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1. Introduction

Nowadays, phosphor-converted white 
light-emitting diodes (pc-WLEDs) have 
attracted widespread attention and been 
widely developed due to their promi-
nent advantages over the traditional light 
sources, including energy saving, longer 
operating lifetimes, high luminous effi-
cacy and environmental friendliness.[1] 
Generally, WLEDs are manufactured by 
coating YAG:Ce yellow phosphors on the 
blue LED chips.[2] However, this combi-
nation gives a low color rendering index 
(Ra < 75) and a high correlated color tem-
perature (CCT  >  4500 K) because of the 
insufficient red component in emission.[3] 
Moreover, the strong blue light generated 
by the blue LED chip is harmful to human 
health.[4] One improved approach is to fab-
ricate a WLED device using a near-ultravi-
olet (n-UV, 360–420 nm) LED chip coated 
with a mixture of tricolor phosphors, 
such as blue-emitting BaAl12O19:Eu2+ 
phosphor, green-emitting β-SiAlON:Eu2+ 
phosphor, and red-emitting CaAlSiN3:Eu2+ 

Highly efficient cyan-emitting phosphor materials are indispensable for 
closing the cyan gap in spectra of the traditional phosphor-converted white 
light-emitting diodes (WLEDs) to achieve high-quality full-spectrum white 
lighting. In this work, bright cyan-emitting Ca3Ga4O9 (CGO):0.02Bi3+,0.07Zn2+ 
phosphor is developed to bridge the cyan gap. Such a Bi3+,Zn2+ codoping 
enhances the cyan emission of CGO:0.02Bi3+ by 4.1 times due to the 
influence of morphology and size of phosphor particles, charge compensation 
and lattice distortion. Interestingly, codoping La3+ ions into the current 
system can achieve a photoluminescence tuning of CGO:0.02Bi3+ from cyan 
to yellowish-green by crystallographic site engineering. Besides, Bi3+–Eu3+ 
energy transfer is successfully realized in CGO:0.02Bi3+,0.07Zn2+,nEu3+  
phosphors and the emission color tuning from cyan to orange is 
observed. The investigation of thermal quenching behaviors reveals 
that the incorporation of Zn2+ and La3+ improves the thermal stability of 
CGO:0.02Bi3+. Finally, CGO:0.02Bi3+,0.07Zn2+,0.10Eu3+ phosphor is employed 
to obtain a single-phased warm WLED device. A full-spectrum WLED device 
with remarkable color rendering index (Ra) of 97.4 and high luminous 
efficiency of 69.72 lm W−1 is generated by utilizing CGO:0.02Bi3+,0.07Zn2+ 
phosphor. This result suggests the important effect of CGO:0.02Bi3+,0.07Zn2+ 
phosphor on closing the cyan gap, providing new insights of cyan-emitting 
phosphors applied in full-spectrum white lighting.
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phosphor.[5] Although this kind of WLED can produce warm 
white light and reduce the blue light hazard, the limitation 
still exists. That is an obvious spectrum gap appearing in the 
cyan region (480–520  nm) of the visible spectrum, making it 
challenging to realize the full-spectrum lighting that resem-
bles sunlight.[6] To address this issue, an efficient cyan-emitting 
phosphor is desired to close the cyan gap, which is indispen-
sable to achieve high-quality lighting with ultra-high color 
rendering.

Accordingly, a competitive cyan-emitting phosphor is sug-
gested to possess a broad emission band covering the region 
of 480–520  nm with a peak at ≈490  nm, high photolumines-
cence quantum efficiency and excellent thermal stability. Cyan 
emission is common in Eu2+ and Ce3+ activated phosphors. 
For example, Sr[Be6ON4]:Eu2+,[7] Na0.5K0.5Li3SiO4:Eu2+,[1c]  
RbBaScSi3O9:Eu2+,[8] and Ca2LuScZrAl2GeO12:Ce3+[9] have 
been recently reported. However, the emission spectra of 
these Eu2+ doped phosphors are not broad enough to well  
close the cyan gap. Besides, a visible light reabsorption is 
usually unavoidable in Eu2+ and Ce3+ doped phosphors as 
they usually exhibit strong absorption bands in the blue-
green region, which overlap with the emission spectra.[10] As 
another activator species, Bi3+ stands out with broad emission 
band and nearly no reabsorption problem encountered by rare 
earth ions because it has characteristic excitation in n-UV 
rather than in the visible region, thereby avoiding the vis-
ible light reabsorption.[11] There have been several Bi3+ doped 
cyan-emitting phosphors such as LiGd5P2O13:Bi3+,[12] SrBaL
aGaO5:Bi3+,[13] and Ba1.5Sr1.5Sc4O9:Bi3+.[14] But the excitation 
energy of LiGd5P2O13:Bi3+ (λex = 290 nm) is too high to match 
well with the n-UV chips typically generating light beyond 
360 nm. In addition, SrBaLaGaO5:Bi3+ and Ba1.5Sr1.5Sc4O9:Bi3+ 
phosphors have low photoluminescence quantum efficiency 
(<30%) and poor thermal stability (emission intensity at 423 K 
is lower than 20% of the room-temperature intensity). Given 
that the available Bi3+ activated cyan-emitting phosphors are 
extremely limited, it is still urgent to exploit an outstanding 
cyan-emitting phosphor activated by Bi3+ ions with broad 
emission band, high luminous efficiency and good thermal 
stability.

In addition, single-phased white-emitting phosphors have 
been greatly studied and developed. One of the most com-
monly adopted strategies for single-phased white emission 
is to design energy transfer between activators in an appro-
priate host.[15] Bi3+ is not only an activator but also a sensitizer, 
which can transfer energy to Eu3+ in lots of hosts.[16] There-
fore, the design of Bi3+-Eu3+ energy transfer is considered as 
a viable strategy to achieve tunable emission from blue/green 
to red, providing a possibility to realize white light-emitting in 
a single phase.

In this work, Ca3Ga4O9 (CGO) with a highly condensed 
framework and multiple Ca sites for Bi3+ doping was selected 
as the host to achieve the targeted cyan emission and 
Bi3+-Eu3+ energy transfer. Herein, the CGO:Bi3+ phosphor was 
prepared using the conventional high-temperature solid-state 
reaction, the cyan emission of which was enhanced signifi-
cantly by incorporation of Zn2+. Besides, the photolumines-
cence tuning of CGO:Bi3+ from cyan to yellowish-green and 
orange was achieved by codoping La3+ and Bi3+-Eu3+ energy 

transfer, respectively. The photoluminescence properties were 
investigated in detail and the corresponding mechanisms 
are proposed. Temperature-dependent photoluminescence 
spectra indicate that the introduction of Zn2+ or La3+ improves 
the thermal stability of CGO:Bi3+. Finally, a single-phased 
warm WLED was obtained by utilizing CGO:Bi3+, Zn2+, Eu3+  
phosphor. Moreover, a full-spectrum WLED device by 
employing the developed cyan-emitting CGO:Bi3+,Zn2+  
phosphor was generated with an excellent Ra of 97.4 and 
a high luminous efficiency of 69.72  lm W−1, illustrating the 
vital role of CGO:Bi3+, Zn2+ phosphor in full-spectrum white 
lighting.

2. Results and Discussion

2.1. Phase Identification and Crystal Structure

The studied CGO has a condensed crystal structure framework 
constructed by the vertex-sharing gallium-oxygen GaO4 tetrahe-
drons, as presented in Figure 1a. Every four and five GaO4 tet-
rahedrons adjacent to each other form a Ga4O12 four-membered 
tetrahedral ring and a Ga5O15 five membered tetrahedral ring, 
respectively. Along the [001] direction, two types of ring chan-
nels are established by the stacking of Ga4O12 rings and Ga5O15 
rings, respectively. In the CGO host lattice, there are four dif-
ferent Ca sites (named as Ca1, Ca2, Ca3 and Ca4). Ca1 and Ca3 
are located in the four-membered ring channels while Ca2 and 
Ca4 are located in the five-membered ring channels. A two-
dimensional gallium-oxygen planar structure on the ab plane is 
formed by GaO4 tetrahedrons, which is distributed alternately 
with the Ca atom layer in the [001] direction. The coordination 
polyhedrons of the four Ca sites are given in the bottom of 
Figure  1a. Ca1 and Ca3 are coordinated by six O atoms, while 
Ca2 and Ca4 are coordinated by eight O atoms.

Figure  1b shows the X-ray diffraction (XRD) patterns of 
the as-synthesized CGO host, CGO:0.02Bi3+, CGO:0.02Bi3+, 
0.07Zn2+ and CGO:0.02Bi3+, 0.05La3+ phosphors. Almost all 
diffraction peaks of these samples can be well indexed with 
the standard data of CGO phase (PDF card No.83-1477), except 
for tiny peaks of CaGa2O4 impurity (wt. ≈2–4%) revealed by the 
Rietveld refinements, as displayed in Figure  1c,d and Figure 
S1, Supporting Information. The refinement results certify 
the successful formation of these CGO phase. Although the 
CaGa2O4:Bi3+ presents a yellow emission,[17] its influence on 
the luminescence of CGO:Bi3+ can be neglected due to the tiny 
amount. Table 1 lists the main parameters of processing and 
refinement. It is confirmed that these as-studied phosphors 
crystallize in the orthorhombic phase with space group Cmm2 
(35). The cell parameters of the representative CGO:0.02Bi3+ 
sample are refined to be a =  14.3616(9) Å, b =  16.8136 (11) Å, 
c = 5.3138 (4) Å, V = 1283.13 (14) Å3, and the reliability factors 
are Rwp = 5.10%, Rp = 3.91%, and χ2 = 1.36. All the refinements 
show low R-factors and χ2, indicating the reliable refinement 
results and demonstrating that the doping of Bi3+, Zn2+ and 
La3+ ions do not influence the phase purity of the CGO host. 
Moreover, the fractional coordinates of atoms and main bond 
lengths are provided in Table S1 and S2, Supporting Informa-
tion, respectively.
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The morphology and chemical compositions of the rep-
resentative phosphors were further investigated using the 
scanning electron microscopy (SEM). Figure  2a reveals the 
irregular morphology of CGO:0.02Bi3+ with particles agglom-
eration, the size of which is generally <  20  µm. Interest-
ingly, with the introduction of Zn2+, the smaller particles of 
CGO:0.02Bi3+ grow to a several times larger bulk crystal, as 
depicted in Figure  2b, which typically benefits its lumines-
cence. The role of Zn2+ in the system is somewhat similar 
to that of flux. Therefore, the stronger luminescence inten-
sity of CGO:0.02Bi3+, 0.07Zn2+ phosphor could be expected. 
As shown in Figure 2c, one CGO:0.02Bi3+ particle is selected 
for the energy-dispersive X-ray spectroscopy (EDS) map-
ping images, confirming that the elements Ca, Ga, O and Bi 

are homogeneously distributed in the region examined. In 
addition, the elemental mapping images of CGO:0.02Bi3+, 
0.07Zn2+, and CGO:0.02Bi3+, 0.02La3+ are given in Figure S2, 
Supporting Information, indicating the successful incorpora-
tion of Bi, Zn and La in corresponding phosphors.

2.2. Photoluminescence Properties

As the band gap of host matrix is essential to the lumines-
cent property of a phosphor, density functional theory (DFT) 
calculations are used to study the electron properties of the 
CGO host.[18] Figure 3a presents the total density of states for 
CGO and the partial density of states for Ca, Ga and O atoms. 

Figure 1.  a) Schematic crystal structure of CGO host as well as coordination polyhedrons of Ca1–Ca4 with oxygen atoms. b) XRD patterns of CGO host, 
CGO:0.02Bi3+, CGO:0.02Bi3+, 0.07Zn2+, and CGO:0.02Bi3+, 0.05La3+ phosphors. Rietveld refinements of the powder XRD patterns of c) CGO:0.02Bi3+, 
0.07Zn2+, and d) CGO:0.02Bi3+, 0.02La3+ phosphors.

Table 1.  Main parameters of processing and refinement of the representative samples.

Compound CGO CGO:0.02Bi3+ CGO:0.02Bi3+,0.07Zn2+ CGO:0.02Bi3+,0.02La3+

Space group Cmm2 Cmm2 Cmm2 Cmm2

a, Å 14.3615 (12) 14.3616 (9) 14.3589 (19) 14.3631 (2)

b, Å 16.8126 (14) 16.8136 (11) 16.8134 (2) 16.8137 (2)

c, Å 5.3133 (5) 5.3138 (4) 5.3104 (8) 5.3138 (8)

V, Å3 1282.93 (18) 1283.13 (14) 1282.04 (3) 1283.26 (3)

Z 6 6 6 6

Rwp, % 5.10 5.10 6.24 5.29

Rp, % 2.44 3.91 4.81 4.07

RB, % 1.36 2.44 3.02 1.51

χ2 1.36 1.36 1.32 1.15
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According to the calculation results, the valence band (VB) is 
dominated by Ca 3p and O 2s2p states, while the conduction 
band (CB) is mainly composed of Ga 4s4p states. The band gap 
(Eg) value of CGO was calculated to be 4.19 eV, which is close to 
the optical band gap (4.67 eV) obtained from the diffuse reflec-
tion (DR) spectrum according to the Kubelka-Munk absorption 
function:[10,19]

( ) ( )= −1 /22F R R R 	 (1)

F R h A h Egν ν( )[ ]( ) × = −2
	 (2)

where F(R) represents the absorption, R is the reflectance 
(%), hν is the photon energy, and Eg is the optical band gap, 
which can be estimated by extrapolating the linear portion 
of the [F(R) × hν]2  versus hν curve, as shown in the inset of 
Figure  3b. The optical performances of the phosphors are 
investigated by the diffuse reflection spectra recorded in 
Figure 3b. The as-studied phosphors especially CGO:0.02Bi3+, 
0.07Zn2+ and CGO:0.02Bi3+, 0.05La3+, 0.04Zn2+ have superior 
absorption in the range of 200–420  nm, matching well with 
the n-UV chips. These above results demonstrate that the 
CGO host is an available carrier for accommodating Bi3+ as 
luminescence materials. Since the valence states of Bi can 
affect the luminescence properties, it is necessary to deter-
mine its valence in the CGO host.[20] Figure 3c plots the X-ray 
photoelectron spectroscopy (XPS) spectra of the representative 
phosphors. The typical Bi3+ peaks at ≈159 and 164 eV can be 

observed, which are assigned to Bi 4f7/2 and Bi 4f5/2, respec-
tively. This result suggests that the emission in CGO origi-
nates from trivalent Bi3+ ions.

The photoluminescence spectra of CGO:xBi3+ with different 
Bi3+ doping concentration (0.01  ≤  x  ≤  0.05) under 340  nm 
excitation are plotted in Figure S3, Supporting Information, 
which shows that the optimal doping concentration of Bi3+ 
is x  =  0.02. Figure  4a,b exhibit the excitation and emission 
spectra of CGO:0.02Bi3+, yZn2+ (y = 0–0.07) phosphors, respec-
tively. The excitation spectrum (monitored at λem  =  490  nm) 
of CGO:0.02Bi3+ phosphor consists of a dominant peak at 
340  nm and a shoulder peak at 290  nm, which are ascribed 
to the spin-allowed transition 1S0  → JP1 (J  =  3 and 1) of Bi3+. 
Upon 370 nm excitation, the CGO:0.02Bi3+ phosphor presents 
a broad emission band from 390 to 650 nm peaking at 486 nm. 
With the introduction of Zn2+ ions, the excitation spectra of 
CGO:0.02Bi3+, yZn2+ (y  =  0.01–0.07) phosphors broaden to 
longer wavelength region. That is, the intensity of long wave-
length excitation increases, implying that they have better 
absorption under n-UV chips. As for the emission spectra, 
there is nearly no change in peak shape and position. The 
full width at half-maximum (FWHM) of CGO:0.02Bi3+, yZn2+ 
(y = 0–0.07) phosphors is ≈96–99 nm, which meets the require-
ment of broad cyan band proposed previously. Surprisingly, the 
emission intensity of Zn2+ incorporated phosphors has remark-
able enhancement compared to that of CGO:0.02Bi3+ phosphor 
under both 370 and 340 nm excitation wavelengths (Figure 4b 
and Figure S4, Supporting Information). Figure  4c shows the 

Figure 2.  The SEM images of a) CGO:0.02Bi3+ and b) CGO:0.02Bi3+, 0.07Zn2+ phosphors. c) Element mapping images of Ca, Ga, O, and Bi elements 
in the selected CGO:0.02Bi3+ phosphor particle.
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integrated emission intensity of CGO:0.02Bi3+, yZn2+ phos-
phor as a function of the doping concentration of Zn2+ ions (y). 
Compared to Bi3+ monodoped phosphor, the integrated emis-
sion intensity of CGO:0.02Bi3+, 0.07Zn2+ phosphor increases by 
about 4.1 and 2.8 times excited at 370 and 340 nm, respectively. 
Even a little content of Zn doping still enhances the emission 

intensity greatly (≈3.4 times for y = 0.01 excited at 370 nm). The 
obvious increase in emission intensity for the studied cyan-
emitting phosphor under 370 nm excitation is meaningful for 
the n-UV LED application. The inset in Figure 4c presents the 
corresponding luminescence photographs of CGO:0.02Bi3+, 
yZn2+ phosphors under 365  nm UV lamp, which shows the 

Figure 3.  a) The projected electronic density of states (PDOS) of the CGO host obtained via DFT calculations. b) Diffuse reflectance spectra of 
CGO host, CGO:0.02Bi3+, CGO:0.02Bi3+, 0.07Zn2+, CGO:0.02Bi3+, 0.05La3+, and CGO:0.02Bi3+, 0.05La3+, 0.04Zn2+ phosphors; the inset presents the 
calculated optical bandgap value of CGO host. c) XPS spectra of CGO:0.02Bi3+, CGO:0.02Bi3+, 0.07Zn2+, and CGO:0.02Bi3+, 0.05La3+ phosphors.

Figure 4.  a) Photoluminescence excitation and b) photoluminescence spectra of CGO:0.02Bi3+, yZn2+ (y = 0–0.07) phosphors. c) The integrated emission 
intensity of CGO:0.02Bi3+, yZn2+ (y = 0–0.07) phosphors excited at 340 and 370 nm, respectively; the inset shows the corresponding luminescence photos 
of CGO:0.02Bi3+, yZn2+ (y = 0–0.07) phosphors under 365 nm excitation. d) Evolution of the unit cell volume V for CGO:0.02Bi3+, yZn2+ (y = 0–0.07) phos-
phors. e) Photoluminescence decay curves of CGO:0.02Bi3+, yZn2+ (y = 0 and 0.07) phosphors under 375 nm excitation, monitored at 490 nm.

Adv. Optical Mater. 2020, 8, 2001037
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enhanced cyan emission intuitively. The internal quantum 
yields (IQYs) of CGO:0.02Bi3+, yZn2+ (y = 0–0.07) phosphors are 
all above 50%, reaching the highest IQYs of 72.3% at y =  0.01 
(Table S3, Supporting Information).

The effect of Zn2+ on the emission of CGO:0.02Bi3+ can be 
explained from two main aspects. On the one hand, the lumi-
nescence intensity is closely related to the morphology and size 
of phosphor particles. As discussed in the previous section, the 
large bulk crystal of Zn2+ incorporated phosphor contributes to 
the improvement of the cyan emission. On the other hand, Bi3+ 
ions tend to occupy Ca sites in CGO host owing to the similar 
ionic radii (Ca2+, r =  1.00 Å, CN =  6; r =  1.12 Å, CN =  8. Bi3+, 
r = 1.03 Å, CN = 6; r = 1.17 Å, CN = 8). However, a trivalent Bi3+ 
substituting a divalent Ca2+ leads to the charge imbalance and 
generates a cationic vacancy for the charge compensation in the 
Ca site. This vacancy can be reduced by another non-equivalent 
substitution, Zn2+ substituting Ga3+. That is, the codoping of 
Bi3+ and Zn2+ into the CGO lattice generates the charge balance: 
Bi3+ + Zn2+ = Ca2+ + Ga3+. Consequently, the emission intensity 
of CGO:0.02Bi3+ increased obviously with the incorporation of 
Zn2+ (y ≤ 0.02). When y > 0.02, Zn2+ no longer acts as a charge 
compensator in CGO:0.02Bi3+, yZn2+ because of the balanced 
charge. To further keep the charge balance, Zn2+ is supposed 
mainly to occupy the Ca2+ sites, which can be illustrated by the 
decreasing of cell volume with increasing y values, as displayed 
in Figure  4d. The large difference of ionic radii between Zn2+ 
(r = 0.74 Å, CN = 6; r = 0.9 Å, CN = 8) and Ca2+ causes a crystal 
field distortion around Bi3+, resulting in the increased emission 
intensity. Figure  4e shows the room-temperature decay curves 
of CGO:0.02Bi3+, yZn2+ (y =  0 and 0.07) phosphors monitored 
at 490 nm. The two decay curves were well fitted using a double 
exponential decay:[21]

I t I A
t

A
t

τ τ
( ) = + −





+ −





exp exp0 1
1

2
2

	 (3)

The average luminescence lifetime τ* can be acquired from 
the following equation:

A A

A A
τ τ τ

τ τ
= +

+
∗ 1 1

2
2 2

2

1 1 2 2

	 (4)

For y = 0 and y = 0.07 samples, the obtained average lifetimes 
are calculated to be 0.681 and 0.677 µs, respectively. The close 
lifetime values indicate that Zn2+ doping in CGO:0.02Bi3+ has 
little influence on the luminescence decay of Bi3+.

Photoluminescence tuning is usually desired for phosphor 
materials to optimize and modify luminescence properties. 
As observed in Figure 5a, with the increase of excitation wave-
lengths from 280 to 400  nm, the normalized emission spectra 
of CGO:0.02Bi3+ exhibit a large shift in the range of 478 to 
532 nm, which indicates the existence of multiple luminescent 
centers in CGO:0.02Bi3+. Additionally, the normalized excitation 
spectra of CGO:0.02Bi3+ monitored emission wavelengths from 
420 to 650 nm are displayed in Figure 5b. The variation of the 
relative intensity of the two excitation peaks (centered at 290 
and 340 nm) also reveals that there is more than one lumines-
cent center in CGO:0.02Bi3+. To further confirm this, the emis-
sion spectrum of CGO:0.02Bi3+ measured under 10 K is given 

in Figure  5c. The emission band shows an asymmetric major 
peak and a small shoulder peak, which can be well deconvoluted 
into four peaks at 425, 500, 545, and 600 nm by Gaussian fitting, 
deriving from four luminescent centers in CGO:0.02Bi3+. These 
four Bi3+ centers are attributed to Bi3+ occupying four cation 
sites (Ca1–Ca4). To distinguish the site occupations of different 
Bi3+ ions, crystal field splitting is introduced:[22]

D Ze
r

R
= 1

6
q

2
4

5 	 (5)

where Dq is the splitting energy, Z is the anion charge, e is 
the electron charge, r is the d wave function radius, and R is 
the bond length. The smaller R value results in the stronger 
of crystal field and subsequent longer-wavelength emission. 
According to the refinement results, the average bond lengths 
of Ca1–O, Ca2–O, Ca3–O, and Ca4–O in CGO are 2.365, 2.478, 
2.419 and 2.587  Å, respectively. Therefore, Bi3+(1), Bi3+(2), 
Bi3+(3) and Bi3+(4) emission centers should be assigned to Ca1, 
Ca3, Ca2 and Ca4 sites, respectively.

The multiple cation sites provide a possibility of site-selected 
occupation of Bi3+ ions and thus regulate the luminescence. 
Here, La3+ ions were introduced in CGO:0.02Bi3+ to realize 
luminescence tuning. CGO:0.02Bi3+, zLa3+ (z  =  0–0.15) were 
synthesized and the pure-phased phosphors were obtained 
at z  ≤  0.05 (Figure S5a, Supporting Information). Figure  5d 
shows the normalized emission spectra of CGO:0.02Bi3+, zLa3+ 
(z  =  0–0.15) phosphors under 370  nm excitation wavelength. 
A red shift from 486 to 528 nm can be achieved by incorpora-
tion of a few La3+ ions in CGO:0.02Bi3+. Even at a really low 
doping content (z = 0.02) of La3+, the similar red-shift emission 
can also be observed. The emission intensity of CGO:0.02Bi3+, 
zLa3+ (z  =  0–0.15) as a function of z is given in the inset of 
Figure 5d. The CIE chromaticity coordinates shift from (0.1960, 
0.3481) to (0.2925, 0.5018) as z varies from 0 to 0.05 (Figure 5e). 
The excitation spectrum of CGO:0.02Bi3+, 0.05La3+ is displayed 
in Figure S5b, Supporting Information, which shows a broad 
band from 250 to 425  nm centered at 340  nm. Figure S5c, 
Supporting Information, presents the emission spectrum of 
CGO:0.02Bi3+, 0.05La3+ measured at 100 K, which is also decon-
voluted into four peaks by Gaussian fitting, indicating the 
four different Bi3+ emission centers. Figure  5f presents the 
Gaussian peaks of the room-temperature emission spectra of 
CGO:0.02Bi3+, zLa3+ (z = 0 and 0.05). Clearly, Bi3+ mainly occu-
pies Ca2 and Ca3 sites in CGO:0.02Bi3+. However, the lumines-
cence proportion of different Bi3+ emission centers changes 
with the introduction of La3+. It is speculated that the codoping 
of La3+ into CGO:0.02Bi3+ causes the preferential occupation of 
Bi3+ from Ca2 to Ca3 site. The photoluminescence decay curve 
of CGO:0.02Bi3+, 0.05La3+ monitoring at 528 nm is collected in 
Figure S5d, Supporting Information. The prolonged lifetime 
(0.853 µs) is consistent with red shift of the emission spectra, 
further confirming the spectral adjustment by site-selection 
of Bi3+ ions. Under 340  nm excitation, the measured internal 
quantum efficiency of CGO:0.02Bi3+, 0.05La3+ is about 32.6% 
(Table S3, Supporting Information).

For better application in pc-WLEDs, further emission 
tuning of CGO:0.02Bi3+ phosphor is needed. Figure S6a, 
Supporting Information, shows the emission spectra of 

Adv. Optical Mater. 2020, 8, 2001037



www.advancedsciencenews.com

© 2020 Wiley-VCH GmbH2001037  (7 of 12)

www.advopticalmat.de

CGO:0.02Bi3+, 0.05La3+, yZn2+ (y  =  0–0.04) phosphors. It is 
noticed that the emission peaks undergo a gradual blue shift 
from 528 to 495 nm with the increase of Zn2+ content. As dis-
cussed above, when Zn2+ is incorporated in CGO:0.02Bi3+, the 
emission intensity is greatly enhanced but the peak shape and 
position have nearly no change. It is speculated that Zn2+ could 
facilitate the luminescence of Bi3+ in both Ca2 and Ca3 sites 
simultaneously. While La3+ incorporation contributes to the 
preferential occupation of Bi3+ in Ca3 site. Ca2 is the higher 
energy site whereas Ca3 is the lower energy site. Therefore, 
Zn2+ codoping into CGO:0.02Bi3+, 0.05La3+ can induce the blue-
shift of emission. Meanwhile, the emission intensity enhances 
with the increase of Zn2+ content (Figure S6b, Supporting 
Information). The corresponding CIE chromaticity coordinates 
and luminescence photographs of these samples are displayed 
in Figure S6c, Supporting Information.

Energy transfer is one of the common strategies to achieve 
spectral tuning and obtain single-phased white light emission. 
Herein, the CGO:0.02Bi3+, 0.07Zn2+, nEu3+ (n  =  0–0.15) phos-
phors were synthesized in pure phase (Figure S7a, Supporting 
Information). As shown in Figure S7b, Supporting Information, 

there is obvious spectral overlap between the emission spec-
trum of CGO:0.02Bi3+, 0.07Zn2+ and excitation spectrum of 
CGO:0.10Eu3+. Thus, the energy transfer from Bi3+ to Eu3+ is 
expected to occur in the CGO host. As presented in Figure 6a,  
the emission spectra of CGO:0.02Bi3+, 0.07Zn2+, nEu3+ (n = 0–0.15)  
phosphors exhibit both the broad emission band of Bi3+ and the 
sharp emission peaks of Eu3+ (5D0 → 7FJ, J = 0, 1, 2, 3, and 4).[13] 
As Eu3+ concentration increases, the emission intensity of Bi3+ 
monotonically decreases while that of Eu3+ gradually increases, 
demonstrating the existence of energy transfer from Bi3+ to 
Eu3+ in CGO:0.02Bi3+, 0.07Zn2+, nEu3+ (n = 0–0.15) phosphors. 
The luminescence photographs of these phosphors under 
365 nm UV lamp excitation are given in Figure 6b, Supporting 
Information, which shows the emission tuning from cyan to 
orange across the white light region.

To further verify the existence of energy transfer from 
Bi3+ to Eu3+, the photoluminescence decay curves of Bi3+ in 
CGO:0.02Bi3+, 0.07Zn2+, nEu3+ (n  =  0–0.15) phosphors were 
measured and depicted in Figure  6c. These decay curves are 
also fitted with a double exponential decay. The calculated life-
times of CGO:0.02Bi3+, 0.07Zn2+, nEu3+ (n = 0–0.15) phosphors 

Figure 5.  a) Normalized photoluminescence spectra of CGO:0.02Bi3+ phosphor under different excitation wavelengths from 280 to 400 nm. b) Nor-
malized photoluminescence excitation spectra of CGO:0.02Bi3+ phosphor monitored at different emission wavelengths from 420 to 650 nm. c) The 
Gaussian fitting of the photoluminescence spectrum of CGO:0.02Bi3+ phosphor excited with 340 nm wavelength at 10 K. d) Normalized photolumines-
cence spectra of CGO:0.02Bi3+, zLa3+ (z = 0–0.15) phosphors upon 370 nm excitation; the inset shows the dependence of the relative emission intensity 
on La3+ content (z) in CGO:0.02Bi3+, zLa3+ phosphors. e) The CIE chromaticity coordinates under 370 nm excitation and luminescence photos under 
365 nm of CGO:0.02Bi3+, zLa3+ (z = 0 and 0.05) phosphors. f) The Gaussian fitting of the photoluminescence spectra of CGO:0.02Bi3+, zLa3+ (z = 0 and 
0.05) phosphors excited with 370 nm wavelength at room-temperature.
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are listed in Figure 6c. With the increase of Eu3+ concentration, 
the luminescent lifetimes of Bi3+ gradually decrease from 0.681 
to 0.482 µs, which is consistent with the luminescent behavior 
of Bi3+ in Figure 6a, strongly supporting the fact that the energy 
transfer from Bi3+ to Eu3+ exists. In addition, the energy transfer 
efficiency can be obtained using the following formula:[23]

η τ
τ

= −1T
n

0

	 (6)

where τ0 and τn are the corresponding lifetimes of Bi3+ emis-
sion in the absence and presence of the acceptor Eu3+, respec-
tively, and ηT is the calculated energy transfer efficiency. 
Accordingly, the efficiency of energy transfer from Bi3+ to Eu3+ 
gradually increases with the increase of Eu3+ content, as dis-
played in Figure  6c. The maximum energy transfer efficiency 
reaches 29.2% at n = 15%. Therefore, the energy transfer from 
Bi3+ to Eu3+ is achieved for the controllable emission tuning 
and single-phased warm white light emitting. As discussed 
above, the schematic diagram for the optical tuning mecha-
nism of CGO:0.02Bi3+ is given vividly in Figure 7.

2.3. Thermal Stability and WLED Applications

The phosphors for WLEDs are required to have excellent 
thermal stability, since the working temperature of the high-
power LED chips can reach up to 423 K.[5a,24] Figure 8a-d and 
Figure S8a, Supporting Information, show the temperature-
dependent photoluminescence spectra of the as-studied phos-
phors, measured from 298 to 473 K under 370  nm excitation. 
All these phosphors have thermal quenching behaviors with 
increasing temperatures, but the emission quenching is 
slower with the Bi3+, Zn2+ codoped phosphor. The normalized 
integrated emission intensities of these phosphors under dif-
ferent temperatures are displayed in Figure 8e. The Bi3+, Zn2+ 
codoped phosphor shows the highest resistance to thermal 
quenching with about 76% emission intensity remaining at 
423 K, which shows an improvement compared to that of Bi3+ 
singly doped phosphor (68%). After codoping with La3+, the 

CGO:0.02Bi3+ phosphor presents better thermal stability at 
elevated temperatures (> 398 K, 71% remaining at 423 K). The 
improved thermal stability could be ascribed to the local lattice 
modification of CGO host by Zn2+ and La3+. It is noticed that 
the thermal stability of the Bi3+, Zn2+, and La3+ codoped phos-
phor declines a little with comparison to that of CGO:0.02Bi3+ 
phosphor. It might be contributed to the negative effect of Zn2+ 
and La3+ codoping on the host lattice. Although the thermal 

Figure 7.  Schematic diagram for the optical tuning mechanism of 
CGO:0.02Bi3+.

Figure 6.  a) The photoluminescence spectra of CGO:0.02Bi3+, 0.07Zn2+, nEu3+ (n = 0–0.15) phosphors under 370 nm excitation. b) Corresponding 
luminescence photos of CGO:0.02Bi3+, 0.07Zn2+, nEu3+ (n = 0–0.15) phosphors under 365 nm UV lamp excitation. c) The photoluminescence decay 
curves of Bi3+ emission in CGO:0.02Bi3+, 0.07Zn2+, nEu3+ (n = 0–0.15) phosphors under 375 nm excitation, monitoring emission at 490 nm.
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stability of CGO:0.02Bi3+, 0.07Zn2+, 0.10Eu3+ phosphor is not 
so good, it has a good color thermal stability as the emission 
intensity of Bi3+ and Eu3+ almost decreases synchronously with 
increasing temperature (Figure S8b, Supporting Information). 
As displayed in Figure 8f, there is an obvious blue shift in emis-
sion spectra of CGO:0.02Bi3+ phosphor, which probably comes 
from thermally active phonon-assisted tunneling process[14] as 
well as the existence of multiple Bi3+ emission centers with dif-
ferent thermal quenching behaviors. Moreover, the crystal field 
decreases due to the lattice expansion at high temperatures, 
resulting in the blue shift of emission spectra. However, the 
CGO:0.02Bi3+, 0.05La3+ phosphor shows nearly no emission 
shift with increasing temperature, which could be attributed to 
the lattice modification effect of La3+ on the host.

To evaluate the potential prospect of the CGO:0.02Bi3+, 
0.07Zn2+ cyan-emitting phosphor in high-quality full-spectrum 
white lighting applications, several prototype pc-LED devices 
were fabricated with different compositions using 370  nm UV 
chips. Figure  9 shows the electroluminescence (EL) spectra of 
the as-fabricated LED devices under a driven current of 100 mA. 
The corresponding luminescence photographs of these LEDs 
are also presented. It can be seen that the LED-a fabricated by 
CGO:0.02Bi3+, 0.07Zn2+ phosphor shows bright cyan emission 
with broad emission band effectively covering the spectral region 

from 480 to 520 nm, which indicates that it can be employed in 
compensating the cyan gap. LED-b fabricated by a single-phased 
CGO:0.02Bi3+, 0.07Zn2+, 0.10Eu3+ phosphor glows bright warm 
white light with Ra  =  88.0, CCT  =  3800 K and chromaticity 
coordinates of (0.40, 0.42), indicating the achievement of single-
phased warm white emission. LED-c containing CGO:0.02Bi3+, 
0.07Zn2+ and commercial CaAlSiN3:Eu2+ phosphors exhibits a 
continuous broadband emission spectrum, covering the whole 
visible region without the cyan cavity. The warm white light 
shows high Ra  =  93.3, low CCT  =  4218  K and CIE coordinates 
of (0.37, 0.39). Furthermore, for further evaluating the ability of 
CGO:0.02Bi3+, 0.07Zn2+ cyan phosphor in closing the cyan gap, 
LED-d was fabricated by the combination of commercial RGB 
(namely, BAM:Eu2+,β-SiAlON:Eu2+ and CaAlSiN3:Eu2+) phos-
phors. There is a significant cyan gap, which limits the improve-
ment of Ra. As a result, LED-d gives a Ra lower than 90. The 
LED-e was obtained by addition of extra CGO:0.02Bi3+, 0.07Zn2+ 
cyan phosphor into the above LED-d. Impressively, the LED-e 
shows high-quality white emission with Ra = 97.4, CCT = 5125 K 
and CIE coordinates of (0.34, 0.35). In comparison with LED-d, 
the Ra value of LED-e is improved significantly due to the com-
pensation of the cyan gap. Besides, R9 and R12 are also impor-
tant parameters of the WLED devices, which represent the red 
and blue light saturation of WLEDs, respectively. As summarized 

Figure 8.  Temperature-dependent photoluminescence spectral profiles from 298 to 473 K for a) CGO:0.02Bi3+, b) CGO:0.02Bi3+, 0.07Zn2+, c) CGO:0.02Bi3+, 
0.05La3+, and d) CGO:0.02Bi3+, 0.05La3+, 0.04Zn2+ phosphors. e) Normalized emission intensity as a function of temperature of the phosphors. f) The 
compared temperature-dependent photoluminescence spectra of CGO:0.02Bi3+ and CGO:0.02Bi3+, 0.05La3+ phosphors.
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in Tables S5, Supporting Information, both LED-c and LED-e 
possess high R9 and R12 values, indicating good color rendition 
ability. In addition, the luminous efficiencies of the two LEDs are 
measured to be 54.5 and 69.7 lm W−1, respectively (Table S5, Sup-
porting Information). Since the difference between LED-c and 
LED-e is whether use commercial blue and green phosphors, the 
improved luminous efficiency of LED-e may be attributed to the 
excellent luminescence property of the commercial phosphors. 
Besides, the luminous efficiency is also related to the process 
treatment, which can be further optimized. The above results 
demonstrate that the as-prepared CGO:0.02Bi3+, 0.07Zn2+ cyan 
phosphor is suitable for covering the cyan cavity and is prom-
ising in full-spectrum WLEDs for enhanced color rendition.

3. Conclusions

In this work, a series of Bi3+, Zn2+, La3+, Eu3+ doped CGO phos-
phors were prepared via a high-temperature solid-state reac-
tion. The XRD patterns and Rietveld refinement results reveal 
that these as-prepared samples crystallized in an orthorhombic 
phase with space group Cmm2 (35). The CGO host has four 
Ca sites (Ca1–Ca4), and Bi3+ ions are suggested to preferen-
tially occupy the Ca2 and Ca3 sites in CGO:0.02Bi3+ phosphor, 
showing a cyan emission at 486 nm under 370 nm excitation. 
By incorporating Zn2+, the intensity of the cyan emission can 
be increased by about 4.1 times due to the effect of morphology 
and size of phosphor particles, charge compensation, and lat-
tice distortion. In addition, the emission red-shift from 486 to 
528 nm is observed by doping La3+ into CGO:0.02Bi3+ phosphor, 
which is ascribed to the site preference of Bi3+ luminescence 

centers from Ca2 and Ca3 sites to mainly Ca3 site. Besides, 
the emission blue-shift from 528 to 495  nm is realized by 
codoping Zn2+ into CGO:0.02Bi3+, 0.05La3+ phosphor. Further, 
the photoluminescence tuning from cyan to orange could be 
achieved by the energy transfer from Bi3+ to Eu3+ in the as-pre-
pared CGO:0.02Bi3+, 0.07Zn2+, nEu3+ phosphors. The improved 
thermal stability was observed in Zn and La doped phosphors, 
and at 423 K the emission intensity can remain 76% and 71% 
of the initial room-temperature intensity, respectively. Finally, 
a warm WLED device with Ra  =  88 and CCT  =  3800 K was 
obtained by coating the single-phased CGO:0.02Bi3+, 0.07Zn2+, 
0.10Eu3+ phosphor on a 370  nm n-UV chip. Moreover, by  
utilizing the developed CGO:0.02Bi3+, 0.07Zn2+ cyan phos-
phor, a full-spectrum WLED device was obtained with excellent  
performances including a remarkable Ra of 97.4 and a high 
luminous efficiency of 69.72 lm W−1, indicating that this phos-
phor is quite promising for realization of full-spectrum white 
lighting.

4. Experimental Section
Materials and Preparation: A series of Bi3+, Zn2+, La3+, Eu3+ doped 

CGO phosphors were prepared by a traditional high temperature solid-
state reaction using CaCO3 (Aladdin, A. R.), Ga2O3 (Aladdin, 99.99%), 
ZnO (Aladdin, 99.99%), La2O3 (Aladdin, 99.99%), Bi2O3 (Aladdin, A. R.), 
and Eu2O3 (Aladdin, 99.99%) as the starting materials. The starting 
materials were weighed and mixed in an agate mortar by thoroughly 
grinding. After, the mixtures were put in alumina crucibles, which were 
then heated to 1483 K in a box furnace with a heating rate of 5 K min−1 
and held at this temperature for 10 h. The resulting products were slowly 
cooled and crushed finely to powder for further characterization.

Figure 9.  EL spectra and digital luminescence photographs of cyan and white LEDs fabricated by 370 nm UV chips coated with a) CGO:0.02Bi3+, 
0.07Zn2+ phosphor, b) CGO:0.02Bi3+, 0.07Zn2+, 0.10Eu3+ phosphor, c) CGO:0.02Bi3+, 0.07Zn2+ and commercial CaAlSiN3:Eu2+ phosphors, d) commercial 
RGB (CaAlSiN3:Eu2+, β-SiAlON:Eu2+, BAM:Eu2+) phosphors, and e) CGO:0.02Bi3+, 0.07Zn2+, and commercial RGB phosphors, respectively.
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LED Fabrication: Five LED devices were fabricated by the following 
combinations: 1) 370  nm chip  +  CGO:0.02Bi3+, 0.07Zn2+ phosphor,  2) 
370  nm chip  +  CGO:0.02Bi3+, 0.07Zn2+, 0.10Eu3+ phosphor, 3) 370  nm 
chip  +  CGO:0.02Bi3+, 0.07Zn2+ and commercial CaAlSiN3:Eu2+ 
phosphors, 4) 370  nm chip  +  commercial RGB (CaAlSiN3:Eu2+, 
β-SiAlON:Eu2+, BAM:Eu2+) phosphors, 5) 370 nm chip + CGO:0.02Bi3+, 
0.07Zn2+, and commercial RGB phosphors. Phosphors were first mixed 
thoroughly with epoxy resins and then coated on the 370 nm chips. The 
mixtures were cured at 150°C for 1 hour to form the final WLED devices 
for the electroluminescence performance measurements.

Characterization: The crystal phases of the as-prepared samples were 
identified by the XRD measurements on a Bruker D8 diffractometer 
operating with Cu Kα radiation (λ  =  1.54  Å) at 40  kV and 40  mA. 
The scanning speed is 1° min−1 and the 2θ range is 5–120°. XRD 
Rietveld refinements were performed with the TOPAS 4.2 to reveal the 
crystal structure and phase purity. The morphology and elemental 
composition of the samples were obtained by the field-emission SEM  
(S-4800, Hitachi) with an EDS spectrometer equipped. A Hitachi U-4100 
UV−vis−NIR spectrophotometer using the white BaSO4 for calibration 
recorded the DR spectra of the samples. Thermo SCIENTIFIC ESCALAB 
250Xi with an Al Kα source was used to measure the XPS spectra. The 
room-temperature excitation and emission spectra were measured on 
an Edinburgh Instruments FLSP-920 fluorescence spectrometer attached 
with a 450 W xenon lamp. The photoluminescence lifetime decay curves 
were also recorded by the same spectrometer equipped with 375  nm 
laser. The absolute photoluminescence quantum efficiency measurement 
system (C9920–02, Hamamatsu photonics K. K., Japan) was applied to 
measure the photoluminescence quantum yields. The thermal stabilities 
were determined by the FLSP-920 spectrometer connected with a 
temperature controller. The EL performances of the as-fabricated WLEDs 
were evaluated by using a 150 integral sphere on Starspec SSP6612 
apparatus.

Computation: The first-principle DFT calculations were carried out 
to investigate the density of states of CGO host using the Vienna 
ab initio simulation package (VASP) code.[25] Ca 3p64s2, Ga 4s24p1 
and O 2s22p4 electrons were used as the valence electrons and the 
electron-ion interaction was treated with the projector augmented 
wave (PAW) method.[26] The hybrid functional Heyd−Scuseria−
Ernzerh (HSE) was chosen to describe the exchange and correlation 
functional. The structure relaxations were performed with a 400  eV 
plane-wave cutoff. The self-consistent total-energy difference and the 
convergence criterion for the forces on the atoms were set to 10−3 eV 
and −0.01  eV A−1, respectively. 2  ×  2  ×  5 Monkhorst-Pack grid for 
CGO was selected for k-point integration within the first Brillouin 
zone.
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Supporting Information is available from the Wiley Online Library or 
from the author.
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