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Correlated color temperature (CCT) is widely used to describe the chromaticity of white light sources,
although chromaticity is only two-dimensional, and the distance from the Planckian locus is typically absent.
Herein, a novel single-phase CasYAlsB4O:5Tm>",Dy** Eu®", an emerging white-emitting phosphor with
good optical properties and thermal-stability, is produced, and the practical calculation methods to calculate
the chromaticity-shift (AE) and D, value for color-quality are also demonstrated, making it a good
contender for possible use in LEDs. The incorporation of Eu®* into CasYAlzB4O15:0.015Tm>*,0.08Dy>*
resulted in attractive warm-white light with CCT declining from 4635 K to 3065 K. The CazYAlz-
B4O15Tm3" Dy*" EU®"  exhibited excellent thermal stability (@400 K = ~93%). The CasYAlsB4-
O15.Tm>*,Dy>* Eu3*-based WLED exhibits satisfactory parameters of high R, (89.9) and low-CCT (3065 K).
Additionally, this article offers useful mathematical strategies for calculating D, over a wide-range of
chromaticity, from 2000 to 6000 K in CCT and from —0.002 to 0.014, which strongly matches the range in
an American National Standards Institute (ANSI) standard. For the first time, white light with minimized
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1. Introduction

One of the most important characteristics of light sources for
general illumination is chromaticity, which is typically defined
using CIE coordinates (x, y) or (, v). But these two numbers
don’t convey the color information." The chromaticity infor-
mation of general light sources is frequently provided via
correlated color temperature (CCT) for practical applications.
However, CCT only offers one dimension of chromaticity; the
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thermal-quenching, improved CRI, and color quality has been used in near-UV chip-excited WLEDs.

other dimension is the position of chromaticity concerning
the Planckian locus and is typically absent. Some areas of the
industry have been using the term “D,,” (Deviation of Uniform
Visual perception) or concepts akin to it, such as the distance
from the Planckian locus for this purpose, although these
terms have not been formally defined in any standards. An
American National Standards Institute standard recently
defined D,,.> White LEDs, which are anticipated to be the
next-generation light source,”” have gained popularity as a
hot topic in lighting applications.®”® YAG:Ce*" and InGaN-
based blue chips are usually used to create commercially
available WLEDs. RBG light emission could be obtained by
either single-phase or multi-color phosphors.®*°™* The serious
flaw in these systems is that they fall short of ideal standards.
The challenge of producing white light in a single-component
host has generated a significant deal of attention due to the
substantial reabsorption of blue light by green and red. By adding
a red phosphor to the system, warm white light with a high R, is
produced, producing the desired qualities."”®> Meanwhile, the
single-component phosphors play a vital role compared with the
multi-phase photoluminescence materials, offering a higher
color-rending index (CRI), better stability, better reproducibility,
low manufacturing costs, no phase separation, and an informal
fabrication method."**® Fortunately, it is possible to introduce a
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sensitizer to enhance the activator’s emission, as was done
previously."*'*> Consequently, using energy transfer (ET) to pro-
duce white light is still a hot topic.'”

Of all the rare-earth ions, Dy*" seems to be a noble candidate
for white emission in hosts with a single phase. Dy*" activated
phosphors have been the subject of practical investigations
because it is simple to produce white emission by altering the
proportion of blue and yellow emissions from Dy*', which corre-
spond to the transitions of “Fs;, — ®Hys;, and *Fs;, —®Hyzp. "5
However, the Dy*"-activated phosphors exhibit a significant CCT
issue that prevents their use in more vibrant applications.>

As mentioned above, they do not meet the prime desires of
WLEDs. They still have the drawbacks of a low CRI and cold
white light with a CCT > 6000 K because there is no red light in
the spectrum, which prevents them from being used in applica-
tions that require more vibrant colors.”*'>* Implementing
more emissions in the red spectral regions is vital to resolving
these issues and enhancing luminous performances. These can
be effectively resolved by co-doping Tm** and Dy** into a host
and another red-emitting center. Trivalent Eu®*" can produce
red light originating from its ground state of “F, to excited
states (e.g. °D; ~ 362 nm, °Lg ~ 366 nm, G4 ~ 375 nm, 5G, ~
380 nm, and °Lg ~ 393 nm). It can be an effective activator for
presentations and unquestionably is a fantastic choice when
used as a red-component center for WLEDs.>>° It is possible to
compensate for the emission of phosphors in the red area and
increase the optical performance by co-doping Tm’**-Dy** and
Eu®". Consequently, multiple techniques need to be employed
to broaden the emission of co-doped phosphors containing
Tm?**, Dy**, and Eu®". The structure of Ca;YAI;B,40,5 belongs to
the space group P63/m, which is isostructural to gaudefroyite
Ca,(MnO);(B0O3);CO;. There are two available sites (Cal & Ca2)
for the substitution of dopant ions. These sites are separated by
BO; and AlOg groups, and yttrium ions occupy the Cat site.>”*

This work presents the development of a single-component
Ca;YAL;B,0,5:Tm** Dy**,Eu®" warm white phosphor with excep-
tional optical properties. XRD, crystal-refinements, TEM, DRS,
and detailed optical properties characterized the resulting
samples, and D,,, is suggested as a simple way to express the
chromaticity of white light sources for general illumination,
together with color stability or chromaticity-shift (AE). Quanti-
tative analysis was done on the crystal structure and the impact
of Dy** doping on the electrical structure of CYAB, which has a
prominent effect. Interestingly, the incorporation of Eu*" into
Ca;YAI3B,045:0.015Tm>",0.08Dy*" displayed attractive warm-
white-light with CCT declining from 4635 K to 3065 K. Further-
more, a WLED device with a CRI of 89.9% was achieved by Eu**
codoping. Additionally, this article provides useful calculation
techniques for calculating D,, over a wide range of chromati-
city, from —0.002 to 0.014 in D, and 2000 to 6000 K in CCT.

2. Experimental section
2.1 Sample preparation

All reagents were obtained in pure form from commercial
sources and were used directly. H;BO; (A.R.), Y,0;, Eu,03,
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Tm,03, CaCO; (A.R.), Al(OH); (A.R.), and Dy,0; were sourced from
Aladdin. The reagents were carefully combined in a stoichiometric
ratio and crushed. After being placed in the crucible, the mixture
was heated there for 10 hours at 900 °C. Then, for a further ten
hours, it was heated at 1100 °C in a CO-reduction environment. The
obtained phosphors are as follows; CazY;_,Al;B,O;5:xEu’ (x = 0.1,
0.3, 0.5, 0.8,), CasY;_,Al;B,0,5:xTm (x = 0.005, 0.01, 0.015, 0.02,
0.025), CazY;_,Al;B,0,5:xDy (x = 0.01, 0.04, 0.08, 0.12, 0.16), and
Ca3Y0 085 xAlB40;5:0.015Tm>*,0.08Dy** xEu®* (x = 0.00, 0.001,
0.007, 0.01, 0.02). The produced phosphors were then employed
for additional characterization (see the ESIt for more information).

3. Results and discussion

3.1 Structural characterization, micromorphology, and DFT
calculations

Powder X-ray diffraction patterns of Ca3YAl3B4015:ny3+ (x =
0.01 to 0.16) samples are presented in Fig. 1a. The JCPDS
dataset was used to index the prepared phosphor diffraction
peaks (172 154). The X-ray diffraction study results showed that
doping of Dy** does not have any other impurities or cause any
notable change. As shown in Fig. S1 (ESIf), the Rietveld-
refinement results of Ca;YAl;B,0,5:Dy*" confirmed that the
phosphor crystalizes into a single garnet phase. The cell vari-
ables were a = 10.3867(3), ¢ = 5.8146(2), and V = 534.94 A®. The
unit cell contains four distinct types of cationic sites, where the
metal ions exhibit nine-fold and seven-fold coordination poly-
hedra at the Ca®"/Y*'(1) and Ca*'/Y**(2) sites, respectively.
Additionally, six coordinated aluminum sites and three coordi-
nated boron sites were discovered. The Ca®>*/Y**(1) sites were
separated from the Ca®>"/Y**(2) sites by the BO; and AlOg units
in Fig. 1b and c. The AlOg octahedra share edges to form
chains, which are connected by triangular BO; groups in the
ab plane, creating a Kagome-type lattice characteristic of
the gaudefroyite structure. The P63/m space group accurately
predicts all points in the X-ray diffraction pattern. However, the
Ln®" rare-earth ions in Ca,YAl;B,0;5 have somewhat different
distributions in these two sites, as Ln** ions can occupy both
cation sites in the structure, with the Ca®>*/Y*(1) sites being
occupied by 79% Ln*" ions and the Ca®**/Y*'(2) sites being
occupied by 21% Ln*".*° As for our system, the dopant’s
behavior is opposite to what has been previously reported.*®
Our modifications showed that the Ca>"/Y**(2) site in Ca;YAl,-
B,015:Dy’*" should be occupied by a very heavy-ion, rather than
the Ca®*/Y**(1) site. Thus, we assume that in Ca;YAl;B,0,5:Dy”"
ions fully occupy the Ca®*/Y**(2) site. As shown in Fig. 1c
(coordinating conditions of Ca*"/Y**(1) and Ca®"/Y*(2)), the
distance between the sites of Ca®>'/Y**(1) is shorter than the
Ca*'/Y*'(2) sites, which may be the reason for the preferences of
occupancy (Table S1, ESIT). All the other elements containing
Ca, Y, Dy, Al, and O in the matrix were detected except boron
(Fig. 1d and e). The (1 1 2) and (—1 2 1) planes are well
represented by a lattice fringe in the HRTEM picture with
interplanar lattice spacings of 0.52 and 0.35 nm of Ca;YAl;-
B,4015:0.08Dy*" shown in Fig. S2 (ESIt). The XPS results gave

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) XRD pattern of CasYAlsB4O15:xDy** (v = 0.01 to 0.16). (b) and (c) coordination environments of CYAB and (d) and (e) EDS elemental distribution.

additional proof for the elemental makeup (Fig. 2). XPS spectral
analysis showed peaks at 284.5 eV and 530.7 eV attributed to C
1s and O 1s, respectively (details are given in the ESIt).*" The
Kubelka-Munk function was used to calculate the phosphors’
energy bandgap (E,), which was found to be 5.13 eV from the
diffuse reflection spectroscopy (DRS) analysis (Fig. 3a and b).*>

3.2 Photoluminescence properties of Tm**/Dy**/Eu’* single
doped Ca;YAI;B,0;5

Fig. 4a and b show the PLE and PL spectra of Ca;YAl;-
B,O15:Eu*". The wide band between 250 and 300 nm, peaking
at about 265 nm, and numerous brilliant, crisp lines between
300 and 480 nm are present in the PLE spectra recorded at
618 nm. The CTB transition from the filled 2p orbitals of O>*
ions to the partially filled 4f orbitals of Eu** was first thought to
be responsible for the broadband emission (Fig. 4a)."* Ca;YAl;-
B,4O;5:xEu®" phosphors were found to emit strong red light at
394 nm excitation. The PL spectra of Ca;YAl;B40,5:xEu®" (x=
0.1, 0.3, 0.5, 0.8) phosphors with various Eu** doping concen-
trations are shown in Fig. 4b under excitation at 397 nm.
Each sample showed typical red Eu®* ion emissions, and the
intensity of the °D, — ’F, emission was altered. There was
no concentration quenching effect seen when the doping
level increased as suggested by the concentration-dependent
luminescence intensity of CazYAI;B40;5:Eu®". The CasYAl;-
B,O;5:Eu®* sample’s CIE coordinates were found to be
(0.653, 0.342), which was relatively near to the NTSC standard
value for red phosphor (0.670, 0.330). Notably, the CIE value of

© 2024 The Author(s). Published by the Royal Society of Chemistry

Ca;YAl;B,0,5:Eu®” was superior to that of the commercial
phosphor Y,0,S:Eu®* (0.622, 0.351), as shown in Fig. S3a
(ESIt).*® Color purity is regarded as a crucial component of a
material’s efficiency for WLED applications. The following
equation was used to obtain the color purity for all the samples
that were doped with Eu®*.3373°

V= xi o — )
(xa = %) +(va — 1)

x 100% (1)

Color purity =

where (x, y), (xi, y;), and (x4, yq) correspond to the CIE diagrams
of the phosphor, white illumination, and dominant wave-
length. CazYAI;B,0;5:xEu’" was found to have a color purity
of 93.8% in Fig. S3a (ESIt), which exceeds the value of the
previously known red-emitting phosphors.>**®** The decay
curves of CazYAl;B,0;5:xEu®" are explored in Fig. S3b (ESIf).
Eqn (2) provides a good match to the appropriate results for all
of the analyses.*™*

I = Bexp(—t/1) (2)

where I refers to the photoluminescence intensity at time ¢, B is
a constant, and 7 is the luminescence lifetime, respectively. The
value of 7 is adjusted to 1.22 ms so that the second-order
exponential may more easily fit decay curves. For a deeper look
at the luminescence performance, we assessed the IQE of
the Ca;YAI;B,O,5:Eu’" sample. Under 394 nm excitation, the
IQE of CazYAI;B,40;5:xEu’" reached 82.5%, which is higher than
that of the commercial phosphor Y,0,S xEu®" (IQE: 35%).*?

Mater. Adv,, 2024, 5, 9851-9861 | 9853
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Fig. 2 XPS spectra of CYAB:Tm**,Dy** and XPS spectral analysis of Al, Ca, Dy, Y, B, O, and Tm.

Thermal stability is a highly significant parameter that can
affect the phosphor’s color output and brightness. Conse-
quently, Fig. S3c (ESIt) displays the temperature-dependent
spectra of Ca;YAl;B,0;5:xEu®". Unexpectedly, the PL intensity
at 400 K was around 85.2% higher than at 303 K. This shows
that the Ca;YAl;B,0,5:xEu®" phosphor has better heat stability
and is suitable for making WLEDs. After that, the activation
energy (E) was determined using the Arrhenius equation and
the thermal quenching data are shown in Fig. S3d (ESIt). In
contrast to the literature, the heat stability of phosphors is
typically significantly healthier (Table 1).

The excitation and emission spectra of Ca;YAl;B,0,5:Tm>*" and
concentration-dependent photoluminescence intensity of the
CazY;_,Al;B4O;5:xTm>" (x = 0.005-0.025) phosphor are presented
in Fig. 4c and d. The PLE achieved by placing the detector at
456 nm contains a sharp absorption band at 358 nm attributed to
the *H¢ — 'D, transition of Tm>'. The phosphor emits

9854 | Mater. Adv., 2024, 5, 9851-9861

characteristic light associated with 'D, — °F, transitions of
Tm*" peaking at 456 nm, under 360 nm excitation. The
CazY;_,AlB,O;5:xTm>" emission spectrum displayed an increase
in emission intensity under stimulation at 356 nm. The quench-
ing concentration of Ca;Y;_,Al;B,0;5:XTm>" is depicted in Fig. 4d.
The cross-relaxation between 'D, and °F, energy levels is what
causes quenching. The energy level’s schematic picture shows
how the transition of Tm®" in CYAB is likely to occur. The
chromaticity diagram of Ca;YAI;B,0,5:Tm>" was obtained using
the PL spectrum in Fig. S5a (ESIt), and it was found to be (0.154,
0.042), which was extremely near to the BAM:Eu** blue light
(0.170, 0.045). The temperature-dependent PL spectra of Ca;YAl;-
B,O;5:Tm*" from 300 K to 500 K are displayed in Fig. S4b (ESI}).
Unexpectedly, the PL intensity at 400 K was approximately 91%
higher than at 303 K. This shows that the Ca;YAl;B,0;5:Tm>"
phosphor has better heat stability and is suitable for making
WLEDs. After that, the activation energy was determined using the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) and (b) DR spectra, and the bandgap DRS spectra of the CYAB, CYAB:0.015Tm>* CYAB:0.08Dy** phosphors.

Arrhenius equation and the thermal quenching data in Fig. S4c
(details are given in the ESIT). The thermal stability of CazYAl;-
B4O,5:Eu®" phosphor is superior to that reported in the literature
(Table 1).

Besides, the PLE and PL spectra of the Dy*"-activated
CazYAl;B,O;; are illustrated in Fig. S5a and b (ESIT). The excitation
spectrum was obtained by placing a detector at 570 nm (*Fo, —
®H,;)). The f-f transitions of Dy** are responsible for several peaks
in the excitation. A series of peaks observed at 295, 324, 340, 351,
365, 389, 426, 452, and 475 nm match the ®H,s;, to AJ = 2
transition.>® The Ca;Y;_,Al;B,0;5:xDy*" emission spectrum under
350 nm excitation (y = 0.01, 0.04, 0.08, 0.12, and 0.16) showed
increasing emission intensity (Fig. S5b, ESIT). The magnetic dipole
(*Foj2 — ®Hysp) transition of Dy*" is thought to be responsible for
the emission peaks at 474 and 489 nm, which seldom change with
the chemical environment or the crystal field nearby Dy*". Another
key emission peak at 569 nm is from the *Fo, — °His), (electric
dipole) transition. Dy*" ions undergo the forced electric dipole

transition via a “Fo;, — °Hys, hypersensitive transition (AJ = 2),
which is largely controlled by the chemical atmosphere close to the
Dy*". Fig. S5c (ESIt) demonstrates the temperature-dependent PL
spectra of Ca;YAl;B40,5:Dy*" from 300 K to 500 K. It is evident that
when the temperature increased, the PL of Dy*" decreased. The
emission intensities dropped until they reached 89.6% at 400 K
(Fig. S5d, ESIT). The primary aspect governing the potential usage
of phosphor is the temperature-dependent properties of materials.
The decay curves for Dy** in CYAB at various doping concentra-
tions (x = 0.01, 0.04, 0.08, 0.12, and 0.16) are presented in Fig. S6a
(ESIt). By adjusting the value of  to be between 0.38 and 0.26 ms,
the first-order exponential (eqn (2)) may suit decay curves effec-
tively, as shown in Fig. S6a (ESIT).

The critical distance (RC) between Dy** ions must be deter-
mined to study the CQ process, and it was determined that the
RC value was 9.98 A (ESIt). Therefore, in the CQ process of the
Dy** ion, the multipolar-multipolar interaction dominated.
The following equation was utilized to comprehend the link

Tablel Assessment of the recent and earlier literature based on thermal stability, correlated color temperature (CCT), color rendering (R,), color stability

or chromaticity shift (AE) and D,,, value for color stability

Materials Thermal stability CCT R, Dy, AE Ref.

1 K,BaCa(PO,),:Eu** 96% 5326 85.0 None None 44

2 (Sr,Ca)AISiN;:Eu** 78% 6119 92.2 None None 45

3 SrLiAl;N,:Eu** 81% 3738 85.0 None None 46

4 NaBiF:Eu*" 67% 6851 88.2 None None 23

5 Ca;YALB,0,5:Eu®’ 85.2% None None None None This work
6 Ca;YALB,O;5:Tm>" 91.3% None None None None This work
7 Ca;YAl;B,0,5:Dy>" 89.5% None None None None This work
8 CaSc,04:0.15Eu*",0.03Sm>" 96.1% 5348 81.0 None None 47

9 Na,Y,Ti;0;0:Eu’’,Sm*" 84% 5556 83.0 None None 48

10 Cs,NaYClg:Sb**, Mn** None 5410 81.2 None None 49

11 Rby 5K 5Ca0.005PO4(F, Cl):Eu®* 87% 4163 93.3 None None 50

12 Sn**/Mn*" glass 56% 3811 95.3 None None 9

13 SLGO:Dy**,Sm** 50% 5284 91.1 None None 26

14 Ba;GdNa(PO,);F Eu** ~60% 5402 81.0 None None 51

15 Zn(SCN), None 6046 86.0 None None 52

16 CsPbX; None 8335 93.0 None None 53

17 Cs,AgInClg None 3878 85.0 None None 54

18 Ca;YAl;B,0;5:Tm*",Dy*" Eu® 93% 3065 89.9 —0.006 12.31 x 1073 This work

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) PLE and PL spectra, and (b) concentration-dependent luminescence intensity of the CasYAlzB4O15:XTm>". (c) PLE and (d) PL spectra (with the
inset showing the concentration-dependent luminescence intensity) of the CasYAlsB4O15:xEU>Y.

between PL intensity (I) and Dy>* concentration (x);**7*°

tog = log[1 + (x| (3)

where S stands for multipolar interaction and f is a constant.
When a similar activator is doped, CQ causes EM to occur as
depicted in Fig. S6b (ESIT). And s = 6, 8, and 10 correspond to
the interactions between D-D (dipole-dipole), D-Q (dipole-
quadrupole), and Q-Q (quadrupole-quadrupole), respectively.
As a result, S = 6.27, which is closer to 6 showing that in
Ca;YAL;B,0,5:Dy*", the electric D-D mechanism predominates.

3.3. Single-component white light emission

The CIE coordinates of Tm*" and Dy**-activated Ca;YAl;B,O;5
were observed to be (0.160, 0.062) and (0.358, 0.386) respectively,
matching the colors of blue and yellow, for the co-doped phos-
phors and were based on their corresponding emission spectra as
(0.321, 0.335) and (0.338, 0.364) for the CazYALB,O;s:
0.015Tm*",0.08Dy*" phosphor. Under excitation at 358 nm, the
Ca3YAl;B,40,5:0.015Tm>",0.08Dy** phosphor displayed strong
white light emissions that were simply tuned from blue (Tm*")
to yellow (Dy’"). The CIE coordinates of the phosphor (0.321,
0.335) are very close to those of daylight (0.333, 0.333),
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corresponding to a color temperature of 5742 K. Furthermore, it
is important to highlight that warm white light with a correlated
color temperature (CCT) below 5000 K is particularly desirable in
solid-state lighting applications. Therefore, Eu®* ions are used in
the Ca;YAl;B,0,5:0.015Tm>",0.08Dy** xEu®* phosphor to enhance
the red-emission. The presence of ET between Tm>" and Eu®* ions
is suggested by the fact that the excitation bands of Eu** and Tm>*
overlap to some degree in the 450-465 nm region (Fig. S7, ESIT).
The emission spectra of CazYgo05_xAl;B40;5:0.015Tm>",
0.08Dy** xEu®*" (x = 0.001, 0.007, 0.01, 0.02) phosphors (lex =
358 nm, A, = 361 nm) are given in Fig. 5a and b. The CIE diagram
of CazYg.e05_xAlsB40;5:0.015Tm>*",0.08Dy”** xEu®" is shown in
Fig. 5¢ and d and the data are given in Table S2 (ESIf). By
appropriately adjusting the dopant concentration of Tm**, Dy**,
and Eu®", it is possible to realize nearly the entire white light area
upon excitation of 361 nm. The synthesized Ca;YAl;B,0;5:0.015-
Tm>*,0.08Dy*" xEu®" (x = 0.007, 0.01, 0.02) phosphors exhibited
exceptionally alluring warm-white-light emissions with CCT of
4635 K, 3406 K, and 3065 K as given in the insets of Fig. 5. Because
358 nm light is not highly efficient for excitation of Eu®**, addi-
tional Eu®" ions are required to generate warm white-light emis-
sion. At the same time, a minor amount of Eu®* is sufficient for a
361 nm excitation. The CasYAl;B,0;5:0.015Tm>",0.08Dy>" xEu’®*

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) and (b) Photoluminescence properties and (c) and (d) CIE diagram of CYAB:0.015Tm>*,0.08Dy*" xEu**" with (ley = 358 NM, lex = 361 Nm)

excitation.

phosphor luminescence decay times are depicted in Fig. S7 and
Table S3 (ESIT). It is evident from Fig. S7 (ESIt) that raising the
Eu’" concentration reduces the decay durations for Tm>" ions.
Furthermore, to evaluate the ET phenomenon from Tm** into the
activator, the decay plots of the sensitizer Eu*" in CYAB:Tm>*,Dy**
were considered. The mechanism often relies on dipole-dipole or
dipole—quadrupole interactions, where energy can transfer effec-
tively from one dopant ion to another based on the Dexter ET
model described elsewhere.>»** As presented in Fig. S7b (ESI{),
the best linear relationship was detected when n = 6 for the
lifetime (t/z,) versus the ™3, where x is the concentration of the
sensitizer and activator. The rate of ET and ET efficiency were
calculated using the equation kgr = 1/t — 1/79, and 1 = 100(1 — 7/
7o), where 7 and 7, define the Tm?** sensitizer lifetime with and
without an activator. The calculated value of kgp rate and ET
efficiency (i) as a function of Eu®*" concentration in CazYAl,-
B40,5:0.015Tm>*,0.08Dy** xEu®* were as high as 97.58 ps™* and
72.92%, as seen in Fig. S7b and Table S3 (ESIf). The Tm>" ions
will probably sensitize the Eu®" emissions. The phosphors with ET
adjustment are obviously more appropriate for WLEDs.

3.4 Thermal and color stability in a single-component host

Thermal stability is a critical factor affecting the performance of
white light-emitting diodes (WLEDs), particularly in maintain-
ing their efficiency and longevity under operational conditions.
Typical operating temperatures for WLEDs range from 50 °C to

© 2024 The Author(s). Published by the Royal Society of Chemistry

100 °C, influenced by factors such as power levels, heat dis-
sipation design, and environmental conditions. Lower-power
WLEDs generally operate at around 50-70 °C, while high-power
variants can reach 80-100 °C or higher, especially in demand-
ing environments. Thermal stability plays a crucial role in
maintaining WLED performance under these conditions, as
materials with high thermal stability help mitigate thermal
quenching, ensuring consistent brightness and color accuracy.
This stability prolongs device lifespan and improves energy
efficiency by allowing more electrical energy to be converted
into visible light rather than being lost as heat. Therefore,
thermally stable phosphors and LEDs are essential for applica-
tions ranging from residential lighting to industrial and out-
door settings.>”® Fig. 6a shows the emission spectra of
Ca3YAI3B4045:0.015Tm>*,0.08Dy>*,0.02Eu’" at varying tempera-
tures from 300 K to 550 K at 361 nm. The steady loss of
emission intensity was primarily attributed to the increased
non-radiative emission at higher temperatures. The inset in
Fig. 6b displays the integrated variation trend of the emission
intensity of the Ca;YAl;B,0;5:0.015Tm>",0.08Dy*",0.02Eu’"
sample at different temperatures. The total luminescence at
400 K was found to preserve 93% of its level at ambient
temperature. Even at 475 K, the light intensity was maintained
at 83.34% of room temperature, demonstrating the phosphor’s
high thermal stability. It is important to note that the thermal
stability of the Eu®*" emission in the tridoped system was greatly

Mater. Adv., 2024, 5, 9851-9861 | 9857
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improved when compared to the single-doped examples,
whereas the thermal stability of the Tm** luminescence con-
tinues to decline. According to Fig. 6¢, there appears to be a
“temperature enhancement effect” that balances the thermal
quenching of Eu*" and Dy*" and enhances Eu®* emission. High
color stability can finally be realized. The color stability can be
quantitatively explained by the chromaticity shift (AE) using the
following equation.®

AE = /(=) + 0 =) =) )
where u’ = 4x/(3 — 2x + 12y),v' = 9y/(3 — 2x + 12y),and W' =1 —
u' —v'. x and y are the chromaticity coordinates. The chroma-
ticity shift values are listed in Table S4 (ESIf). At 400 K, the
conventional white light-emitting phosphor chromaticity shift
is around 7.61 x 107°. It is notable that at 400 K, the value of
AE, is 7.61 x 103, which is significantly lower than that of
industrial phosphors, such as BaMgAl;,0,, with AE; of 15.2 X
1073, and CaAlSiN*" with AE, of 44 x 10>, This demonstrates
that the studied phosphor shows strong resistance to color
shift, which is essential for reliable performance in mini and
micro-LED applications.
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3.5. Application to white LEDs and D, color quality of light
sources for lighting

In practical applications, thermally stable phosphors play a crucial
role in enhancing energy efficiency, lowering maintenance costs,
and ensuring a reliable and consistent light source. This stability
is particularly important in settings where color accuracy and
stable light output are essential, such as in commercial displays,
healthcare environments, and residential lighting, where sus-
tained color fidelity is desired. WLEDs that are environmentally
friendly, exhibit high luminance, and possess a long lifespan are
valuable across various applications. The single-phase white
emission and good thermal stability make the Ca;YAl;B,0;s:
0.015Tm**,0.08Dy*",0.02Eu®" phosphor an attractive candidate
for solid-state lighting. The construction of the LED lamp involved
utilizing a 360 nm UV LED chip, along with the CazYAl;
B40,5:0.015Tm>",0.08Dy>",0.02Eu”" emitting sample, to showcase
the vivid application of the synthesized phosphor (Fig. 7a). The
electroluminescence spectrum displayed numerous emission
peaks at about 455, 473, 573, 613, 650, and 700 nm, which
originated from the phosphor shown in Fig. 7b. Most importantly,
the corresponding R, value up to 89.9 was better than that of other
stated phosphors, as listed in Table 1. These findings identified
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Fig. 7 (a) WLED device fabricated using the optimized CazYAlzB,015:0.015Tm**,0.08Dy**,0.02Eu**. (b) EL spectra of the WLED derived by the different

currents.
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1976 diagram.

that Ca;YAl;B40,5:0.015Tm>*,0.08Dy*",0.01Eu’" is appropriate for
generating intense white emission upon UV light excitation.

When talking about color-sensitive lighting applications, the
Dy (Dyy) computation is a crucial measure.' Dy, is crucial for
the color accuracy of light sources. Dy, is frequently overlooked in
specifications. When describing the chromaticity of white light
sources, correlated color temperature (CCT) is frequently utilized.
However, as chromaticity is only two-dimensional, the distance
from the Planckian locus is frequently absent. Though not yet
extensively used, D, is specified in ANSI C78.377 for this purpose.
This is because CCT and CRI do not fully explain color quality. D,,,
explains how far the light coordinate point is from the blackbody
curve. The chromaticity of light sources can be specified using
CCT and D, exactly like (x, y). Contrary to (x, y), the two integers
(CCT, & D,,) intuitively provide color information. CIE must
specify what Dy, is. The formula below converts the CIE 1931 x
and y values to their equivalent D, values.?

(1) Convert (x, y) or (&, v') to (u, v)

u=A4x/(—2x+12y +3) u=u
v =6y/(—2x + 12y + 3) or v = 2v'/3

(2) Dyy is obtained by

Lip = \/(u— 0.292)° + (v — 0.24)2

(u — 0.292)
a = arccos| ————

Lrp
Lgg = k6a6 + k5a5 + k4a4 + k3a3 + kzaz + k1a + k()

Dyy = Lgp — Lgg

where, k, = —0.471106, k; = 1.925865, k, = —2.4243787, k;
1.5317403, k, = —0.5179722, ks = —0.08939440, and kg

© 2024 The Author(s). Published by the Royal Society of Chemistry

—0.00616793. The equation above can easily be used to com-
pute Dy,. The calculated value of D,, of the typical white
emission is about —0.002 to 0.014 (Fig. 8 and Table 1). Using
the above equation, the calculated value of Dy, for Caz;Y, o5 »
Al;B,045:0.015Tm>",0.08Dy*" xEu®" is listed in Table S4 (ESIt).
The recommended D,,, range is —0.006 to +0.006 according to
ANSI and Energy Star. A D, range between —0.003 and +0.003
is ideal for practical uses that are more demanding (Waveform
Lighting’s FilmGrade series of products have a D, tolerance of
+0.003). The computed value of D,, in this study is between
—0.002 to +0.014, which strongly matches the range in the ANSI
standard.® The term D,, represents the deviation from the
blackbody locus on a chromaticity diagram, indicating the
color difference between the light source and natural daylight
or blackbody radiation at a similar CCT. In lighting, D,, is
critical because even small deviations can mark the perception
of warmth, neutrality, or coolness, making it a key parameter in
human-centric lighting applications.

4. Conclusion

Novel CazYAI;B,O;5 phosphors with Tm®*, Dy**, and Eu’*
doping were studied to determine their possible applications,
chromaticity shift, or color stability, and D, is recommended
as a simple way to understand the chromaticity of white light
sources used for general lighting. The CazYAI;B40;5:Tm*",
Ca;YAL;B,0,5:Dy*", and Ca;YAI;B,O,5:Eu®" samples exhibited the
characteristic transitions of Tm** (*Hs — 'D,), Dy** (*Hysp —
Jsa7513), and Eu® (°Dgy, — "Foi34). The incorporation
of Eu*" into Ca,;YAl;B40,5:0.015Tm>",0.08Dy"" displayed attractive
warm-white light with CCT declining from 4635 K to 3065 K.
Importantly, the temperature-dependent PL of CazYAl;.
B,0,5:0.015Tm>",0.08Dy’*,0.02Eu®" at 400 K was 93% of that at
300 K, showing excellent thermal stability. With the incorporation
of Eu®* as a coactivator into Ca;YALB,0,5:0.015Tm>**,0.08-
Dy** xEu®* (x = 0.007, 0.01, and 0.02), the CIE coordinates can

Mater. Adv,, 2024, 5, 9851-9861 | 9859
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be adjusted from (0.3279, 0.3259) to (0.4559, 0.3376), with CCT
dropping from 4535 K to 3065 K. The CasYALB,O;5:Tm*" -
Dy** Eu*"-based WLED exhibits satisfactory parameters of high
R, (89.9) and low-CCT (3065 K). Furthermore, this article provides
useful calculation techniques for calculating D,,, over a wide range
of chromaticity, from —0.002 to 0.014 in D,,, and 2000 to 6000 K in
CCT. The computed value of D, is +0.002 to £0.014, which
strongly matches the range in an American National Standards
Institute (ANSI) standard.
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