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Tb3+-doped Ca2BO3Cl compounds with different charge compensation approaches are synthesized by a high-
temperature solid-state reaction method, and the luminescent properties and Commission Internationale de l’Eclairage
(CIE) chromaticity coordinates are systematically characterized. Ca2BO3Cl:Tb3+ can produce green emission under 376
nm radiation excitation. With codoped A+ (A = Li, Na, K) as charge compensators, the relative emission intensities of
Ca2BO3Cl:Tb3+ are enhanced by about 1.61, 1.97, and 1.81 times compared with those of the direct charge balance, which
is considered to be due to the effect of the difference in ion radius on the crystal field. The CIE chromaticity coordinates of
Ca2BO3Cl:Tb3+, A+ (A = Li, Na, K) are (0.335, 0.584), (0.335, 0.585), and (0.335, 0.585), corresponding to the hues of
green. Therefore, A+ (A = Li, Na, K) may be the optimal charge compensator for Ca2BO3Cl:Tb3+.
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1. Introduction
White light-emitting diodes (w-LEDs) are considered as

a new generation of green and energy saving light source, ow-
ing to their small solid volume and strong ability to endure
serious shock with high reliability. For this reason, many
efforts have been made to replace incandescent and fluores-
cent lamps with w-LEDs.[1–3] However, commercial w-LEDs
made by combining a blue LED chip with a yellow-emitting
phosphor, YAG:Ce, have less satisfactory color rendering in
the red region, and a red compensating phosphor must there-
fore be introduced.[4] Moreover, w-LEDs can be achieved by
combining an ultraviolet or near-ultraviolet (n-UV) (350 nm–
420 nm) LED chip with tri-color phosphors or a single-phase
white light-emitting phosphor.[5–9] The strategy of using w-
LEDs has the following advantages: the white color is gen-
erated by phosphors, so there is a high tolerance to UV chip
color variation and an excellent color rendering index. Con-
sequently, there is an urgent need to develop some new tri-
color phosphors or white light-emitting phosphors that can
be coupled well with UV or n-UV chips. To find the novel
green-emitting phosphors, terbium is mostly used as an acti-
vator because of its strong green emission that originates from
the 5D4→7F5 transition of Tb3+.[10] In general, the phosphor
consists of an activator and a host. In order to obtain efficient
green emission, the host is another key factor, and therefore

must have excellent physical and chemical stability.
Recently, chloroborate compounds have been widely uti-

lized as excellent host materials for the rare earth-ion-doped
phosphors. Much increasing attention has been focused on
the development of luminescent materials based on chlorob-
orate compounds.[11,22] Moreover, the luminescent proper-
ties of some phosphors can be improved by co-doped alkali
metals.[23–25] Therefore, in the present paper, green-emitting
phosphor Ca2BO3Cl:Tb3+ compounds are synthesized by the
solid-state reaction in air with codoping alkali metals A+ (A =

Li, Na, K), and their luminescent properties are investigated.
The results may be beneficial to the study of green-emitting
phosphors for white LEDs.

2. Experiment

A series of Ca2BO3Cl:Tb3+ and Ca2BO3Cl:Tb3+, A+

(A = Li, Na, K) phosphors are synthesized by a high-
temperature solid-state method. The starting materials, Tb4O7

(99.99%), CaCO3, CaCl2, H3BO3, Li2CO3, Na2CO3, and
K2CO3 (all materials are of analytical grade), are weighed, and
then blended and milled thoroughly in an agate mortar. The
mixed powders are put into an alumina crucible and calcined
in a muffle furnace at 900 ◦C for 2.5 h. Finally, the samples
are cooled down to room temperature and ground thoroughly
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again into powder. The samples are sieved under the same
conditions to ensure a similar particle size distribution.

The crystalline phases of the samples are characterized by
powder X-ray diffraction spectroscopy (XRD6000 Shimadzu)
with CuK.α (λ = 0.15406 nm) radiation operating at 40 kV
and 40 mA, and the XRD patterns are recorded in a range of
10◦ ≤ 2θ ≤ 60◦. The excitation and excitation spectra are
measured by a Hitachi F-4600 fluorescence spectrophotome-
ter equipped with a 450 W Xe lamp. The Commission Inter-
national de l’Eclairage (CIE) chromaticity coordinate values
are measured by the PMS-80 UV-VIS-NEAR IR Spectrorpho-
tocolorimeter. All the measurements are performed at room
temperature.

3. Results and discussion
3.1. The crystal structure of Ca2BO3Cl:Tb3+, A+ (A =A+ (A =A+ (A = Li,

Na, K)

The X-ray diffraction patterns for Ca2BO3Cl:Tb3+ and
Ca2BO3Cl:Tb3+, A+ (A = Li, Na, K) are measured, and
a similar diffraction pattern is observed for each sample.
As a representative, figure 1 shows the XRD patterns of
CaBO3Cl:5%Tb3+, 5%A+. Comparing the measured data
with the standard Joint Committee of Powder Diffraction
Standard (JCPDS) card (No. 29-0302) of Ca2BO3Cl, the un-
changed diffraction pattern indicates that a small amount of
impurity has almost no influence on the crystalline structure
of Ca2BO3Cl. Ca2BO3Cl has a monoclinic crystal structure
with a space group of P21/c (14), and the lattice parameters
are a = 0.3948 nm, b = 0.8692 nm, and c = 1.2402 nm.
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Fig. 1. The X-ray diffraction patterns of Ca2BO3Cl:5%Tb3+

and Ca2BO3Cl:5%Tb3+, 5%A+ (A = Li, Na, K) with the stan-
dard data of Ca2BO3Cl (JCPDS No. 29-0302).

For the Ca2BO3Cl crystal lattice, the structure consists

of Ca2+, Cl−, and BO3−
3 ions. The Ca atoms occupy the

sites with two types of seven-fold coordinations (CaCl3O4 and

CaCl2O5). Each O atom is surrounded by three Ca atoms, one

B atom is surrounded by three Ca atoms, one B atom is in

the form of a distorted tetrahedral, and the Cl atoms are al-

ways situated at the corners of the trigonal base.[26] As is well

known, the ionic radii of Tb3+ (rTb = 0.092 nm) and A+ (A =

Li, Na, K; rLi = 0.059 nm, rNa = 0.124 nm, rK = 0.138 nm)

are close to that of Ca2+ (rCa = 0.100 nm). The three coordi-

nated B3+ (rB = 0.027 nm) sites are too small for Tb3+ or A+

to be occupied. Based on the effective ionic radii of cations

with different coordination numbers, it is assumed that Tb3+

and A+ ions are preferable to replace the Ca2+ ions. Gener-

ally, when a metal cation is substituted for an ion with a dif-

ferent valence in the host lattice, the charge compensator, such

as Li+, Na+ or K+, is employed to keep the charge balance.

The charge compensation in the above mentioned structure is

most likely to be described by two possible mechanisms: (i)

two Ca2+ ions are replaced by one Tb3+ ion and one alkaline

cation, 2Ca2+ →Tb3+ + A+, where A+ is an alkaline cation

like Li+, Na+, and K+; (ii) the charge compensation is proved

by a calcium vacancy, 3Ca2+→2Tb3+ + VCa. Therefore, Tb3+

and A+-codoped Ca2BO3Cl may induce a lattice distortion.[23]

The crystal unit cell parameters can be calculated by us-

ing the XRD data with Jade 5.0 software, and the correspond-

ing cell constants and unit cell volumes of the samples are

summarized in Table 1. The increases in the cell constants and

unit cell volumes are possibly ascribed to the fact that the ionic

radii of Na+ and K+ are larger than that of Ca2+. On the con-

trary, the cell constants and unit cell volumes of the samples

each have a slight decline when the Li+ ions are added as the

charge compensator, because the ionic radius of Li+ is smaller

than that of Ca2+. In general, the doped Tb3+ and alkaline

ions are randomly distributed in the cation (Ca2+) sites of the

host. The cations with different radii in the host compound

can lead to some distortions of the sub-lattice structure around

the luminescent center ions, thereby producing different lumi-

nescent properties.[27]

Table 1. The calculated unit cell parameters of the samples.

Samples a/nm b/nm c/nm V /nm3

Ca2BO3Cl 0.3948 0.8692 1.2402 0.4188

Ca2BO3Cl:5%Tb3+ 0.3946 0.8687 1.2401 0.4183

Ca2BO3Cl:5%Tb3+, 5%Li+ 0.3942 0.8681 1.2397 0.4175

Ca2BO3Cl:5%Tb3+, 5%Na+ 0.3951 0.8689 1.2411 0.4193

Ca2BO3Cl:5%Tb3+, 5%K+ 0.3954 0.8691 1.2414 0.4198
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3.2. The luminescent properties of Ca2BO3Cl:Tb3+, A+ (A
= Li, Na, K)

Our previous results show that with the increase in Tb3+

doping content, the emission intensity of Ca2BO3Cl:Tb3+

is gradually enhanced and reaches a maximal value at x =

5 mol% Tb3+, and then gradually decreases. This is usu-
ally due to the fact that internal concentration quenching oc-
curs when the Tb3+ concentration is higher than x = 5 mol%.
Therefore, the Tb3+-doped content is fixed at x = 5 mol%.[22]

Figure 2 shows the emission spectra of Ca2BO3Cl:Tb3+

and Ca2BO3Cl:Tb3+, A+ (A = Li, Na, K) under 376 nm ra-
diation excitation. As shown in Fig. 2, for all the samples,
no difference can be observed in the sharp emission band and
position under the same radiation excitation, except for the
emission intensity. As a representative, figure 2 shows that
the emission spectrum of Ca2BO3Cl:5%Tb3+ has emission
peaks at 487, 545, 589, and 625 nm, which are assigned to
the 5D4-to-7FJ(J=6,5,4,3) transitions of Tb3+, respectively, and
the strongest emission peak located at 545 nm corresponds to
the 5D4→7F5 transition of Tb3+.[10] The inset of Fig. 2 shows
the luminescence photograph under 365 nm ultraviolet light.
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Fig. 2. (color online) The emission spectra of Ca2BO3Cl:5%Tb3+

and Ca2BO3Cl:5%Tb3+, 5%A+ (A = Li, Na, K) (λex =
376 nm). The inset shows the luminescence photograph of
Ca2BO3Cl:5%Tb3+.

For the 545-nm emission of the samples, the excitation
spectra are shown in Fig. 3. It is easy to notice that all the
samples exhibit similar peaks, which consist of several nar-
row lines in a range of 300 nm–400 nm and a broad band
at 280 nm. The broad band is attributed to the spin-allowed
transition from the 4f to 5d state of Tb3+, the sharp lines cor-
respond to the absorption due to the forbidden f–f of Tb3+,
and the strongest peak is located at 376 nm. However, an
obvious difference can be found between Ca2BO3Cl:Tb3+

and Ca2BO3Cl:Tb3+, A+ by carefully analyzing the excita-
tion spectra of all the samples. One evident difference is the
relative intensities of the as-prepared phosphors with different
charge compensators. The relative intensities of the excita-
tion spectra first increase, and then decrease with the increas-
ing ionic radii of the alkali metal ions (Li+<Na+<K+). The

result is assumed to be caused by the different ion radii of
A+ (one Tb3+ and A+ ion replacing two Ca2+ ions), which
may distort the sub-lattice structure around the luminescent
center ions. This deduction is in good agreement with the
cell constants and unit cell volume of the samples in Table 1.
Indeed, the difference between ion radii would modify the
sub-lattice structure around the luminescent center ions. For
Ca2BO3Cl:Tb3+, the doped Tb3+ and alkaline ions are ran-
domly distributed at the cation (Ca2+) sites of the host. When
the alkali metal ions are co-doped in Ca2BO3Cl:Tb3+, the co-
ordination conditions for Tb3+ will be influenced. Hence the
relative excitation and emission intensity of Ca2BO3Cl:Tb3+

will vary, with the difference in the alkali metal ion serving as
the charge compensator.
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Fig. 3. The excitation spectra of Ca2BO3Cl:5%Tb3+ and
Ca2BO3Cl:5%Tb3+, 5%A+ (A = Li, Na, K) (λem = 545 nm).

In order to investigate the influence of the charge com-
pensation on the luminescent property of phosphor, and ob-
tain the ideal results, the charge compensation A+ (A = Li,
Na, K) is introduced into the procedure of synthesizing the
Ca2BO3Cl:Tb3+ phosphor. With the charge compensation
A+, the 5D4 →7F5 (545 nm) relative emission intensities
of Ca2BO3Cl:Tb3+ are shown in Fig. 4. The results show
that the emission intensity can be changed by adjusting the
category and doping content of the alkali carbonate. With
co-doping Li+, Na+, and K+, the normalized intensities of
Ca2BO3Cl:Tb3+ are 1.61, 1.97, and 1.81, respectively.
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Fig. 4. The normalized intensities of Ca2BO3Cl:Tb3+, with alkali car-
bonates (A) serving as the charge compensation (A+) (λex = 376 nm).
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Generally, a trivalent metallic ion such as Tb3+ is incor-
porated into the host lattice, which may substituted by a diva-
lent metallic ion. The charge balancing is a necessary require-
ment of co-doped alkali metal ions.[23–25] For Ca2BO3Cl:Tb3+

and Ca2BO3Cl:Tb3+, A+ (A = Li, Na, K), one Tb3+ ion is ex-
pected to replace one Ca2+ ion, with the other sites occupied
by a calcium vacancy (VCa) or alkali metal ions A+ (A = Li,
Na, K). As a result, the phosphor with efficient charge com-
pensation exhibits higher green emission. Our results are in
agreement with some of the previous results related to charge

compensation in rare earth-ion-doped phosphors.[23–25]

The CIE 1931 chromaticity coordinates of the
Ca2BO3Cl:Tb3+ and Ca2BO3Cl:Tb3+, A+ (A = Li, Na, K)
phosphors are measured and shown in Table 2. The CIE chro-
maticity coordinates of Ca2BO3Cl:Tb3+ and Ca2BO3Cl:Tb3+,
A+ (A = Li, Na, K) are (0.335, 0.584), (0.335, 0.584), (0.335,
0.585), and (0.335, 0.585), which correspond to the hues of
green. The results indicate that Ca2BO3Cl:Tb3+, A+ may have
promising application as the green-emitting phosphor in white
LEDs.

Table 2. The CIE chromaticity coordinates of the samples.

Samples Ca2BO3Cl:5%Tb3+ Ca2BO3Cl:5%Tb3+, 5%Li+ Ca2BO3Cl:5%Tb3+, 5%Na+ Ca2BO3Cl:5%Tb3+, 5%K+

(x, y) (0.335, 0.584) (0.335, 0.584) (0.335, 0.585) (0.335, 0.585)

4. Conclusions
In this paper, we synthesized the green-emitting phos-

phor Ca2BO3Cl:Tb3+ by using the solid-state method. Two
approaches to achieving the charge compensation are at-
tempted: (I) 2Ca2+ →Tb3+ + A+ (A = Li, Na, and K); and
(II) 3Ca2+ →2Tb3+ + VCa. The luminescent intensity of the
Ca2BO3Cl:Tb3+ phosphor can be obviously enhanced by co-
doping the charge compensator, and the samples show the
characteristic green emissions of Tb3+ ions with good CIE
chromaticity coordinates. By using the charge compensator
Na+, the phosphor has the strongest emission intensity, and is
about 1.97 times stronger than that of the direct charge bal-
ance. Hence, Na+ may be an optimal charge compensator for
Ca2BO3Cl:Tb3+.
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