (a) PL spectra of ZAO: xCr3+ (x = 0.3%, 0.4%, 0.5%, 0.6%, and 0.7%) samples. The left inset
shows the relationship between Cr3+ concentration and PL intensity, while the right inset displays
the fitting plot of log(I/x) and log(x). (b,c) PLE, PL spectra, and Gaussian fitting plots of the PLE
spectrum of ZAO: 0.5%Cr3+ sample. (d) T-S energy level diagram of the crystal field for Cr3+.

The critical concentration, denoted as Xc, is defined as 0.005. Here, N is the number
of cations per unit cell, specifically 8. The unit cell volume, measured at 528.45 Å3, and the
calculated critical distance, Rc, between two adjacent Cr3+ ions is determined to be 18.4799 Å.
Consequently, the observed concentration quenching mechanism in ZAO:0.5%Cr3+ is attributed
to a multipole interaction, specifically calculated using Dexter theory with Equation (4). [34,35].

I
x
=

K

1 + β(x)Q/3 (4)

The relationship between the Cr3+ concentration (x), photoluminescence intensity (I),
and the constants K and β is expressed in Equation (4). With Q taking values of 6, 8, and
10, a linear fitting relationship between log(I/x) and log(x) was established. The obtained
linear fit is illustrated in the right inset of Figure 3a. The slope of this linear fit is calculated
as −6.48805, which leads to the determination of Q as 119.46415, close to 10. Therefore,
the concentration quenching mechanism in ZAO: 0.5%Cr3+ phosphor ceramic involves
four-quadrupole interaction.
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In addition to fitting analysis of the concentration quenching mechanism in ZAO:
0.5%Cr3+, we also calculated the crystal field strength of Cr3+ in the ZAO matrix to further
analyze its PL characteristics. By performing Gaussian fitting on the excitation spectrum of
the ZAO: 0.5%Cr3+ sample (Figure 3c) and utilizing Formulas (5)–(7) [36]:

Dq

B
=

15(x − 8)
x2 − 10x

= 2.77 (5)

Dq =
E
(4 A2 − 4T2

)
10

(6)

x =
E
(4 A2 − 4T1

)
− E

(4 A2 − 4T2
)

Dq
(7)

where E(4A2 − 4T2) is the 4A2 − 4T2 transition energy, E(4A2 − 4T1) is the 4A2 − 4T1
transition energy. The crystal field strength of Cr3+ in this sample was calculated to be 2.77,
as shown in Figure 3d. This indicates that Cr3+ occupies the [AlO6] octahedra, experiencing
a strong crystal field associated with narrow-band emission. Simultaneously, the dominance
of the 2E − 4A2 transition in the emission spectrum suggests its prominent role.

Figure 3b illustrates the excitation−emission spectra of ZAO: 0.5%Cr3+ phosphor ceramic,
showcasing a predominant emission peak group centered at 687 nm when excited at 535 nm.
We also tested the emission spectra generated by the two main excitation peaks at 398 nm and
535 nm, as shown in the Figure 3b insert. We found no significant difference. To better match
the emission peak of YAG:Ce at 535 nm, we chose 535 nm as the excitation light for ZAO:Cr.
In the PL spectrum, the 687 nm emission peak corresponds to the 2E − 4A2 transition of Cr3+

(Cr3+’s zero-phonon R line), while the remaining peaks represent phonon sidebands of the
R line. Among them, the 667 nm, 675 nm, and 680 nm peaks represent anti-Stokes shifts,
while the 709–724 nm range corresponds to Stokes shifts. 695 nm and 699 nm are the N1
and N2 lines, respectively, resulting from antisite defects in the [AlO6] octahedra and [ZnO4]
tetrahedra [37,38]. To maintain charge balance for the reverse defect-induced Al3+ and Zn2+

ions, we introduced 1%wt of LiF during the preparation process. This not only ensures charge
balance but also facilitates the sintering of the ceramic. Notably, the excitation peaks around
400 nm and 535 nm closely align with the sample’s reflection and transmission absorption
peaks, respectively. These peaks correspond to the 4A2 − 4T1 and 4A2 − 4T2 transitions. The
535 nm excitation band correlates with the emission peak of Ce3+: YAG.

Beyond phase and spectral analysis, we conducted tests to evaluate the luminescent
thermal stability of the phosphor ceramic within the temperature range of 30–240 ◦C.
Temperature-dependent spectra were meticulously recorded, and the results were presented
in a 3D plot (Figure 4a), visually depicting the changes in emission peaks at 687 nm and
699 nm corresponding to varying temperatures (Figure 4b).

In this context, the emission peak at 687 nm maintains approximately 70% of the
room temperature PL intensity at a high temperature of 150 ◦C, while the emission peak
at 699 nm retains around 95%. According to previous research reports, the emission peak
at 699 nm corresponds to the antisite defect N2 line [37,39]. Therefore, the outstanding
thermal stability in this region may be attributed to luminescent center defects. This can
be explained by the thermal quenching model shown in Figure 4c. As the temperature
rises, the influence of phonons on the excited electrons intensifies. The energy of the
2E excited state is thermally activated, reaching the crossover point between the 2E and
4A2 excited states. Subsequently, nonradiative transitions occur to the bottom of the 4A2
ground state [40]. Because of the presence of antisite defects at 699 nm, the probability of
nonradiative transitions is smaller in this region. The difference between the two can also
be compared using the Arrhenius Equation (8) [37], with ∆E as a parameter.

Ln
(

I0

IT
− 1

)
= LnA − ∆E

kT
(8)
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Figure 4. (a) Temperature-dependent (30–240 ◦C) emission spectra of ZAO: 0.5%Cr3+ phosphor ceramic
excited at 535 nm. (b) Temperature variation curves of the emission peaks at 687 nm and 699 nm. (c) The
configuration coordinate diagram. (d) Demonstrates the activation energy fitting.

Here, I0 is the initial PL intensity, and IT is that at temperature T. A is a constant,
and k is Boltzmann’s constant (8.6174 × 10−5 eV·K−1). The linear relationship between
Ln((I0/IT) − 1) and 1/kT is illustrated in Figure 4d. From the fitted data in Figure 4d, the
∆E for the emission peak at 687 nm is 0.33 eV, which is significantly lower than the 0.52 eV
observed for the emission peak at 699 nm. Therefore, the antisite defects can compensate for
the overall PL thermal quenching. To illustrate this, we plotted the temperature dependence
of the FWHM and integrated PL intensity for ZAO: 0.5%Cr3+ phosphor ceramic, as shown
in Figure 5. Due to the existence of the electron-phonon coupling (EPC) effect, the FWHM
increases with temperature. Simultaneously, the EPC effect also influences the thermal
quenching behavior. We further analyzed the thermal quenching through fitting with the
Huang−Rhys formula [1,41].

FWHM = 2.36
√

Shω

√
coth

(
hω

2kT

)
(9)

In Equation (9), S represents the Huang−Rhys factor, indicating the EPC strength; hν is
the average phonon energy, and k is the Boltzmann constant. Through fitting, we obtained
an S value of 0.0075. A smaller S value indicates weaker EPC effects, leading to better
thermal stability of luminescence, surpassing values reported in most current literature, like
Cs2NaAlF6: Cr3+ (S = 4.5), GdAl3(BO3)4: Cr3+(S = 5.37), Ca3Sc2Ge3O12: Cr3+ (S = 4.11) and
NaScGe2O6: Cr3+ (S = 1.66) [41–44]. Additionally, as the FWHM increases and emission
from the antisite defects at 699 nm occurs, the integrated PL intensity gradually increases. In
conclusion, ZAO: 0.5%Cr3+ phosphor ceramic exhibits outstanding luminescence thermal
stability. In addition to the fluorescence performance of Cr3+ itself, the high thermal
conductivity of ZnAl2O4 spinel also provides positive assistance in thermal quenching.



Materials 2024, 17, 1610 8 of 12

Materials 2024, 17, x FOR PEER REVIEW 8 of 13 
 

 

quenching behavior. We further analyzed the thermal quenching through fitting with the 

Huang−Rhys formula [1,41]. 

𝐹𝑊𝐻𝑀 = 2.36√𝑆ℎ𝜔√𝑐𝑜𝑡ℎ⁡(
ℎ𝜔

2𝑘𝑇
) (9) 

 

Figure 5. The FWHM, PL integrated intensity, and temperature variation curves for ZnAl2O4: 

0.5%Cr3+. 

In Equation (9), S represents the Huang−Rhys factor, indicating the EPC strength; hν 

is the average phonon energy, and k is the Boltzmann constant. Through fitting, we ob-

tained an S value of 0.0075. A smaller S value indicates weaker EPC effects, leading to 

better thermal stability of luminescence, surpassing values reported in most current liter-

ature, like Cs2NaAlF6: Cr3+ (S = 4.5), GdAl3(BO3)4: Cr3+(S = 5.37), Ca3Sc2Ge3O12: Cr3+ (S = 4.11) 

and NaScGe2O6: Cr3+ (S = 1.66) [41–44]. Additionally, as the FWHM increases and emission 

from the antisite defects at 699 nm occurs, the integrated PL intensity gradually increases. 

In conclusion, ZAO: 0.5%Cr3+ phosphor ceramic exhibits outstanding luminescence ther-

mal stability. In addition to the fluorescence performance of Cr3+ itself, the high thermal 

conductivity of ZnAl2O4 spinel also provides positive assistance in thermal quenching. 

Consequently, the thermal conductivity variation curve of ZAO: 0.5%Cr3+ phosphor 

ceramic between 25 °C and 225 °C was evaluated, as shown in Figure 6a. At room temper-

ature, the thermal conductivity of ZAO: 0.5%Cr3+ phosphor ceramic is as high as around 

17.5 W·m−1·K−1. Even at a high temperature of 225 °C, it maintains a high thermal conduc-

tivity of 12.5 W·m−1·K−1. Compared to traditional phosphor-mixed transparent silicone gel-

encapsulated pc-LEDs, ZAO: 0.5%Cr3+ phosphor ceramic can operate continuously in 

high-temperature environments. The spinel-based phosphor ceramic exhibits excellent 

heat dissipation performance. Coupled with good luminescent thermal stability, the phos-

phor ceramic is expected to operate for an extended period in the red-light component of 

WLED systems (YAG: Ce3+ and 450 nm blue LED). 
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Consequently, the thermal conductivity variation curve of ZAO: 0.5%Cr3+ phosphor
ceramic between 25 ◦C and 225 ◦C was evaluated, as shown in Figure 6a. At room tempera-
ture, the thermal conductivity of ZAO: 0.5%Cr3+ phosphor ceramic is as high as around
17.5 W·m−1·K−1. Even at a high temperature of 225 ◦C, it maintains a high thermal conduc-
tivity of 12.5 W·m−1·K−1. Compared to traditional phosphor-mixed transparent silicone
gel-encapsulated pc-LEDs, ZAO: 0.5%Cr3+ phosphor ceramic can operate continuously in
high-temperature environments. The spinel-based phosphor ceramic exhibits excellent heat
dissipation performance. Coupled with good luminescent thermal stability, the phosphor
ceramic is expected to operate for an extended period in the red-light component of WLED
systems (YAG: Ce3+ and 450 nm blue LED).
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We also evaluated the fluorescence lifetimes of ZAO: xCr3+ (x = 0.3%, 0.4%, 0.5%, 0.6%,
and 0.7%) samples. Under excitation at 535 nm, the fluorescence lifetime decay at 687 nm is
depicted in Figure 6b. The lifetime values obtained through single-exponential fitting are
shown in Table 2.

I = A + B1exp
(
− t

τ1

)
(10)

In the given context, A and B1 are constants, and I is the PL intensity at time t. The
variable τ1 corresponds to the decay curve values of the phosphor ceramics. Notably,
all samples demonstrate lifetimes in the millisecond range, a trend consistent with prior
findings that highlight narrow-band peaks and longer lifetimes (measured in milliseconds)
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for Cr3+ in a strong crystal field [45], aligning with our earlier analysis. As the concentration
of Cr3+ doping increases, there is a gradual decrease in the values of the decay curves
from 20.8 ms to 17.1 ms. This decline is attributed to the heightened occurrence of ion-ion
interactions among transition metal ions [46]. Quantum efficiency is also one of the criteria
for measuring the practical value of ceramics. We conducted integrating sphere tests for
the quantum efficiency of ZAO: 0.5%Cr3+ phosphor ceramic, with an internal quantum
efficiency (IQE) of 78% and an external quantum efficiency (EQE) of 16%. These quantum
efficiency values are among the top in red emitting phosphor ceramics.

Table 2. PL lifetime values of the 687 nm emission peak for ZAO: xCr3+ (x = 0.3%, 0.4%, 0.5%, 0.6%,
and 0.7%) phosphor ceramics under excitation at 535 nm.

Concentration (%) 0.3 0.4 0.5 0.6 0.7

Lifetime (ms) 20.8 18.9 18.6 18.9 17.1

Finally, we encapsulated the ZAO: 0.5%Cr3+ phosphor ceramic (1 mm thickness) with
Ce3+: YAG and a 450 nm blue light LED, obtaining its PL spectrum as shown in Figure 7a.
The top right corner of Figure 7b shows photos before and after the activation of the white
light system. This compensates for the lack of red light. As the driving current increased,
the color rendering index R9 increased from 38 to 61.3, attributed to the red emission from
Cr3+, while the color temperature remained around 5500–5800 K (Figure 7b). Detailed data
is presented in Table 3. The white light emitted by the system falls within the white region
of the blackbody radiation spectrum, enhancing its practical applicability. The color purity
of ZAO: 0.5%Cr3+ phosphor ceramic, calculated using Formula (11) [47], can reach 99%. In
conclusion, this red phosphor ceramic has the potential to compensate for the lack of red
light in white light systems composed of Ce3+: YAG and blue light LEDs.

Colorpurity =

√
(x − xi)2 + (y − yi)2√
(xd − xi)2 + (yd − yi)2

(11)
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Figure 7. (a) PL spectra of ZAO: 0.5%Cr3+ compared with Ce3+: YAG and 450 nm blue LED
encapsulated PL spectra, along with their CIE coordinates (b).

The coordinates (x, y), (xi, yi), (xd, yd) represent the emission color coordinates, white
light color coordinates, and dominant wavelength color coordinates of ZAO: 0.5%Cr3+

phosphor ceramic, respectively.
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Table 3. Test data for ZAO: 0.5%Cr3+ phosphor ceramic, YAG: Ce3+ and a 450 nm LED encapsulation.

Drive Current
(mA) Color Coordinates (x, y) Luminous

Efficacy (lm/W)

Luminous
Flux
(lm)

Color
Rendering

Index
R9

Color
Temperature

(K)

* 50 (0.3063, 0.3421) 8.3 3.2 75.7 −10 6735
50 (0.3315, 0.3206) 6.1 2.4 85 38 5543

100 (0.3311, 0.3189) 6.1 4.9 85.3 38.9 5558
300 (0.3304, 0.3147) 5.5 14.3 85.9 41.9 5599
500 (0.3303, 0.3128) 5.0 22.6 86.1 42.9 5606
800 (0.329, 0.3085) 4.4 33.6 86.9 51.1 5683
1000 (0.3283, 0.3062) 4.1 40.1 87.3 55.9 5730
1300 (0.3275, 0.3026) 3.9 50.3 87.8 61.3 5780

* Initial color characteristics of the LED (YAG: Ce3+ phosphor ceramic packaged with a 450 nm LED).

4. Conclusions

In summary, we successfully prepared semitransparent ZAO: 0.5%Cr3+ phosphor
ceramic using SPS and analyzed the Cr3+ doping sites and spectral properties. Through
XRD and refinement, DRS, transmission spectra, crystal field strength, and PLE spectra,
we determined that Cr3+ occupies [AlO6] octahedra, emitting narrow-band red light at
687 nm. The refined data indicates that the doping of Cr3+ causes expansion of the [AlO6]
octahedra and indirect contraction between [ZnO4] tetrahedra. Its absorption peak near
535 nm can be effectively excited by Ce3+: YAG. The color purity of this phosphor ceramic
reaches 99%. Furthermore, ZAO: 0.5%Cr3+ phosphor ceramic exhibits a high thermal
conductivity of 17.5 W·m−1·K−1 at a high temperature of 150 ◦C, and the intensity at
687 nm can be maintained at around 70% of room temperature. The prominent thermal
quenching behavior is attributed to the weak EPC effects and the emission from antisite
defects at 699 nm. In addition, ZAO: 0.5%Cr3+ phosphor ceramic shows a remarkable IQE
value, being approximately 78%. When encapsulated with Ce3+: YAG for a 450 nm blue
LED, it compensates for the lack of red light, adjusts the CT, and improves the R9. This
provides valuable insights for the study of WLEDs.

Author Contributions: Conceptualization, X.X. and A.D.; methodology, M.Q.; software, M.Q.; valida-
tion, X.X., M.Q. and A.D.; formal analysis, M.Q.; investigation, M.Q.; resources, X.X.; data curation,
A.D.; writing—original draft preparation, W.J.; writing—review and editing, W.J.; visualization, X.X.;
supervision, X.X.; project administration, A.D; funding acquisition, A.D. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data of this paper are available on request from the corresponding
author.

Conflicts of Interest: The authors declared no potential conflict of interest with respect to the research,
authorship, and/or publication of this article.

References
1. Pan, Y.; Tang, Y.; Yin, X.; Qiang, M.; Yao, X.; Zhang, D. ZnAl2O4: Mn2+ transparent phosphor ceramic with narrow-band green

emission by spark plasma sintering. J. Lumin. 2024, 265, 120198. [CrossRef]
2. Markovskyi, A.; Gorbenko, V.; Zorenko, T.; Witkiewicz-Lukaszek, S.; Sidletskiy, O.; Fedorov, A.; Zorenko, Y. Development of

Three-Layered Composite Color Converters for White LEDs Based on the Epitaxial Structures of YAG:Ce, TbAG:Ce and LuAG:Ce
Garnets. Materials 2023, 16, 1848. [CrossRef]

3. Bachmann, V.; Ronda, C.; Meijerink, A. Temperature quenching of yellow Ce3+ luminescence in YAG: Ce. Chem. Mater. 2009, 21,
2077–2084. [CrossRef]

4. Pust, P.; Schmidt, P.J.; Schnick, W. A revolution in lighting. Nat. Mater. 2015, 14, 454. [CrossRef] [PubMed]
5. Mangum, B.D.; Landes, T.S.; Theobald, B.R.; Kurtin, J.N. Exploring the bounds of narrow-band quantum dot downconverted

LEDs. Photonics Res. 2017, 5, A13–A22. [CrossRef]

https://doi.org/10.1016/j.jlumin.2023.120198
https://doi.org/10.3390/ma16051848
https://doi.org/10.1021/cm8030768
https://doi.org/10.1038/nmat4270
https://www.ncbi.nlm.nih.gov/pubmed/25899898
https://doi.org/10.1364/PRJ.5.000A13


Materials 2024, 17, 1610 11 of 12

6. Karipbayev, Z.T.; Lisitsyn, V.M.; Golkovski, M.G.; Zhilgildinov, Z.S.; Popov, A.I.; Zhunusbekov, A.M.; Polisadova, E.; Tulegenova,
A.; Mussakhanov, D.A.; Alpyssova, G.; et al. Electron Beam-Assisted Synthesis of YAG:Ce Ceramics. Materials 2023, 16, 4102.
[CrossRef]

7. Zhang, T.; Wang, X.; Wu, Z.; Yang, T.; Zhao, H.; Wang, J.; Huang, H.; Liu, Y.; Kang, Z. Highly stable and bright blue light-emitting
diodes based on carbon dots with a chemically inert surface. Nanoscale Adv. 2021, 3, 6949–6955. [CrossRef] [PubMed]

8. Lisitsyn, V.; Tulegenova, A.; Kaneva, E.; Mussakhanov, D.; Gritsenko, B. Express Synthesis of YAG:Ce Ceramics in the High-Energy
Electrons Flow Field. Materials 2023, 16, 1057. [CrossRef]

9. Nsresh, V.; Lee, N.J. KGaP2O7: Mn4+ deep red emitting phosphor: Synthesis, structure, concentration and temperature dependent
photoluminescence characteristics. J. Lumin. 2019, 214, 116565. [CrossRef]

10. Sivakumar, V.; Lakshmanan, A.; Kalpana, S.; Rani, R.S.; Kumar, R.S.; Jose, M. Low-temperature synthesis of Zn2SiO4: Mn green
photoluminescence phosphor. J. Lumin. 2012, 132, 1917–1920. [CrossRef]

11. Tolhurst, T.M.; Branu, C.; Schnick, W.; Moewes, A. Comprehensive Band Gap and Electronic Structure Investigations of the
Prominent Phosphors M2Si5N8: Eu2+ (M = Ca, Sr, Ba) Determined Using Soft X-ray. Spectrosc. Density Funct. Theory 2021, 125,
25799–25806.

12. Zhong, H.; Wang, J.W.; Dong, B.B.; Li, L.; Yang, M.Y.; Yu, J.L.; Xin, X.; Agathopoulos, S. A simple way to prepare a hydrophobic
Sr[LiAl3N4]: Eu2+ phosphor with improved moisture resistance. Mater. Res. Bull. 2018, 105, 260–264. [CrossRef]

13. Nanai, Y.; Ishida, R.; Urabe, Y.; Nishimura, S.; Fuchi, S. Octave-spanning broad luminescence of Cr3+, Cr4+ -codoped Mg2SiO4
phosphor for ultra-wideband near-infrared LEDs. Jpn. J. Appl. Phys. 2019, 58, SFFD02. [CrossRef]

14. Kamada, Y.; Hayasaka, R.; Uchida, K.; Suzuki, T.; Takei, T.; Kitaura, M.; Kominami, H.; Hara, K.; Matsushima, Y. Deep Red
Photoluminescence from Cr3+ in Fluorine-Doped Lithium Aluminate Host Material. Materials 2024, 17, 338. [CrossRef]

15. Sharma, S.K.; Bessière, A.; Basavaraju, N.; Priolkar, K.R.; Binet, L.; Viana, B.; Gourier, D. Interplay between chromium content and
lattice disorder on persistent luminescence of ZnGa2O4: Cr3+ for in vivo imaging. J. Lumin. 2014, 155, 251–256. [CrossRef]

16. Huyen, N.; Tu, N.; Tung, D.; Trung, D.; Anh, D.; Duc, T.; Nga, T.; Huy, P. Photoluminescent properties of red-emitting phosphor
BaMgAl10O17: Cr3+ for plant growth LEDs. Opt. Mater. 2020, 108, 110207. [CrossRef]

17. Zhu, S.; Khan, M.A.; Kameda, T.; Xu, H.; Wang, F.; Xia, M.; Yoshioka, T. New insights into the capture performance and
mechanism of hazardous metals Cr3+ and Cd2+ onto an effective layered double hydroxide based material. J. Hazard. Mater. 2022,
15, 128062. [CrossRef] [PubMed]

18. Hoque, A.; Bradley, R.K.; Fan, J.; Fan, X. Effects of humidity and phosphor on silicone/phosphor composite in white light-emitting
diode package. J. Mater. Sci. Mater. Electron. 2019, 30, 20471–20478. [CrossRef]

19. Dai, J.; Cao, M.; Kou, H.; Pan, Y.; Guo, J.; Li, J. Fabrication and properties of transparent Tb: YAG fluorescent ceramics with
different doping concentrations. Ceram. Int. 2016, 42, 13812–13818. [CrossRef]

20. Shakhno, A.; Markovskyi, A.; Zorenko, T.; Witkiewicz-Łukaszek, S.; Vlasyuk, Y.; Osvet, A.; Elia, J.; Brabec, C.J.; Batentschuk, M.; Zorenko,
Y. Micropowder Ca2YMgScSi3O12:Ce Silicate Garnet as an Efficient Light Converter for White LEDs. Materials 2022, 15, 3942. [CrossRef]
[PubMed]

21. Liu, X.; Chen, B.; Tu, B.; Wang, H.; Wang, W.; Fu, Z. Characterization in activators’ distribution and photoluminescence properties
of Ce3+ doped MgAlON transparent fluorescent ceramic. J. Eur. Ceram. Soc. 2016, 36, 2801–2805. [CrossRef]

22. Su, L.; Miao, L.; Miao, J.; Zheng, Z.; Yang, B.; Xia, R.; Chen, P.; Qian, J. Synthesis and optical property of zinc aluminate spinel
cryogels. J. Asian Ceram. Soc. 2016, 4, 185–190. [CrossRef]

23. Yuvaraj, S.; Ramachandran, S.; Subramani, A.; Thamilselvan, A.; Venkatesan, S.; Sundararajan, M.; Dash, C.S. Impact of Mg2+ Ion
on the Structural, Morphological, Optical, Vibrational, and Magnetic Behavior of Mg: ZnAl2O4 Spinel. J. Supercond. Nov. Magn.
2019, 33, 1199–1206. [CrossRef]

24. Da Silva, A.A.; de Souza Gonçalves, A.; Davolos, M.R. Characterization of nanosized ZnAl2O4 spinel synthesized by the sol–gel
method. J. Sol.-Gel Sci. Technol. 2009, 49, 101. [CrossRef]

25. Basiri, A.; Nassajpour-Esfahani, A.H.; Haftbaradaran-Esfahani, M.R.; Alhaji, A.; Shafyei, A. Optimization of spray freeze drying
parameters for spark plasma sintering of transparent MgAl2O4 spinel. Ceram. Int. 2022, 48, 10751–10761. [CrossRef]

26. Khaidukov, N.; Pirri, A.; Brekhovskikh, M.; Toci, G.; Vannini, M.; Patrizi, B.; Makhov, V. Time-and Temperature-Dependent
Luminescence of Manganese Ions in Ceramic Magnesium Aluminum Spinels. Materials 2021, 14, 420. [CrossRef]

27. Tshabalala, K.; Cho, S.-H.; Park, J.-K.; Pitale, S.S.; Nagpure, I.; Kroon, R.; Swart, H.; Ntwaeaborwa, O. Luminescent properties and
X-ray photoelectron spectroscopy study of ZnAl2O4: Ce3+,Tb3+ phosphor. J. Alloys Compd. 2011, 509, 10115–10120. [CrossRef]

28. Strachowski, T.; Grzanka, E.; Mizeracki, J.; Chlanda, A.; Baran, M.; Małek, M.; Niedziałek, M. Microwave-Assisted Hydrothermal
Synthesis of Zinc-Aluminum Spinel ZnAl2O4. Materials 2021, 15, 245. [CrossRef]

29. Menon, S.; Dhabekar, B.; Raja, E.A.; More, S.; Rao, T.G.; Kher, R. TSL, OSL and ESR studies in ZnAl2O4: Tb phosphor. J. Lumin.
2008, 128, 1673–1678. [CrossRef]

30. Kim, I.-W.; Kaur, S.; Yadav, A.; Rao, A.; Saravanakumar, S.; Rao, J.; Singh, V. Structural, luminescence and EPR properties of deep
red emitting MgY2Al4SiO12: Cr3+ garnet phosphor. J. Lumin. 2020, 220, 116975. [CrossRef]

31. Brik, M.; Srivastava, A.; Popov, A. A few common misconceptions in the interpretation of experimental spectroscopic data.
Opt. Mater. 2022, 127, 112276. [CrossRef]

32. Qiang, M.; Yin, X.; Chao, J.; Hu, Q.; Lin, H.; Hong, R.; Zheng, L.; Zhang, D. Effect of Ga3+ substitution on the photoluminescence
properties of ZnAl2O4 red phosphor. Opt. Mater. 2023, 143, 114262. [CrossRef]

https://doi.org/10.3390/ma16114102
https://doi.org/10.1039/D1NA00576F
https://www.ncbi.nlm.nih.gov/pubmed/36132364
https://doi.org/10.3390/ma16031057
https://doi.org/10.1016/j.jlumin.2019.116565
https://doi.org/10.1016/j.jlumin.2012.03.007
https://doi.org/10.1016/j.materresbull.2018.05.009
https://doi.org/10.7567/1347-4065/ab0b9f
https://doi.org/10.3390/ma17020338
https://doi.org/10.1016/j.jlumin.2014.06.056
https://doi.org/10.1016/j.optmat.2020.110207
https://doi.org/10.1016/j.jhazmat.2021.128062
https://www.ncbi.nlm.nih.gov/pubmed/34929593
https://doi.org/10.1007/s10854-019-02393-8
https://doi.org/10.1016/j.ceramint.2016.05.183
https://doi.org/10.3390/ma15113942
https://www.ncbi.nlm.nih.gov/pubmed/35683240
https://doi.org/10.1016/j.jeurceramsoc.2016.04.001
https://doi.org/10.1016/j.jascer.2016.03.001
https://doi.org/10.1007/s10948-019-05347-7
https://doi.org/10.1007/s10971-008-1833-x
https://doi.org/10.1016/j.ceramint.2021.12.291
https://doi.org/10.3390/ma14020420
https://doi.org/10.1016/j.jallcom.2011.08.054
https://doi.org/10.3390/ma15010245
https://doi.org/10.1016/j.jlumin.2008.03.016
https://doi.org/10.1016/j.jlumin.2019.116975
https://doi.org/10.1016/j.optmat.2022.112276
https://doi.org/10.1016/j.optmat.2023.114262


Materials 2024, 17, 1610 12 of 12

33. Tran, M.; Trung, D.; Tu, N.; Anh, D.; Thu, L.; Du, N.; Quang, N.; Huyen, N.; Kien, N.; Viet, D.; et al. Single-phase far-red-emitting
ZnAl2O4: Cr3+ phosphor for application in plant growth LEDs. J. Alloys Compd. 2021, 5, 161077. [CrossRef]

34. Du, P.; Tang, J.; Li, W.; Luo, L. Exploiting the diverse photoluminescence behaviors of NaLuF4: xEu3+ nanoparticles and g-C3N4
to realize versatile applications in white light-emitting diode and optical thermometer. Chem. Eng. J. 2021, 406, 127165. [CrossRef]

35. Zheng, T.; Luo, L.; Du, P.; Lis, S.; Rodríguez-Mendoza, U.R.; Lavín, V.; Martín, I.R.; Runowski, M. Pressure-triggered enormous
redshift and enhanced emission in Ca2Gd8Si6O26: Ce3+ phosphors: Ultrasensitive, thermally-stable and ultrafast response
pressure monitoring-ScienceDirect. Chem. Eng. J. 2022, 443, 136414. [CrossRef]

36. Yin, X.; Qiang, M.; Lin, H.; Zhang, D.; Hong, R.; Han, Z. Effect of Ga3+ ion doping on emission thermal stability and efficiency of
MgAl2O4: Cr3+ phosphor. J. Am. Ceram. Soc. 2023, 106, 7069–7077. [CrossRef]

37. Grigorjevaite, J.; Ezerskyte, E.; Minderyte, A.; Stanionyte, S.; Juskenas, R.; Sakirzanovas, S.; Katelnikovas, A. Optical Properties of
Red-Emitting Rb2Bi(PO4)(MoO4): Eu3+ Powders and Ceramics with High Quantum Efficiency for White LEDs. Materials 2019,
12, 3275. [CrossRef]

38. Gutowski, M. Antisymmetric exchange interactions in Cr3+-Cr3+ pairs in the inverse spinel LiGa5O8. Phys. Rev. B 1978, 18,
5984–5989. [CrossRef]

39. Qiang, M.; Yin, X.; Lin, H.; Hong, R.; Zhang, D.; Zhang, Z.; Zhou, S.; Chen, J.; Tian, Y.; Zheng, G.; et al. ZnAl2O4: Cr3+ translucent
ceramic phosphor with thermally stable far-red luminescence. Opt. Mater. 2022, 133, 112887. [CrossRef]

40. Yu, D.; Zhou, Y.; Ma, C.; Melman, J.H.; Baroudi, K.M.; LaCapra, M.; Riman, R.E. Non-Rare-Earth Na3AlF6: Cr3+ Phosphors for
Far-Red Light Emitting Diodes. ACS Appl. Electron. Mater. 2019, 1, 2325–2333. [CrossRef] [PubMed]

41. McCall, K.M.; Stoumpos, C.C.; Kostina, S.S.; Kanatzidis, M.G.; Wessels, B.W. Strong Electron–Phonon Coupling and Self-Trapped
Excitons in the Defect Halide Perovskites A3M2I9 (A = Cs, Rb; M = Bi, Sb). Chem. Mater. 2017, 29, 4129–4145. [CrossRef]

42. Torchia, G.; Martinez-Matos, O.; Khaidukov, N.; Tocho, J. Phonon coupling of Cr3+ ions in Cs2NaAlF6 crystals. Solid State Commun.
2004, 130, 159–163. [CrossRef]

43. Malysa, B.; Meijerink, A.; Jüstel, T. Temperature dependent luminescence Cr3+-doped GdAl3(BO3)4 and YAl3(BO3)4. J. Lumin.
2016, 171, 246–253. [CrossRef]

44. Qiang, M.; Tang, Y.; Ye, S.; Lou, W.; Chao, J.; Lin, H.; Zhang, D. Novel YAGG: Cr garnet phosphor ceramic with broadband near
infrared (NIR) emission and luminescence thermal stability for plant growth. Ceram. Int. 2024, 50, 4823–4830. [CrossRef]

45. Gao, T.; Zhuang, W.; Liu, R.; Liu, Y.; Yan, C.; Tian, J.; Chen, G.; Chen, X.; Zheng, Y.; Wang, L. Site occupancy and enhanced
luminescence of broadband NIR gallogermanate phosphors by energy transfer. J. Am. Ceram. Soc. 2020, 103, 202–213. [CrossRef]

46. Wang, Z.; Lin, H.; Zhang, D.; Shen, Y.; Li, Y.; Hong, R.; Tao, C.; Han, Z.; Chen, L.; Zhou, S. Deep-red emitting Mg2TiO4: Mn4+

phosphor ceramics for plant lighting. J. Adv. Ceram. 2021, 10, 10. [CrossRef]
47. Xue, P.; Tian, L. A far-red phosphor LaSrZnNbO6: Mn4+ for plant growth lighting. Opt. Mater. 2021, 115, 111063. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.jallcom.2021.161077
https://doi.org/10.1016/j.cej.2020.127165
https://doi.org/10.1016/j.cej.2022.136414
https://doi.org/10.1111/jace.19292
https://doi.org/10.3390/ma12193275
https://doi.org/10.1103/PhysRevB.18.5984
https://doi.org/10.1016/j.optmat.2022.112887
https://doi.org/10.1021/acsaelm.9b00527
https://www.ncbi.nlm.nih.gov/pubmed/31788671
https://doi.org/10.1021/acs.chemmater.7b01184
https://doi.org/10.1016/j.ssc.2004.02.006
https://doi.org/10.1016/j.jlumin.2015.10.042
https://doi.org/10.1016/j.ceramint.2023.11.225
https://doi.org/10.1111/jace.16685
https://doi.org/10.1007/s40145-020-0421-6
https://doi.org/10.1016/j.optmat.2021.111063

	Introduction 
	Experimental Section 
	Materials and Synthesis 
	Characterization 

	Results and Discussion 
	Conclusions 
	References

