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ABSTRACT: Cyan gap is a major block in achieving high-quality N — B —m
white light-emitting diodes (WLEDs). Hence, a novel cyan- /4‘ : TV - e
emitting phosphor Sr,GdGaO,/0.02Bi** with optical tuning o =

performance is synthesized based on the local crystal field
regulation strategy surrounding the luminescence center. With

the substitution of AI** for Ga®*, the photoluminescence (PL) g S @ .

spectra of Sr,GdGa,_,Al,Os/0.02Bi** (0 < x < 1) phosphors  ° ﬁ&l

adjust from cyan (466 nm) to blue (450 nm). Moreover, such a ol crystal field regulation | § 00 450 500 55060 60
Ba** doping adjusts the PL spectra of Sr,_,Ba,GdGaO;/0.02Bi** & Woveleogth (o

(0 < x £0.5) phosphors from cyan (466 nm) to green (482 nm). ° | ‘
These phenomena are contributed to the crystal field splitting and _
nephelauxetic effect. The energy transfer from Bi’* to Eu’" is O Neadengmomy .«. Wavetength (nm)

realized by co-doping Bi** and Eu** ions in the A,GdBO,/Bi** (A

= Sr, Ba; B = Ga, Al) host materials, and two single-phase white phosphors Sr,GdGaO;/0.02Bi*", 0.05Eu** and Sr, {Ba,;GdGaO;/
0.02Bi**, 0.0SEu®" are obtained. Finally, a WLED with high color rendering index (Ra = 93.6) is prepared by using red/green/blue
(RGB) phosphors and Sr,GdGaO/0.02Bi** phosphor, which is higher than that of the WLED prepared by RGB phosphors (Ra =
86.7), indicating that Sr,GdGaO;/0.02Bi*" phosphor can close the cyan gap. These results provide multiple strategies in achieving
luminescence controllable and WLED.

B INTRODUCTION greatly improved.'*"> Therefore, it is necessary to develop a
high-efficiency cyan-emitting phosphor to close the cyan gap.

Rare-earth elements (Ce** and Eu®*) have been widely
reported to exhibit cyan-emitting in suitable crystal field
environments, °”'? such as NaMgBO,/Ce?",
Ca,LuZr,(AlO,);/Ce*, NaAl;;0,,/Eu**, and Rb,CaPO,F/
Eu?* phosphors.””~** These phosphors’ peak wavelengths are
between 470 and 490 nm, and they have excellent internal

Recently, phosphor-converted white light-emitting diodes (pc-
WLEDs) have attracted wide attention because of the
advantages of high luminescence efficiency, long service life,
and environmental friendliness and have become the main
light source for illumination by degrees.'~* Currently, there are
four common strategies to obtain pc-WLEDs, as follows: (1)
blue light-emitting diode (LED) chips (470 nm) and i ) )
Y;ALO,,/ Ce** (YAG/Ce) yellow phosphor; (2) blue LED qua}nt'um ;ﬂiaehncyIéIQ_f) ) L),(l;_ Oet /gl.2+me'r130ﬁei ahcyani
chips and red/green phosphors; (3) near ultraviolet (n-UV) emitting phosphor NagsKosLiz510,/Eu™ wit % therma
LED chips (365 nm) and RGB ,hos hors; and (4) n-UV LED stability that can enhance the Ra from 86 to 95.2.”" However,
hi g hi S P 5P_7 ’ . as with most rare-earth luminescent materials, Ce>*-activated
chips and white-emitting phosphors.”™ " The first strategy is the d Eu®*-activated ohosoh hibit reab on oh

easiest way to get white light, but the intense blue light and Eu-activated phosphors exhi 1t25rea sorption phenomen-
produced by the blue LED chip,can be harmful to the human on, which leads to color distortion.” Zhou et al. reported a
eye.® Moreover, this combination of pc-WLED has a low Ra new type of rare—earth—gl;ee .ultra—narro.w—band Cyan-en%itting
(<80) due to the lack of red and cyan light in the spectrum, I()I}:l‘(;\s};{};[; K?légosw/Mn :{ngll fullh Wld}:h a}tl half—gle:ﬁmuni
which does not meet the requirements of high-quality white o 255 nm, and this phosphor has ant-therma
light illumination.””"" The second strategy also has the
problem of intense blue light. It has been reported that n- Received:  April 13, 2022
UV LED chips + RGB phosphors (strategy three) is an Revised: — May 5, 2022
effective method to solve the above problems, which can Published: May 20, 2022
achieve whole-visible-spectrum white lighting.'>'* However,

this kind of pc-WLED still has the defect of cyan gap. If this

problem can be solved, the lighting quality will undoubtedly be
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Figure 1. (a) Crystal structure diagram of Sr,GdGaOj host material. (b) Schematic diagram of the local crystal field regulation design strategy (AI**
displaces Ga®*, and Ba®* displaces Sr**). (c) Rietveld refinements of the powder XRD patterns of Sr,GdGaO;/0.02Bi**, Sr,GdAIO;/0.02Bi**, and

Sty sBay sGdGaO;/0.02Bi** phosphors.

quenching performance (130.4% at 150 °C) and high IQE =
71.3%.”° Nevertheless, the optimal excitation peaks of
Nag Ko sLi;SiO,/Eu?* and KAl;;O;,/Mn*" phosphors are
located in the blue light region (400—460 nm), which does
not correspond to the desired excitation band in the n-UV
region.

Trivalent bismuth ion (Bi**), as a new type of non-rare-earth
activator ion, has a strong absorption band in the ultraviolet
region originating from the 6s — 6p transition, which can
effectively avoid the reabsorption phenomenon in the visible
region.””*” Furthermore, the luminescence behaviors of Bi**
ions are sensitive to crystal field environment due to the
exposed 6s and 6p electrons, the versatile color output of blue
(CasLu,Ge;0,,/Bi*"),*" cyan (Ca3Ga,0,/Bi**),”" green
(Ba,LaGaO;/Bi**),>* yellow (Ba,YGaO;/Bi**),*® red
(K,MgGeOy/ Bi**),>* and even near-infrared light [XAl,,0,6/
Bi** (X = Ba, Sr, and Ca)]** could be achieved. Cyan-emitting
is a special emission band of ions and is often used to
compensate for the cyan gap in white-light illumination.’" In
the ultraviolet band, 365 nm n-UV chips are the most
common. Therefore, in order to achieve commercial use, the
photoluminescence excitation (PLE) wavelength of phosphors
needs to be closer to 365 nm.>**’ However, the excitation
peaks of Bi**-activated phosphors are still unsatisfactory. Many
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Bi**-activated cyan-emitting phosphors’ excitation peaks are
located at nearly 310 nm, such as BaSrGa,Og/Bi** (4, = 325
nm),** K,Ca,Si,0,/Bi** (A, = 309 nm),” and KGaGeO,/Bi**
(Aex = 320 nm),* which do not match the n-UV chips well.
Hence, it is necessary to develop a cyan-emitting phosphor
with suitable PLE spectrum. Besides, Bi*" ion and Eu*" ion are
usually acting as the activators of single-phase white-emitting
phosphors, which are ascribed to the energy transfer from Bi**
(blue/cyan/green emission) to Eu®* (red emission).””*>*!
The luminescence controllable from blue/cyan/green to red
can achieve adjustable correlated color temperature (CCT)
and can be used in plant fill-in lights.

Herein, we prepared a novel cyan-emitting phosphor
Sr,GdGaO;/0.02Bi*" with a high IQE of 61.1% via the high-
temperature solid-state method. Based on the local crystal field
regulation strategy, A’" and Ba®" were used to occupy Ga®*
and Sr** sites, respectively. A series of luminescence tunable
phosphors Sr,GdGa,_,AlLOs/0.02Bi** (0 < x < 1) (450—466
nm) and Sr,_ Ba,GdGaO,/0.02Bi*" (0 < x < 0.5) (466—482
nm) were obtained, which are ascribed to the nephelauxetic
effect and crystal field splitting. Especially, temperature-
dependent emission spectra demonstrated that the thermal
stability was improved by 39.1% with AI** doping, which was
attributed to the increase in activation energy. In addition, Eu®*

https://doi.org/10.1021/acs.jpcc.2c02560
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Figure 2. XRD patterns of (a) Sr,GdGa,_,Al,05/0.02Bi** and (b) Sr,_,Ba,GdGaO;/0.02Bi** phosphors. Linear cell volume dependence of (c)
Sr,GdGa,_,Al,0/0.02Bi*" and (d) Sr,_,Ba,GdGa0;/0.02Bi** phosphors.

ion was introduced to achieve the spectral tunability from
blue/cyan/green to red emission. The energy-transfer process
from Bi** to Eu®* occurs in Sr,GdGaO./0.02Bi**, nEu’*,
Sr,GdAlO./0.02Bi**, nEu®, and Sr; Ba,GdGaO;/0.02Bi*",
nEu® samples. A single-phase pc-WLED with low CCT =
3063 K was prepared by the Sr;BayGdGaO,/0.02Bi*",
0.05Eu®* phosphor. Finally, the cyan-emitting Sr,GdGaOs/
0.02Bi** phosphor was used to close the cyan gap to achieve
whole-spectrum-lighting pc-WLED with excellent Ra = 93.6,
indicating its potential application in WLED. Besides, the high-
efficiency luminescence controllable phosphors have great
significance in accurate plant lighting.

B EXPERIMENTAL SECTION

Sample Synthesis. All these samples were synthesized via
the high-temperature solid-state method. The raw materials
were SrCO; (99%), BaCO; (99%), Gd,05 (99.99%), Ga,0,
(99.9%), ALO; (99.9%), and Bi,O; (99.99%) and were
weighted in stoichiometric proportions. Then, the raw
materials were mixed with 2 mL of anhydrous ethanol in
agate mortars and ground for 25 min. After that, the mixture
was put in a 10 mL high purity corundum crucible and sintered
in a muffle furnace at 1350 °C for 6 h. Finally, the samples
were taken out and ground to a fine powder when the furnace
cooled naturally to room temperature.

Pc-LED Synthesis. Three kinds of pc-WLEDs were
prepared by Sr,GdGaO;/0.02Bi**, Sr,GdGaO;/0.02Bi*,
0.05Eu’*, and Sr, {BaysGdGa0,/0.02Bi**, 0.0SEu®" phosphors
with 365 nm n-UV chips. First, a 600 mesh sieve was used to
screen the phosphors to obtain finer particles. Then, the epoxy
resin A and B were mixed uniformly in the ratio of 2:1. The
well-mixed epoxy resin and phosphors were mixed and
applied/coated evenly to the chips. Finally, the as-prepared
pc-LEDs were placed in an oven at 90 °C for 18 h.

Characterization. PL and PLE spectra were measured
using a F-4700 spectrometer (Hitachi, Japan), excited by a 150
W Xe lamp. The temperature-dependent PL spectra were
tested on the same spectrometer coupled with a heat controller
(Orient KOJI). X-ray diffraction (XRD) data were collected on
an Aeris X-ray diffractometer (PANalytical, Netherlands). The
operating condition was 40 kV and 15 mA, and the scanning
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ranges were 10—80 and 10—120°. The step size of 2-theta was
0.02° and the counting time was 2 s per step. Diffuse
reflectance (DR) spectra were tested on a Shimadzu ultraviolet
spectrophotometer UV-2600 (Japan) with the range of 200 to
800 nm. PL decay times and quantum efficiency (QE) were
recorded using a FLS920 spectrometer (Edinburgh, UK) and
QE-2100 testing system (Otsuka, Japan), respectively. Electro-
luminescence (EL) spectra of pc-LEDs were obtained by an
ATA-500 photoelectric test system (Everfine, China).

B RESULTS AND DISCUSSION

Crystal Structure and Phase Identification. Figure 1a
displays the crystal structure of Sr,GdGaOg host material,
which belongs to tetragonal cell (I4/mcm space group).*”
Oxygen atoms connect with Sr, Gd, and Ga atoms to form
(Sr1/Gd) Oy, Sr20,,, and GaO, polyhedrons, respectively. It is
well known that Bi** tends to occupy eight coordination sites
rather than four or ten coordination sites. Moreover, the ionic
radii of Bi** (CN = 8,7 =1.17 A) is closed to Sr** (CN = 8, r =
1.26 A) and Gd*" (CN = 8, r = 1.053 A). Therefore, Bi** ion is
supposed to occupy the (Sr1/Gd)Oy site."’ Figure 1b shows
the schematic diagram of the local crystal field regulation
strategy. AI** (CN =4, r = 0.39 A) is closed to Ga** (CN =4, r
=047 A), and Ba** (CN = 8 and 10, r = 1.42 and 1.52 A) is
closed to Sr** (CN = 8 and 10, r = 1.26 and 1.44 A), so AI*
and Ba®* tend to substitute Ga>* and Sr** sites, which form a
series of solid-solution materials Sr,GdGa,;_,Al,O; and
Sr,_,Ba,GdGaO;.

Figure S2 shows the XRD patterns of Sr,GdGaOs/0.02Bi*",
Sr,GdAIO;/0.02Bi*", and Sr; (Ba,sGdGaO;/0.02Bi*" phos-
phors. All peaks were indexed by the tetragonal cell (I14/
mem) with parameters close to Sr,GdGaOs.*” The XRD
Rietveld refinement of these three samples is displayed in
Figure lc. The low reliability factors (R-factors: R, R, and
Ry) and y? indicated that the refinement results are reliable.
Figure 2 represents the XRD patterns of Sr,GdGa, AL Og/
0.02Bi** (0 < % < 1) and Sr,_,Ba,GdGaO,/0.02Bi** (0 < x <
0.5) phosphors. All the peak positions are matched well with
the calculated results, and the XRD patterns have no significant
change, which illustrate that the crystal structures are similar,
and the solid solutions are formed. Specially, the main

https://doi.org/10.1021/acs.jpcc.2c02560
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Figure 3. (a) Normalized intensity PLE and PL spectra, (b) normalized intensity PL spectra under 365 nm excitation, and (c) XPS spectra and (d)
IQE of Sr,GdGaO;/0.02Bi**, Sr,GdAlO;/0.02Bi**, and Sr, {BaysGdGaO;/0.02Bi*" phosphors.

Table 1. Luminescence Parameters of Sr,GdGaO;/0.02Bi**, Sr,GdAlO/0.02Bi**, and Sr, ;Ba, GdGaO;/0.02Bi** Phosphors

samples Aex (nm) Aem (nm)
Sr,GdGaO;/0.02Bi** 337 450
Sr,GdAIO;/0.02Bi** 347 466
Sr,sBay sGdGa0;/0.02Bi** 352 482

IQE/EQE lifetime (ns) E, (eV)
61.1%/37.0% 80.17 0.36
47.4%/39.2% 78.02 0.40
48.3%/28.0% 72.21 0.37

diffraction peaks of Sr,GdGa,_,Al,05/0.02Bi*" shift slightly to
a large angle, as shown in the illustration of Figure 2a, which
are attributed to the ion radii of AI** (CN = 4, r = 0.39 A)
smaller than that of Ga** (CN = 4, r = 0.47 A). On the
contrary, since the ion radii of Ba** (CN = 8 and 10, r = 1.42
and 1.52 A) are larger than that of Sr** (CN = 8 and 10, r =
1.26 and 1.44 A), the illustration in Figure 2b shows that the
diffraction peaks of Sr,_,Ba,GdGaOs/0.02Bi*" shift slightly to
small angle with Ba** substituting. As shown in Figure 2¢,d, cell
volume V is decreasing with x(Al*") increasing and increasing
with x(Ba®*) increasing, which is consistent with the difference
in ion radii. Linear cell volume dependence of V(x) proves that
suggested chemical compositions are close to real ones. The
XRD Rietveld refinement patterns of Sr,GdGa,_AL,Os/
0.02Bi*" (x 0.0, 0.2, 0.4, 0.6, 0.8, and 1.0) and
Sr,_,Ba,GdGa0,/0.02Bi** (x = 0.0, 0.1, 0.2, 0.3, 0.4, and
0.5) phosphors are shown in Figures S3 and S4, and all the
powder diffraction data are close to the calculated results.
Tables SI and S2 list the main parameters of processing and
refinement of these samples. The low R-factors and x*
indicated that all these samples are successfully synthesized.
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Besides, Tables S3 and S4 show the fractional atomic
coordinates and isotropic displacement parameters (A*), and
Tables SS and S6 show the main band length (A) of these
samples.

Photoluminescence Performance. The intensity nor-
malization PLE and PL spectra of Sr,GdGaO;/0.02Bi*',
Sr,GdAIO;/0.02Bi**, and Sr; (Bay,sGdGaO;/0.02Bi*" phos-
phors are shown in Figure 3a. These three phosphors present
strong absorption in the n-UV region from 250 to 400 nm and
peaks at 347, 337, and 352 nm, respectively. Under the
excitation of the best excitation wavelengths, these phosphors
(Sr,GdGa0,/0.02Bi%*, Sr,GdAlO,/0.02Bi3*, and
Sr, BaysGdGaO,/0.02Bi**) exhibit narrow band emissions,
with peaks located at 466, 450, and 482 nm, respectively. The
emissions of these three phosphors are attributed to the
luminescence center formed by Bi*" occupying the (Sr1Gd)Os
site. (°P; — 'S, transition of Bi’*). In Figure 3b, upon
excitation at 365 nm, Sr,GdGaO;/0.02Bi’* shows cyan
emission with FWHM = 85 nm. With the substitution of
AP** and Ba®, the emitting color turns blue (FWHM = 77 nm)
and green (FWHM = 88 nm). Figure 3c shows the X-ray

https://doi.org/10.1021/acs.jpcc.2c02560
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Figure 4. (a) PL decay curves of Sr,GdGaO;/0.02Bi**, Sr,GdAlO;/0.02Bi**, and Sr, sBagsGdGaO;/0.02Bi*" phosphors monitoring at 450, 466,
and 482 nm. (b) DR spectra of Sr,GdGaOys, Sr,GdAIOg, and Sr, sBagsGdGaOy host and representative Bi**-doped samples. (c) Calculated optical
band gap values of Sr,GdGaOj, Sr,GdAIO;, and Sr, (Ba,sGdGaO; hosts. (d—f) Gaussian fitting of the PL spectra of Sr,GdGaO;/0.02Bi*",

Sr,GdAlO/0.02Bi*, and Sr, {Bay sGdGaO;/0.02Bi** phosphors.

photoelectron spectra (XPS) of Sr,GdGaO,/0.02Bi’*",
Sr,GdAIO;/0.02Bi**, and Sr; (Bay,sGdGaO,/0.02Bi** phos-
phors. The characteristic peaks at about 159 and 164 eV are
corresponding to Bi***f,, and Bi*™
suggest that these emissions originate from Bi’"

fs/,, respectively, which
ions. The
peaks of Bi***f appear to slightly deviate with the substitution
of AI** and Ba®, which ascribed to the minor changes in the
coordination environment of Bi**. QE is an important index to
evaluate the luminescence performance of phosphors. The IQE
and external QE (EQE) of these phosphors are displayed in
Figure 3d and Table 1. The IQE/EQE of Sr,GdGaOg/
0.02Bi**, Sr,GdAIO/0.02Bi**, and Sr, {Ba,GdGaO,/0.02Bi**
phosphors is 61.1%/37.0%, 47.4%/39.2%, and 48.3%/28.0%,
respectively, indicating the good luminescence performance.

The PL decay curves of these phosphors are shown in Figure
4a, and all these three curves could be fitted by a double
exponential function as follows**

t t
I(t) =1, + A exp[——) + A, exp(——]
T

1 )

(1)

where t represents the time, 7, and 7, are the exponential
components of the lifetime. I and I(t) are the PL intensity at
time 0 and time ¢, respectively. The average lifetime 7 can be
evaluated using the following equation™*

9199

_ Alrl2 + A2122

At + Ay, (2)

where A, and A, are the constants and the average lifetimes
of Sr,GdGaO;/0.02Bi** (peaks at 466 nm), Sr,GdAIOg/
0.02Bi** (peaks at 450 nm), and Sr; sBaysGdGaO;/0.02Bi**
(peaks at 482 nm) phosphors are 80.17, 78.02, and 72.21 ns,
respectively. The lifetime variation is related to the phonon-
induced transition probability between the ground state and
the excited state. The different lifetime values of these
phosphors proved the change in the coordination environment
of Bi** luminescence center. Figure 4b displays the DR spectra,
and the band gap (E,) of Sr,GdGaOs, Sr,GdAIO; and
Sr) sBaysGdGaOg samples are calculated, as shown in Figure
4c. According to the similar structure (Sr, Ba)LaGa05 reported
previously, its band gap is direct band gap.”> Therefore, the
Kubelka— Munk absorgtlon function was used to calculate the

band gap™ as follows'>*’
F(R) = (1 - R)*/2R (3)
F(R)h* = A(hv — E,) (4)

where F(R), R, hv, and E, represent the absorption, reflection
(%), photon energy, and band gap, respectively. The value of
E, was obtained to be 5.27, §.22, and 5.22 eV, indicating that
the AP* and Ba>* doping will lead to the decrease in the band
gap. In conclusion, the change in these luminescence
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Figure 5. (a) Normalized PLE spectra of Sr,GdGa,_,Al,O5/0.02Bi** phosphors (1., = 450—466 nm). Normalized PL spectra of
Sr,GdGa,_,Al,O/0.02Bi*" phosphors (b) (A, = 337—347 nm) and (c) (A, = 365 nm). (d) Normalized PLE spectra of Sr,_,Ba,GdGaOs/
0.02Bi** phosphors (4,,, = 460—482 nm). Normalized PL spectra of Sr,_,Ba,GdGaO;/0.02Bi** phosphors (e) (4., = 347—352 nm) and (f) (A, =
365 nm).

parameters (Table 1) indicated that the local crystal field nm (Figure Sf). In order to explain the blue-shift and red-shift

regulation strategy can effectively control the crystal field phenomena, the crystal field strength (Dq) was introduced, and
environment around the Bi** ion luminescence center. To it can be calculated using the following equation32’48

further confirm the occupied sites of Bi’* and the luminescence

center, the Gaussian fitting of emission curves is given, as 1, ,rt

shown in Figure 4d—f. All these curves can fit well with one Dq = gZe E ()

peak (R* = 0.999), implying that there is only one
luminescence center and Bi’" occupies one site.

The relation of PL intensity and Bi** concentration is
illustrated in Figure SS. With Bi** concentration increasing, the
PL intensity increased first and then decreased due to the

where Z is the ligand ion charge, e is the electron charge, and r
and R represent the radius of the d wave function and the band
length, respectively. Theoretically, the bond length (R) is

concentration quenching. Upon the optimal excitation wave- inversely proportional to the crystal field strength; 'the weaker
length, the PL intensity reached maximum when x = 0.02. It the crystal field, the spectrum appears to be blue-shifted. Based
shows that the PLE spectra present a red-shift, which is on the Rietveld refinement (Tables S5 and S6), the average
attributed to the variation in the surrounding crystal field distance of Sr1/Gd—O and Sr1/Gd/Ba—O is calculated, as
caused by Bi** concentration increasing. Figure S displays the shown in Figure S6ab. As for Sr,GdGa,_,Al,O;/0.02Bi*"
normalized intensity PLE and PL spectra of Sr,GdGa,_,Al,O;/ samples, the average distance of Sr1/Gd—O decreases when
0.02Bi** (0 < x < 1) and Sr,_,Ba,GdGaOs/0.02Bi*" (0 < x < AP* gradually substitutes Ga**. According to the rules

0.5) phosphors. It is noticed that a blue-shift from 347 to 337 mentioned above, the emission spectra should show a red-
nm occurs in the PLE spectra with A" doping, as shown in

Figure Sa. Meanwhile, the PL spectra also show a blue-shift
from cyan (466 nm) to blue (450 nm) (Figure Sb).
Nevertheless, as shown in Figure 5d—f, a red-shift from 466
to 482 nm was observed with the gradual doping of Ba®',
which realized continuously controllable from cyan to green
light. The optimum excitation wavelength transfer to 352 nm is strength. Lattice distortion is closely related to crystal field
closer to the commercial n-UV (365 nm) chip. When excited splitting, resulting in the spectral shift. D value was evaluated as
at 365 nm, the PL spectra present a red-shift from 469 to 490 follows*”>°

shift trend, which is conflicting with the phenomenon of blue-
shift. Besides, the average distance of Sr1/Gd/Ba—O changes
irregularly, and the emission spectra shift toward red light. In
addition to R values, we introduced the lattice distortion
degree (D), which also has a great impact on crystal field

9200 https://doi.org/10.1021/acs.jpcc.2c02560
J. Phys. Chem. C 2022, 126, 9195-9206


https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.2c02560/suppl_file/jp2c02560_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.2c02560/suppl_file/jp2c02560_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.2c02560/suppl_file/jp2c02560_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c02560?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c02560?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c02560?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c02560?fig=fig5&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.2c02560?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry C pubs.acs.org/JPCC

(a) $1,GdGa0,:0.02Bi* nEu®” (b) Sr,GdAIO,:0.02Bi* " .nEu** Sty 5Bay sGAAIO0.02Bi™ ,nkiu’
7 Doy = 365 nm hex

- -
3 3
) K
z 2
7 7]
3 g
= g
/ /
T T T T T T T T T T T T T T T T T T T T T
400 450 500 550 600 650 700 400 450 500 550 600 650 700 400 450 500 550 600 650 700
Wavelength (nm) Wavelength (nm) Wavelength (nm)
Sr,GdGa04:0.028i* ' ,nFu*' Sr,GAAIOG:0.01Bi* nEy** Sr, 5Bag <GAAIO5:0.02Bi* nEu’
(d) ...... (e) ey = 450 nm
n=0 n=0
n=001 n=001
n=003 n=003
n=005
- -
El E]
3 n=007 &
£z z2
5 — n=0.09 E
E &g
n=0.1 /
/ /
f T T T f t T T T f ! T T T f
200 250 300 350 400 200 250 300 350 400 200 250 300 350 400
Wavelength (nm) Wavelength (nm) Wavelength (nm)

Figure 6. (a—c) PL spectra and (d—f) PLE spectra of Sr,GdGaO;/0.02Bi**, nEu’*, Sr,GdAIO,/0.02Bi**, nEu’*, and Sr; sBa,sGdGaO,/0.02Bi*",
nEu®" phosphors.

1w ld —d| Sr; BagsGdGaO,/0.02Bi**, nEu®" phosphors (4., = 365 nm).

D= ;Z d All these PL spectra show Bi** emissions (*P; — 'S, transition)
i=0 W (6) and multiple narrowband emissions originated from D, — "F

p g J

(J=0,1,2,3,and 4) transitions of Eu®*. With the increase in
the Eu®* concentration, Bi** PL intensity gradually decreases
while that of Eu’' increases, indicating the occurrence of
energy transfer from Bi** to Eu’*. In addition to PL spectra, the
PLE intensity of Bi** also shows decreasing trends (Figure 6d—
f). The CIE chromaticity coordinates were evaluated and are
shown in Figure S10a. The coordinates move regularly with
the change in the solid solution phase and Eu®" concentration.
Figure S10b displays the photographs of corresponding
phosphors under 365 nm n-UV lamps. These phosphors
show various color outputs from blue/cyan/green emitting to
origin/red emitting. Especially, Sr,GdGaO;/0.02Bi**, 0.0SEu**

role in luminescence tuning. Because the electronegativity of 3+ 3+
.02 .0SE hosph

St is higher than that of Ba?*, the spectroscopic polarizability ali? Sr1'5].3a9_5GdGa‘05/0 02Bi™, 0.0SEu™ p Osphors p reslent
i 2t e T . white-emitting, which can be used as candidate optical

decreased with Ba®" substituting, resulting in the nephelauxetic . . . .
. . 32 materials for single-phase WLED devices. To further verify
effect, which leads to a red-shift phenomenon.”” Figure S8 the occurrence of enerev transfer. the PL d i ¢
a4 gy transfer, the ecay time o
shows the photographs of S1,GdGa,_,ALOs/0.02B" (0<x < ¢ 54640./0.02Bi*, nEu** (n = 0, 0.01, 0.05, and 0.09) were
1) and Sr, ,Ba,GdGaOs/0.02Bi" (0 < x < 0.5) phosphors measured and are shown in Figure S11. On account of

unld er 36t5 ntrrfl_ UVLeimp i It is oktwious to observe the versatile Formula 1 and 2, the decay time was calculated as 80.14, 75.77,
color output from blue to cyan to green. 57.18, and 51.18 ns (A, = 470 nm). The decreasing trend is in

34 . e s
For blue/ fl}l’ag/ grfeen 1?[1 -3ct1vat;ed phospliors, flt fls 2 keeping with the emission of Bi**, which strongly evidenced
common method ol constructing the energy transier irom the existence of energy transfer from Bi** to Eu®. The

Bi** to Eu’®' to achieve controllable luminescence and obtain officiency of enerev transfer can be obtained using the
single-phase white-emitting phosphor. Herein, a series of followinye uation§?;1’52 &
$1,GdGa0,/0.02Bi, nEu®*, Sr,GdAlO,/0.02Bi**, nEu™, and & 1

Herein, d; and d,, represent the band length and the average
band length, respectively. In general, the larger the lattice
distortion degree, the stronger the crystal field splitting,
resulting in a red-shift phenomenon. The calculated results
are displayed in Figure S6c,d. For Sr,GdGa,_,Al,05/0.02Bi*"
samples, the value of D of the (Sr1/Gd)Oyg site decreases when
x increases, leading to the diminution of crystal field splitting
and a blue-shift of the spectra. However, D value of (Sr1/Gd/
Ba)O; also changes irregularly. We speculated that the red-
shift is caused by both crystal field strength and lattice
distortion. In addition, the nephelauxetic effect also plays a key

Sr, sBay sGdGaO;/0.02Bi*", nEu’* phosphors were prepared by 1 h

introducing Eu®* ion. The XRD patterns showed that all the e = 7 (7)
diffraction peaks matched well with the calculated results,

indicating that the doping of Eu** has almost no effect on the 7, and 7, represent the lifetime value of Bi** doped with and
phase (Figure S9). Figure 6a—c show the PL spectra of without Eu®", respectively. 777 is the energy transfer efficiency,

Sr,GdGa0,/0.02Bi**, nEu’*, Sr,GdAlO./0.02Bi**, nEu®*, and and the calculated results are 0, 5.4, 28.7, and 36.2%.
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Therefore, the maximum efficiency was 36.2% when the
concentration of Eu®" is 0.09. Figure 7 vividly depicts the
luminescence mechanism of Bi*" and Eu®" and the energy
transfer process between Bi** and Eu**.

2 Crystal field

3 A splitting 5
P, - Nephelauxetic g / % D,
...“ effect . E— 5D0

uv >

F
466 nm 450nm 482 nm 4

7
1S, F,

Bi3t Eudt

Figure 7. Schematic energy-level diagram for Bi** ions and Eu®* ions
in Sr,GdGaO,/0.02Bi**, nEu®*, Sr,GdAlO./0.02Bi**, nEu*, and
Sr, sBay sGdGaO;/0.02Bi**, nEu®" phosphors.

Thermal Stability and WLED Applications. The
temperature-dependent emission spectra of Sr,GdGaOs/
0.02Bi**, Sr,GdAlO;/0.02Bi**, and Sr, (Ba,GdGaO,/
0.02Bi** phosphors were measured and are shown in Figures
8a and SI12. According to the diagram between integrated

intensity and temperature (Figure 8b), all the emission
intensities decrease with the temperature increasing due to
the thermal quenching process. At 150 °C, the thermal
quenching behavior of Sr,GdGaO;/0.02Bi** and
Sr, sBay sGdGaOs/0.02Bi** phosphors is similar, the PL
intensities quenched over 70% of their initial intensities.
When AP’* ion is introduced to occupy the Ga®' site, the
downward trend has obviously reduced, and the PL intensity
increased by 39% at 150 °C. The activation energy (E,) of
these three phosphors was obtained by Arrhenius equation
fitting, and the formula is given as follows>*™3

Ea
In[(I,/T) — 1] = T +c

(8)

I) and I represent the PL intensity at room temperature and
temperature T, respectively. K stands for the Boltzmann
constant, and ¢ is a constant. The curve and linear fitting of
In(Io/I — 1) and 1/kT are given in Figure 8d—f. E, values of
Sr,GdGa0;/0.02Bi**, Sr,GdAIO,/0.02Bi%**, and
Sr; sBagsGdGaO;/0.02Bi** phosphors were calculated as
0.36, 0.40, and 0.37 eV, respectively. The increase in E,
value proves the increase in thermal stability, which is
consistent with the results. In addition, the reduction of cation
radius results in better connection of the main lattice
polyhedron and improves the structural rigidity, which leads
to better thermal stability.”” It is worth noting that the FWHM
of these three phosphors widened with the increase in
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Figure 8. (a) Temperature-dependent PL spectra from 25 to 200 °C, (b) integrated emission intensity as a function of temperature, and (c)
FWHM as a function of temperature of Sr,GdGa0O;/0.02Bi**, Sr,GdAlO/0.02Bi**, and Sr; Bay sGdGa0s/0.02Bi** phosphors. (d—f) Dependence

of In(Iy/Iy —
Sry sBay sGdGaO;/0.02Bi* phosphors.
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Figure 9. (a) EL spectra and luminescence photographs of the as-fabricated pc-LEDs. (b) Photographs of LEDS driven under a current of 200 mA.

(c) CIE chromaticity coordinates of the as-fabricated pc-LEDs.

temperature (Figure 8c). Herein, the strength of the electron—
lattice interaction [represented by the Huang-Rhys coupling
parameter (S)] was introduced to explain this phenomenon;
the formals are given as follows™’

EStokes = (28 - l)hV (9)
FWHM = +/81In2 X hv X 5 X coth(ﬂ)
2kT (10)

where E., represents the energy for Stokes shift and hv is the
phonon energy. The higher the S value, the stronger the
electron—lattice interaction. Meanwhile, the S value is
proportional to the Egg., and hv, and FWHM connected
with S value and hv. Therefore, with increasing temperature,
the FWHM increases. Besides, as shown in temperature-
dependent normalized intensity PL spectra, different degrees of
blue-shift of the three phosphors can be observed. This
phenomenon is attributed to the thermal active phonon-
assisted tunneling process. Meanwhile, at high temperature, the
lattice expands, and the crystal field decreases, leading to the
blue-shift of PL spectra.”’

To assess the application prospect of these as-fabricated
phosphors, the pc-LED devices were synthesized, and the EL
spectra are shown in Figures 9 and S13. LEDI-LED3 were
fabricated by 365 nm n-UV chips and Sr,GdGaO;/0.02Bi*,
Sr,GdAlO;/0.02Bi**, and Sr; Bay,sGdGaO,/0.02Bi*" phos-
phors, respectively. The CIE chromaticity coordinates were
(0.2283, 0.3168), (0.1787, 0.2473), and (0.2292, 0.3930),
respectively. WLED4 was combined by 365 nm n-UV chips
and commercial RGB phosphors (BaMgAl,,O,,/Eu*, f-
SiAION/Eu?*, and CaAlSiN;/Eu**). Cyan-emitting phosphor
Sr,GdGa0,/0.02Bi** was added in commercial RGB phos-
phors to close the cyan gap (LEDS), which has a higher Ra =
93.6 than that of LED4 (Ra = 86.7) and achieved high-quality
WLED applications. Figure 9b exhibits some photographs of
LEDS driven under a current of 200 mA, with characters and
colored pencils clearly visible. As shown in Figure S13, LED6
and LED7 were prepared by single-phase white-emitting
phosphors Sr,GdGa0O/0.02Bi**,0.05Eu’" and
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Sr, sBagsGdGa0;/0.02Bi**,0.05Eu®". Both these exhibited
warm white-emitting phosphors, and Commission Internatio-
nale de L’Eclairage (CIE) coordinates are (0.3458, 0.3331)
and (0.4252, 0.3869), respectively. Compared with LED6 (Ra
=70.5 and CCT = 4898 K), LED7 has higher Ra = 79.3 and
lower CCT = 3063, which is due to the wider band green light
emission of Sr;BaysGdGaOs/0.02Bi*". All these results
indicated the potential application of these phosphors in the
field of WLED.

B CONCLUSIONS

In conclusion, a novel cyan-emitting phosphor Sr,GdGaOs/
0.02Bi** with IQE = 61.1% was synthesized via the high-
temperature solid-state method. There was only one
luminescent center, and Bi** was supposed to occupy the
(Sr1/Gd)Oy site. Based on the local crystal field regulation
strategy surrounding the luminescence center, a series of
continuous luminescence controllable phosphors
Sr,GdGa,_,Al,O:/0.02Bi** and Sr,_,Ba,GdGaO,/0.02Bi**
(tuning from 450 to 490 nm) were successfully prepared.
XRD patterns and Rietveld refinements verified that these
phosphors are pure and belong to the tetragonal cell (I4/mcm
space group). With the substitution of AP* to Ga®', the
thermal stability at 150 °C enhanced by 39% due to the
increase in activation energy. The energy-transfer process from
Bi’* to Eu’* was realized, and the PL spectra can be adjusted
from blue/cyan/green to orange/red light. Finally, cyan-
emitting phosphor Sr,GdGaO;/0.02Bi** was utilized to close
cyan gap and achieved high-quality WLED with a high Ra of
93.6. In addition, two warm white LED6 (Ra = 70.5, CCT =
4898 K) and LED7 (Ra = 79.3, CCT = 3063 K) were coated
by single-phase white-emitting phosphors Sr,GdGaOg/
0.02Bi**,0.05Eu®* and Sr, {BaysGdGaO,/0.02Bi**,0.05Eu** on
365 nm n-UV chips. Hence, the research results indicated that
the local crystal field regulation strategy is an efficient method
to realize luminescence controllable of Bi**, which has
potential applications in WLED and accurate plant lighting.
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