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Correlating doping with the stability and color
rendition of red phosphors†
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Although near-infrared phosphors have been widely reported, discovering efficient red-emitting

phosphor materials with superior photophysical properties and high color quality is still a challenge for

optimizing white light-emitting diodes (wLEDs). In this regard, a series of Eu2+ and Ce3+ doped SrS

phosphors were synthesized via a one-step solid-state method at 1100 1C. The SrS:(Eu2+)n and

SrS:(Ce3+)0.01,(Eu2+)n powders show substantial spectral broadening (B80 nm) along with a significant

thermal quenching resistance. The phosphor of SrS:(Eu2+)0.002 exhibits the most intense luminescence

with a high color purity of 99.94% and an afterglow luminescence lasting several seconds. The

luminescence intensity and peak position were modulated by the resonance-type energy transfer from

Ce3+ to Eu2+ ions, which is proposed to follow the dipole–dipole interaction mechanism by Dexter’s

energy transfer theory and Reisfeld’s approximation. The outstanding photoluminescence properties of

Eu2+ are attributed to the nephelauxetic effect and crystal field splitting of rock-salt. The wLED device of

SrS:(Eu2+)0.05 packaged with a blue chip and (Sr,Ba)2SiO4:Eu2+ shows a super-high color rendering index

of 87.9, suggesting great potential for superior luminescence and promising wide applications.

1. Introduction

Commercial phosphor-converted white light-emitting diodes
(pc-wLEDs) are composed of a blue InGaN LED chip and yellow
YAG:Ce3+ phosphors and extensively used in many fields due to
their low energy consumption, great durability and safety.1–4

However, YAG:Ce3+ lacks photoluminescence in the red spectral
range, leading to an inferior color rendering index (CRI) and
correlated color temperature (CCT).5–7 Numerous red-emitting
phosphors have recently attracted extensive attention in achiev-
ing high-quality pc-wLEDs.

Due to their red bands and allowed d–f transition, the highly
efficient Eu2+-activated phosphors have been rapidly developed
in the past years. The narrow-band red-emitting phosphor
SrLiAl3N4:Eu2+ showed emission at lmax B 650 nm with a

full-width at half-maximum (FWHM) of B1180 cm�1 (B50 nm),
495% relative quantum efficiency at 200 1C and a color rendition
of Ra8 = 91.3 Liu’s group reported a more facile method to obtain
SrLiAl3N4:Eu2+ under a mixed gas of 90% N2 and 10% H2, showing
emission at lmax B650 nm with a FWHM of B1279 cm�1 (55 nm)
and a CRI of 91.1 (R9 = 68).8 However, those phosphors exhibited
a narrow emission band and exceeded infrared emission, making
them less than optimal for high-quality lighting applications.
Based on the crystallization of aluminosilicate glass, Hu et al.
synthesized the red-emitting Mg2Al4Si5O18:Eu2+ bulk phosphor
with a broad emission band (lmax B 620 nm, FWHM B 100 nm),
and CRI (Ra = 85.2).1 However, the emission intensity of Mg2Al4-

Si5O18:Eu2+ decreases by almost 40% from 77 K to 502 K and the
detailed insights into the relationship between the structural
variation and luminescent properties need to be further investi-
gated. Many researchers have focused on CaS:Eu2+ phosphors,
which exhibit intense photo-stimulated luminescence at l B
650 nm with a long-wavelength tail in the near-infrared region
(600–800 nm). This feature may fail to meet the expectations in
the field of pc-wLEDs. The substitution of Ca with Sr leads to a
substantial blueshift and plays an important role in the discovery
of broad band visible-light phosphors.9–11

Herein, Eu2+ and Ce3+ were successfully incorporated into
SrS with sulfur as a source material for the first time via a facile
one-step solid-state approach at 1100 1C.12–15 Additionally,
powder X-ray diffraction (PXRD) and continuous wave-
electron paramagnetic resonance (CW-EPR) were carried out
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to probe the local coordination in the host material. The
intensity of the luminescence for the target materials was
ostensibly tailored by the introduction of Eu2+ and Ce3+, which
can be easily adjusted to optimize industrial mass production
by way of energy transformation. Under l B 430 nm light
excitation, the designed SrS:(Eu2+)n and SrS:(Ce3+)0.01,(Eu2+)n

phosphors give a broad band emission peak in the orange-
red region, which is favorable for pc-WLEDs. The as-fabricated
pc-WLEDs with CCT = 2819 K, CRI = 82.6 and Ra = 87.9 present
superior thermal stability, enabling their reliability and color
rendition for white light source applications.

2. Experimental section
2.1 Materials and reagents

Strontium carbonate (SrCO3, 99.5%), cerium oxide (CeO2,
99.9%) and europium oxide (Eu2O3, 99.9%) were purchased
from Macklin and sulfur flowers (S, 99.999%) were purchased
from Aladdin. The commercial green phosphor (Sr,Ba)2-

SiO4:Eu2+ and the chip (l = 430 nm) were purchased from
Shenzhen Looking Long Technology Co., Ltd. All the chemicals
were used without further purification.

2.2 Synthesis of the SrS phosphor

A series of SrS:nEu2+ phosphors with different Eu2+ content
(n = 0.005–0.05) were synthesized by employing a solid-state
reaction method. The experimental steps were as follows:
SrCO3, Eu2O3 and S with a 1 : n : 2.5 mole ratio were ground in
a mortar for 30 minutes to obtain uniform mixtures. Then, the
mixtures were loaded in a large alumina crucible with a thin
layer of carbon powder and sintered at 1100 1C for 2 hours in a
high-temperature box furnace under air atmosphere. Finally,
the obtained samples were cooled to room temperature in the
furnace and were reground for 5 minutes for further measurement.
Other samples were based on the same method of preparation.

2.3 Characterization

The powder X-ray diffraction patterns of the phosphors to study
their crystal structures were recorded using an XRD diffracto-
meter (PANalytical Empyrean) operating with CuKa radiation
(l = 1.5406 Å) at 40 kV and 40 mA. The morphologies of the
powders were analyzed by field-emission scanning electron
microscopy (FE-SEM; JSM-7900F) and the elemental mapping
was performed using EDX attached to the FE-SEM. The photo-
luminescence emission (PL) and excitation (PLE) spectra at
room temperature of all samples were recorded using a lifetime
and steady-state spectrometer (FLS980, Edinburgh Instruments
Ltd) equipped with a Xe lamp. The thermal quenching proper-
ties were evaluated by an EX-1000 spectrometer (EVERFINE,
China). The reflectance spectra at room temperature of all
samples were collected using a UV-3600plus (Shimadzu).

Continuous wave-electron paramagnetic resonance (CW-
EPR) analysis was performed on a Bruker A200 spectrometer.
The following parameters were used: sweep field range, 100 G;

sweep time, 60 s; modulation amplitude, 1 G; modulation
frequency, 100 kHz; and microwave power, 19.23 mW.

The wLED structures were fabricated using the commercial
green phosphor (Sr,Ba)2SiO4:Eu2+ and LED chips (l = 430 nm).
The phosphors were mixed with a commercial AB silicone glue
(glue A:hardener B = 1 : 4, AB silicone glue:as-synthesized
phosphors:green phosphors = 10 : 2 : 1.5). The obtained phos-
phor–glue mixture was coated on the LED chips and then cured
at 100 1C for 1 h. The properties of the fabricated wLEDs were
measured by a HAAS-2000 photoelectric measuring system
(380–780 nm, EVERFINE, China). The forward bias current
was 99.94 mA.

3. Results and discussion

The crystal structure and phase identification of SrS with
various contents of Eu2+ (SrS:(Eu2+)n, n = 0.005–0.05) were
investigated by PXRD. As shown in Fig. 1a, all diffraction peaks
are well indexed by a cubic cell (Fm%3m) and are consistent with
those of the SrS rock-salt phase (PDF card No. 08-0489),
demonstrating that the doping of Eu2+ (n = 0.005–0.05) into
the SrS host lattice does not destroy the original crystal structure
(Fig. 1b). The phenomenon can be explained using Bragg’s law:

2d sin y = nl (1)

In this equation, d, y, n and l are defined as the distance
between successive atoms, diffraction angle, diffraction order
and the wavelength, respectively. Furthermore, the mainte-
nance of the structure is assumed by the calculations of the
radius percentage difference (Dr) between the doped and sub-
stituted ions (eqn (2)), which must not exceed 30%:16

Dr ¼ 100� RmðCNÞ � RdðCNÞ
RmðCNÞ

(2)

where CN is the coordination number and Rm(CN) and Rd(CN)
denote the radii of the matrix ion and doped ion, respectively.
The calculated values of Dr are listed in Table 1, where the Dr
between Eu2+ and Sr2+ is within 10%, much smaller than 30%.
Thus, the Eu2+ dopant will prefer to substitute the Sr2+ sites.
The scanning electron microscopy (SEM) images (Fig. 1) pre-
sent average sizes of 10–30 mm for the SrS:(Eu2+)0.002 particles
with a smooth surface, which may facilitate the luminescent
properties when incorporated into LED packages.17 Elemental
mapping and energy dispersive X-ray spectroscopy (EDS) were
also conducted and their images are shown in Fig. 1 and
Fig. S1, (ESI†) respectively. Obviously, all the Sr, S and Eu
elements were homogeneously distributed. The atomic percen-
tages of Sr and S are roughly determined to be 52% and 48%,
respectively, consistent with the expected values from the solid-
state preparation.

Fig. 2 presents the luminescent properties of SrS:(Eu2+)n at
room temperature. The materials can be excited by ultraviolet
(UV) and green lights. Under excitation at l B 430 nm (Fig. 2a),
the concentration-dependent photoluminescence emission
(PL) spectra of SrS:(Eu2+)n show the characteristic broad band
in the range of 570–730 nm with the main signal around
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620 nm. This signal is attributed to the radiative de-excitation
of the lowest excited state 4f65d1 electronic configuration to the
8S7/2 ground state 4f7 of Eu2+ (4f65d1 - 4f7).18,19 Because the 5d
energy levels of Eu2+ are sensitive to the bond lengths, coordi-
nation numbers and symmetry of the host, it is feasible to

prepare a phosphor with a specific emission color by many
strategies such as cation-size-mismatch and cation
substitution.2,20–22 The broad band is due to the strong crystal
field by the distorted coordination environments of the Eu2+

emission centers.23 The emission band is further deconvoluted
into only one Gaussian profile, suggesting the presence of a single
Eu2+ center.24 As shown in Fig. 2b, the PL intensity grows at the
beginning with increase in the concentration of Eu2+, and it
reaches a maximum when the concentration is equal to 0.002
(molar ratio). The intensity decreases with further increasing Eu2+

concentration. However, the PL spectra exhibit a consecutive
redshift from orange-red to red, with the peak shifting from l
B 615 nm (n = 0.0005) to lB 628 nm (n = 0.05). The peak position
tendency is related to the distance of the radius of Eu2+, which can

Fig. 1 (a) X-ray diffractograms of SrS with various contents of Eu2+. (b) A crystal structure model of SrS:(Eu2+)n. (c and d) SEM images of SrS with 0.2 mol%
Eu2+ dopant and (e) an enlarged particle. (f–h) Elemental mapping images of Sr, S and Eu in the selected particle.

Table 1 Ionic radii difference percentage between the matrix and doped
ions

Dopant Radii/Å (CN)

Difference % between ionic radii

Sr2+ 1.18(6) Sr2+ 1.26(8) Sr2+ 1.31(9)

Eu2+ 1.17(6) 0.8 7.1 10.7
Eu2+ 1.25(8) �5.9 0.8 4.6
Eu2+ 1.30(9) �10.2 �3.2 0.8
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be quantified by Van Uitert’s empirical eqn (3):2,25

E cm�1
� �

¼ Q � 1� V

4

� �1=V

�10� nEarð Þ=80

" #
(3)

where E denotes the energy of the Eu2+ emission peak, Q* is a
constant and represents the energy position for the lower d-band
edge of free Eu2+ (Q* = 34 000 cm�1), V is the valency of Eu2+

(V = 2), n stands for the coordination number of Eu2+, Ea is a
constant and represents the electron affinity of the anion atoms,
and r is the radius of the host cation that can be occupied by Eu2+.
Then, in the SrS:(Eu2+)n samples, E is proportional to r. Based on
the above-mentioned points, the redshift phenomenon is attrib-
uted to the structural variation resulting from the substitution of
Sr2+ ions by the Eu2+ ions with smaller radii.

The phosphor of SrS:(Eu2+)0.002 can provide an absolute
quantum yield (QY) of 36.05% and its FWHM is 76.5 nm (Table
S1, ESI†). According to G. Blasse’s function (eqn (4)), the critical
distance of energy transfer (Rc) is calculated to be 37.32 Å.

Rc ¼ 2
3V

4pxcN

� �1
3

(4)

where V is the volume of the unit cell, N is the number of total
Eu2+ sites per unit cell and xc is the critical concentration of the
activator ion. In SrS, V = 217.73 Å3, N = 4, and the critical

concentration, xc, is about 0.002 in our system. As the value of
Rc is over 5 Å, the exchange interaction has no perceptible effect
for non-radiative energy transfer processes between adjacent
Eu2+ ions in the matrix. Thus, the concentration quenching
mechanism in Eu2+-doped SrS phosphors may have occurred
due to dipole–dipole interactions.

Clearly, monitoring at l B 617 nm, the photoluminescence
excitation (PLE) spectra of SrS:(Eu2+)n afford an ultra-broad
band in the range of l B 250–600 nm (Fig. 2c). The main
PLE spectra in the range of 400–600 nm indicate numerous
transitions to the 4f65dt1

2g manifold of Eu2+ (Fig. 2e).18,26 The
weak band (l B 280 nm) is attributed to the effective band–
band transition in the SrS lattice.27 No trace of Eu3+ emission is
found for intervalence charge transfer (IVCT), which could
quench the Eu3+ emission pairs with Eu2+ ions.28 Fig. 2d dis-
plays the diffuse reflectance spectra of SrS:(Eu2+)n, which show
a broad absorption band (400–600 nm) in accordance with the
PLE spectra mentioned before. A schematic diagram for the
degeneration of the free Eu2+ energy states in the SrS:Eu2+

phosphors is shown in Fig. 2e. The 5d orbitals of Eu2+ split
into two kinds of orbitals, eg and t2g, by the nephelauxetic effect
and Jahn–Teller effect. The eg states have higher energy than
the t2g states and the electron transition between the 4f state
and the t2g state shows a blue excitation band and red emission
band with Stokes shift.

Fig. 2 (a) PL spectra of SrS:(Eu2+)n under l B 430 nm excitation. (b) Dependence of PL maximum position and PL peak intensity on Eu2+ concentration
in SrS:(Eu2+)n. The curves in (b) are guided by eye. (c) PLE spectra of SrS:(Eu2+)n under l B 617 nm emission. (d) Diffuse reflectance spectra of SrS:(Eu2+)n.
(e) Schematic diagram for the degeneration of the free Eu2+ energy states in SrS: Eu2+ phosphors. The effects include the nephelauxetic effect
(ec, centroid shift), crystal field splitting (ecfs) by the Jahn–Teller effect and Stokes shift (DS).
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The thermal stability of the phosphors is crucial for pc-LED
application and Fig. 3 demonstrates the thermal behavior of
SrS:(Eu2+)0.002 in the temperature range of 293 to 473 K. It
shows that the normalized integrated PL intensity first
increases and then decreases slowly with the increase in
temperature due to the enhanced nonradiative transition prob-
abilities. The normalized signal slowly rises to B104% at 353 K
to reach its maximum and then decreases to B94% under
further increasing temperature to 473 K. The PL maximum
shows an obvious blueshift from 293 K (l B 619 nm) to 333 K
(lB 613 nm) and then retains the same upon further increase in
temperature. According to the Arrhenius equation (eqn (5)),29 DE
is found to be 0.18 eV at 293–373 K and 3.13 eV at 373–473 K by
fitting the measured data. To the best of the knowledge, the
higher the value of DE, the less energy is lost and more photons
are utilized by the activator ions. This further validates the
feasibility of creating high-power pc-LEDs with good thermal
stability using SrS:(Eu2+)n phosphors.

IT/I0 = [1 + A � exp (�DE/kT)]�1 (5)

where IT and I0 represent the luminescent intensities at a
chosen temperature and 293 K, respectively, DE is the activation
energy, k is the Boltzmann constant (1.380649� 10�23 J K�1) and
A is a constant.

Various approaches have claimed to tune the color of
phosphors such as altering the doped ions, controlling the
energy transfer (ET) process, and changing the matrix crystal
field environment.30–32 Among them, energy transfer between

the co-doped activators is regarded as an effective strategy to
achieve color-tunable emission. The energy donor (the sensiti-
zer) accepts the incoming photon and emits it further, which
can be again absorbed by the energy acceptor (the activator) to
be re-emitted in the visible region.33 The Ce3+ ion is an
appropriate sensitizer for Eu2+ ions by transferring the excita-
tion energy to the co-activators.34 To check the influence of the
co-activator, 0.01 Ce3+ was introduced into the phosphors of
SrS:(Ce3+)0.01,(Eu2+)n (n = 0.0001, 0.0005, 0.001, 0.005, 0.01 and
0.1). From the PXRD patterns (Fig. 4a), all major diffraction
peaks of the Ce3+ and Eu2+ co-doped SrS match well with the
pristine SrS rock-salt-like structure. According to Bragg’s
law (eqn (1)), the structural change caused by Ce3+ and Eu2+

co-doping is insignificant. The SEM morphological images and
the elemental distribution are given in Fig. 4, in which the
distribution of the different elements is uniform.

EPR is sensitive to probing the local electron configuration.
As expected, in Fig. 4b, Eu2+ (8S7/2 ground state) in SrS:(Eu2+)0.01

shows an isotropic EPR signal at g = 1.99, reflecting its
coordination in the symmetric environment within the cubic
crystalline. The serration located between the two peaks is
attributed to the different hyperfine splitting caused by the
magnetically non-equivalent pairs of 151Eu and 153Eu.35–37

Further introduction of Ce3+ into SrS:(Eu2+)0.01 enhanced the
EPR signal, possibly due to the ET effect for promoting polar-
ization between the different states of electron spin.

Fig. 5a depicts the PLE spectrum of SrS:(Eu2+)0.001 and the PL
spectrum of SrS:(Ce3+)0.01. Clearly, there is a virtually ideal
overlap (l B 460–600 nm) between the emission of Ce3+ and
excitation of Eu2+, where the resonance-type ET might occur
from Ce3+ to Eu2+. The ET evidence from Ce3+ to Eu2+ is plotted
in Fig. 5b: the PL intensity of the co-doped particles
(SrS:(Ce3+)0.01,(Eu2+)0.001) is obviously higher than that of the
single-doped particles (SrS:(Eu2+)0.001). Fig. 5c and d show the
room-temperature PL and PLE spectra of SrS:(Ce3+)0.01,(Eu2+)n,
respectively. Under the excitation of l B 430 nm, the typical
emission intensity of Eu2+ centered at l B 620 nm is enhanced
significantly, and it reaches a maximum intensity at n = 0.001
(Fig. S3, ESI†). Meanwhile, the characteristic emission intensity
of Ce3+ located at l B 485 nm decreases monotonously with
increasing Eu2+ doping concentration. The emission peak
wavelength exhibits a noticeable redshift from l B 612 nm
(n = 0.0001) to l B 629 nm (n = 0.1) on adding more Eu2+ ions
(Fig. S3, ESI†). From the measured PLE spectra monitored at
lB 617 nm, the co-doped phosphors have an optimal content of
n = 0.001 Eu2+. A schematic ET process diagram of Ce3+ and Eu2+

is shown in Fig. 5e. All the results prove that ET is expected in the
phosphors of SrS:(Ce3+)0.01,(Eu2+)n to enhance the red emission
(Fig. 5f), which are suitable features for white LEDs excited by
blue and UV light. The ET efficiency (ZT) from Ce3+ to Eu2+ can be
computed by eqn (6).38 The values of ZT are 0.84 and 0.88 in the
SrS:(Ce3+)0.01,(Eu2+)0.005 and SrS:(Ce3+)0.01,(Eu2+)0.001 phosphors,
respectively.

ZT ¼ 1� Is0

Is
(6)

Fig. 3 Thermal stabilities of the SrS:(Eu2+)0.002 phosphor. (a) PL spectra of
SrS:(Eu2+)0.002 under l B 430 nm excitation in the temperature range of
293–473 K. (b) Normalized PL signal and PL maximum as a function of
temperature; data from (a).
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where Is0 and Is present the luminescent intensity of Ce3+ with-
out and with Eu2+ in the sample, respectively. The values of ZT

are a function of Eu2+ content. Based on Dexter’s energy transfer
theory and Reisfeld’s approximation, we can obtain the following
proportional relationship:39

Is0

Is
/ Cm=3 (7)

where C is the content of Eu2+ and m depends on the type of
interactions (m = 6 and 8 correspond to dipole–dipole and
dipole–quadrupole interactions, respectively). We conclude that
m = 6 is evidently correct and the ET from Ce3+ to Eu2+ follows
the dipole–dipole mechanism.33,40 The energy transfer mecha-
nism via dipole–dipole interaction in SrS:Ce3+,Eu2+ is the same
as that in CaS:Ce3+,Eu2+.41,42

As mentioned above, the single Eu2+-doped phosphors
SrS:(Eu2+)n show broad band absorption, which leads to a red
body color under natural light (Fig. 6a) and favors its applica-
tion for blue light-pumped LEDs. Notably, a long afterglow is
observed by the naked eye and lasts for several seconds
(Fig. 6a). The materials SrS:(Eu2+)n turn brilliant red under
natural light with the increase in Eu2+ dopant. Fig. 6a vividly
depicts the Commission International de I’Eclairage (CIE)

chromaticity coordinates of SrS:(Eu2+)n under l B 430 nm
excitation. These values are regularly shifted from orange-red
(0.6271, 0.3723) to red (0.6589, 0.3408) as the concentration of
Eu2+ varies from 0.0005 to 0.05. The CCT and high color purity
(calculated by eqn (8)) of these samples are listed in Table S1
(ESI†). The CIE coordinates, CCT and color purity of the
phosphors co-doped with Ce3+ and Eu2+ are also determined
and portrayed in Fig. 6b and summarized in Table S2 (ESI†). It
shows that the (x, y) of the samples changes from (0.5045,
0.4022) to (0.6559, 0.3426) and the color tone varies from
orange to red. Compared with the Eu2+ single-doped samples,
the CIE chromaticity coordinates of the SrS:(Ce3+)0.01,(Eu2+)n

phosphors shift to orange. Therefore, phosphors with excellent
photoluminescence can be easily achieved by adjusting the
concentration of the activators. We randomly selected the
sample SrS:(Eu2+)0.05 with lower PL intensity and combined
the commercial green phosphor (Sr,Ba)2SiO4:Eu2+ and a blue
InGaN LED chip (B430 nm) to fabricate wLEDs. The electro-
luminescence spectrum is illustrated in Fig. S5 (ESI†) and the
device exhibits a warm white emission with excellent Ra = 87.9,
CRI = 82.6 and low CCT = 2819 K. The results indicate that the
phosphors exhibit controllable color tuning or hue for various
potential applications and are highly promising candidates in

Fig. 4 (a) X-ray diffractograms of SrS:(Ce3+)0.01 with different doping contents of Eu2+. (b) Room-temperature CW-EPR of Eu2+ and Ce3+ doped SrS.
(c and d) SEM images of SrS:(Ce3+)0.01,(Eu2+)0.001 and (e) an enlarged particle. (f–i) Elemental mapping images of Sr, S, Ce and Eu in the selected particle.

Paper Materials Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
Ju

ly
 2

02
2.

 D
ow

nl
oa

de
d 

on
 1

/2
0/

20
26

 5
:5

0:
03

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ma00617k


© 2022 The Author(s). Published by the Royal Society of Chemistry Mater. Adv., 2022, 3, 6529–6538 |  6535

Fig. 5 (a) PL spectrum of SrS:(Ce3+)0.01 under l B 430 nm excitation and PLE spectrum of SrS:(Eu2+)0.001 under l B 617 nm emission. (b) PL spectra of
SrS:(Ce3+)0.01,(Eu2+)0.001 and SrS:(Eu2+)0.001 under l B 430 nm excitation. (c) PL spectra of SrS:(Ce3+)0.01,(Eu2+)n under l B 430 nm excitation. (d) PLE
spectra of SrS:(Ce3+)0.01,(Eu2+)n under l B 617 nm emission. (e) Schematic diagram showing the energy transfer process of SrS:(Ce3+)0.01,(Eu2+)n.
(f) Optical images of SrS:(Ce3+)0.01,(Eu2+)n phosphors under natural light, 365 nm light lamp and afterglow luminescence.

Fig. 6 (a) CIE chromaticity diagram of SrS:(Eu2+)n. The inset shows optical images: (1), (2) and (3) denote the phosphors under natural light, 365 nm light
and afterglow luminescence, respectively. (b) CIE chromaticity diagram of SrS:(Ce3+)0.01,(Eu2+)n. The inset shows the color trends with different Eu2+

content.
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the illumination field.

Color purity ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x� xið Þ2þ y� yið Þ2

q
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xd � xið Þ2þ yd � yið Þ2

q (8)

4. Conclusions

In summary, we have successfully designed and investigated
the Eu2+/Ce3+-activated broad band red-emitting phosphors
with lmax B 620 nm based on the SrS host. The chemical
structure of the phosphors is found to be highly stable and the
introduction of Eu2+ and Ce3+ has a negligible effect on the
crystal structure of the matrix. Taken together, the SrS:Eu2+

phosphors show broad band emission, superior color purity
and great thermal stability up to 473 K. The doping of Ce3+ in
SrS:Eu2+ effectively optimizes the luminescence properties via
the dipole–dipole energy transfer mechanism. By combining
the phosphor SrS:(Eu2+)0.05 with the commercial green phos-
phor (Sr,Ba)2SiO4:Eu2+ and a blue InGaN LED chip, a warm
wLED with an Ra of 87.9 and CRI of 82.6 is achieved. The
experimental results show that SrS:Eu2+ and SrS:Ce3+,Eu2+

phosphors are promising candidates for the red component
of wLEDs. Our work provides a general and facile synthetic
strategy towards novel color-tunable bulk compounds and
broadens the applications of rare earth sulfide phosphors.
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P. C. Schmid, T. Tyborski, P. Pust, I. Stoll, M. Bergler, C. Patzig,
S. Reißaus, M. Krause, L. Berthold, T. Höche, D. Johrendt and
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