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Abstract

Ca,ZrSi,0,,:R (CZSO:R) (R=Eu’*, Bi**, and Eu®*/Bi**) phosphors are successfully synthesized in air through high-
temperature solid-state method. Host CZSO and CZSO:Bi** phosphor with excitation at 300 nm emit blue light. CZSO:Eu**
phosphor with changing Eu** content shows tunable emission from white to red light under excitation at 300 nm and only
emits red light under excitation at 395 nm. CZSO:10%Eu>*, Bi** phosphor shows tunable emission from blue to red light
under excitation at 300 nm, and only emits red light with excitation at 395 nm when Bi** ion concentration is changed.
Luminescence properties of CZSO:Eu’* phosphor may be improved by co-doping Bi** ion. The luminous mechanism of
CZSO:Eu’*, Bi** phosphor is explained by the energy level diagrams of Bi*" and Eu* ions.

1 Introduction

The luminescent materials play an important role in mod-
ern lighting and display fields due to their abundant emis-
sion properties [1]. Rare earth and main-group metal ions
as the important activators in luminescent materials have
been researched and reported widely [2—4]. Eu’* ion as one
of rare earth ions has been known as an excellent activator
in many luminescent materials [5—7]. Eu®*-doped lumines-
cent materials usually show red emission and their emis-
sion spectra are observed in the range of 580-725 nm with
excitation at ultraviolet (UV) and near UV light due to the
Dy — 'F, (J=0, 1, 2, 3, 4) transitions of Eu** ion [8, 9].
The excitation spectra of Eu**-doped luminescent materi-
als cover the region from 220 nm to 550 nm owing to the
f—f transitions of Eu®* ion. However, Eu**-doped lumines-
cent materials have the weak absorption bands in the range
of 400-550 nm, so, it is very meaningful to improve this
weakness. Bi**-doped luminescent materials with excitation
at UV light can show a series of different emissions from
blue to orange-red light and their emission spectra cover the
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region from 400 to 750 nm due to the 3P0!1 — 1S, transitions
and the metal-to-metal charge-transfer (MMCT) [10-12].
An interesting phenomenon may be found that the emission
spectra of Bi**-doped luminescent materials have an over-
lap with the excitation spectra of Eu**-doped luminescent
materials in the range of 400-550 nm. That is to say. When
Eu’** and Bi** ions are codoped into the same host materials,
energy transfer (ET) may be formed from Bi** to Eu’*" ions,
which is helpful for the luminescence property improvement
of Eu3+-d0ped luminescent materials [13, 14]. At the same
time, it should be noted that host material is also one of the
most important factors affecting the luminescence property
of luminescent materials.

Materials containing the O*~—Zr** charge transfer (CT)
have been used as host for rare earth ions [15, 16]. This host
materials have a broad absorption band due to the O*~—Zr**
CT and show a broadband emission. This optical property
of host materials may be used to improve the lumines-
cence properties of rare earth ion as activator. Ca,ZrSi,O,,
has many advantages, such as the good thermal stability,
low dielectric constant, and relatively high quality factor
[17]. Ca,ZrSi,O,, can show intense emission because of
the Zr** — O~ transition [18]. Up to now, Ca,ZrSi,0,,:R
(CZSO:R) (R =Eu’*, Eu**/Bi**) phosphors have not been
reported. Therefore, we choose Ca,ZrSi,O,, as host mate-
rial to study the influence of ET process to the luminescence
properties.

In this work, we synthesize CZSO:Eu**, CZSO:Bi**, and
CZSO:Eu**, Bi** phosphors in air through high-temperature
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solid-state method, and investigate their crystal structures,
decay curves, and luminescence properties. The influences
of activator (Eu** or Bi**) concentration to luminescence
properties are discussed. ET from host and Bi** ion to Eu**
ion is observed. The luminous mechanism is explained by
energy level diagrams of Eu** and Bi** ions.

2 Experimental
2.1 Synthesis process

CZSO:xEu’* (x=0, 2, 4, 6, 8, 10, and 12 mol%),
CZS0:6%Bi**, and CZSO:10%Eu’*, yBi** (y=2, 4, 6,
8, and 10 mol%) phosphors are synthesized in air through
high-temperature solid-state method with the raw materi-
als (e.g., CaCO; (A.R. 99.9%), ZrO, (A.R. 99.9%), SiO,
(A.R. 99.9%), Eu,05 (99.99%), and Bi,O5 (99.99%)). The
raw materials are weighted in stoichiometric ratios according
to the chemical formula and throughly ground for 20 min by
using an agate mortar in order to form homogeneous mix-
ture. Then, the mixtures are put into an alumina crucible,
loaded into a muffle furnace, and sintered at 700 °C for 6 h.
After the mixtures are cooled to room temperature, they are
reground for 15 min. The mixtures are placed in the muf-
fle furnace to be calcined again. To complete the chemical
reaction, the sintering temperature and time are 1300 °C and
6 h, respectively. Finally, the samples are cooled to room
temperature within the furnace and then reground by using
an agate mortar for the properties characterization.

2.2 Characterization

The crystal structures and phases of samples are researched
by X-ray powder diffractions (XRD) diffractometer
(Philips Model PW1830) with a graphite monochromator
by using Cu-Ka radiation at 40 mA, 40 kV and scanning
step of 0.02°. The scanning region of 20 angle is from 10°
to 75°. The decay curves, quantum efficiency (QE), and

luminescence properties are recorded by using a FLS-980
spectrophotometer (Edinburgh Instruments Ltd, Edinburgh,
U.K\) for steady-state spectrum measurement. The excitation
source is the 450 W ozone free xenon lamp. A microsecond
pulsed xenon flash lamp uF900 is available to record the
decay curves for lifetimes with an average power of 60 W.

3 Results and discussion

The crystal structure of CZSO drawn on the strength of
the Inorganic Crystal Structure Database (ICSD) #73,801
is displayed in Fig. 1. The cell of host CZSO is a mono-
clinic system with space-group P2,/m and the lattice
parameters (a=7.399(1) z&, b=13.651(2) 10\, c=5.312(1)
A, B=108.9(2)°, V=507.60(62) A3, and Z=2) [17]. Ca**/
Si** and Zr** ions have two and one crystallographic sites,
respectively. Ca atom has 8- and 9- coordination ([CaOg]
and [CaOy]). Si atom with four O atoms is formed [SiO,]
tetrahedron. Zr atom is coordinated by six oxygen atoms and
forms a [ZrOg] octahedron. In host CZSO, the ionic radii of
the cations are (Ca®*: CN=8, 1.12 A and CN=9, 1.18 A,
Zr**: CN=6, 0.72 A, and Si**: CN=4, 0.262 A) [19]. The
ionic radii of the activators are (Eu3+: CN=8, 1.07 A and
CN=9, 1.12 A, Bi**: CN=8, 1.17 A) [19]. According to
the ionic radius similarity mechanism, Eu®>* and Bi** ions
can replace the Ca* sites in host CZSO lattice. In order to
keep the charge balance of host CZSO lattice, the electron
hole (v7) may be occured and the charge balanced relation
is (Eu** or Bi*t — Ca** +v").

XRD patterns of the Joint Committee Powder Diffrac-
tion Standard (JCPDS) no. 81-2342 (CZSO), CZSO:xEu**
(x=0, 4, and 10 mol%), and CZSO:10%Eu’*, yBi** (y=4
and 10 mol%) phosphors in the 26 range of 10°-75° are
presented in Fig. 2. It can be clearly observed that XRD pat-
terns of the samples are well consistent with that of JCPDS
no. 81-2342 (CZS0O) and there are not other XRD pattern
peaks derived from impurities and raw materials. That is to
say, there is only a single phase (CZSO) in these samples.

Fig. 1 The crystal structure of
CZSO drawn on the strength of
ICSD #73801
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Fig.2 XRD patterns of JCPDS no. 81-2342 (CZSO), CZSO:xEu**
(x=0, 4, and 10 mol%), and CZSO:10%Eu**, yBi** (y=4 and
10 mol%) phosphors in the 20 range of 10°-75°

The experimental result makes clear that these samples are
successfully synthesized and the crystal structure of host
CZSO is not led to the significant changes because of the
doping of Eu** and Bi** ions.

Photoluminescence excitation (PLE) and photolumi-
nescence (PL) spectra of host CZSO at room temperature
are shown in Fig. 3a. Monitored at 490 nm, a PLE band
peaking at ~300 nm of host CZSO can be observed in the
range of 230-350 nm because of the O°"—Zr*" CT inside
[ZrOg4] group [20]. With excitation at 300 nm, a broad PL
band peaking at ~490 nnm and a weak PL band peak-
ing at ~355 nm of host CZSO are shown in the rang of
325-700 nm due to the Zr** — O transition [21]. PLE
and PL spectra of CZS0:6%Bi** phosphor at room tempera-
ture are presented in Fig. 3b. It can be found that emission
derived from host CZSO is not observed after Bi** ion is
doped. Monitored at 440 nm, PLE band of CZS0:6%Bi**
phosphor containing two PLE peaks is observed in the range
of 230-350 nm, which are attributed to the 'S, — 'P, transi-
tion of Bi** ion (~250 nm), and the lS0 — 3P] transition of
Bi** ion and Bi** — Zr** MMCT (~ 300 nm), respectively
[22, 23]. CZS0:6%Bi** phosphor with excitation at 300 nm
shows a broadband emission with PL peak at ~440 nm in the
range of 350-650 nm, which is assigned to the Zr*" — Bi**
transition and the °P; — 'S transition of Bi** ion [24, 25].

PLE and PL spectra of CZSO:10%Eu>* phosphor at
room temperature are shown in Fig. 3c. PLE spectrum of
CZS0:10%Eu** phosphor monitored at 615 nm can be
observed in the range of 230-550 nm, which includes a
broad PLE band and five narrow PLE bands. The broad
PLE band in the range of 230-350 nm is assigned to the
0> —Eu** and O>—Zr** CTs, and the narrow PLE bands in
the range of 350-550 nm are attributed to the 4f/~4f transi-
tions of Eu** ion [26, 27]. The strongest characteristic peak
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Fig.3 PLE and PL spectra of a host CZSO (A,=300 nm and
Aem=490 nm), b CZS0:6%Bi** (A, =300 nm and A, =440 nm),
¢ CZSO:10%Eu** (A, =300 and 395 nm; A, =615 nm), and d
CZSO0:10%Eu’*, 6%Bi** (A, =300 and 395 nm; A, =615 nm) phos-
phors at room temperature

(395 nm) of Eu’* ion is attributed to the "F, — °Lg transi-
tion of Eu®* ion. With excitation at 300 nm, PL spectrum of
CZS0:10%Eu** phosphor in the range of 380-725 nm can
be observed, which contains a weak broad PL band derived
from host CZSO and four narrow PL bands owing to the
5DO — 7F1, 7F2, 7F3, and 7F4 transitions of Eu®* ion [28, 29].
With excitation at 395 nm, the emission of host CZSO is
not observed because it does not have the absorption band
at 395 nm, thus, CZSO:10%Eu’" phosphor only shows the
emission of Eu*" ion in the range of 560-725 nm. Accord-
ing to the spectral properties in Fig. 3a—c, there is a very
interesting phenomenon that the PL spectra of host CZSO
and CZSO:Bi** phosphor with excitation at 300 nm have
an overlap with PLE spectrum of CZS0:10%Eu’* phosphor
in the range of 350-550 nm, causing ET from host CZSO
and Bi** ion to Eu®* ion. The ET phenomenon from Bi** to
Eu* ions in other phosphors has also been reported, such
as SrSb,04:Eu’*, Bi** [30], SrY,0,:Bi*",Eu** [31], and
Ba,yY,Sis0,,:Eu**, Bi** [32].

PLE and PL spectra of CZSO:10%Eu’", 6%Bi** phos-
phor at room temperature are displayed in Fig. 3d. Moni-
tored at 615 nm, PLE spectrum of CZSO:10%Eu’*, 6%Bi**
phosphor contains the PLE bands derived from Bi** and
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Eu’* ions in the range of 230—-550 nm. With excitation at
300 nm, PL spectrum of CZS0:10%Eu’*, 6%Bi** phos-
phor in the range of 350725 nm can be observed, which
includes the PL bands derived from Bi** and Eu" ions.
With excitation at 395 nm, the emissions of host CZSO
and Bi** ion are not observed because they do not have the
absorption band at 395 nm, thus, CZSO:10%Eu’*, 6%Bi**
phosphor only shows the emission derived from Eu** ion
in the range of 560-725 nm. Moreover, we measure the
QE of CZS0:10%Eu’*" and CZSO:10%Eu’*, 6%Bi** phos-
phors monitored at 615 with excitation at 300 nm by FLS-
980 spectrophotometer with integrating sphere. The QE of
CZS0:10%Eu** and CZSO:10%Eu**, 6%Bi** phosphors are
found to be 35.5% and 42.3%, respectively, indicating that
the co-doping Bi** ion is helpful to improve the, lumines-
cence properties of CZSO:10%Eu>* phosphor.

The simple description diagram of the luminescence
mechanism of CZSO:Eu**, Bi** phosphor by energy level
diagrams of Bi** and Eu’* ions and the ET process are
shown in Fig. 4. In host CZSO, under UV excitation, the
electrons in the valence band are excited to the conductive
band, part of electron energy may be transferred to the
emission center (Eu**) by ET, and the other part energy is
released via the emission. In Bi** ion, there are a ground
state 'S, and four excited states 3PO’ 1o and 'P,. Here, with
excitation at UV light, free electrons absorb energy and
are raised to excited states P, and !P, from ground state
1S, [33]. Part of electron energy may be transferred to the
emission center (Eu*") by ET and the other part energy is
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Fig.4 The simple description diagram of the luminescence mecha-
nism of CZSO:Eu*, Bi** phosphor by energy level diagrams of Bi**
and Eu™* ions and the ET process

released by the 3P1 — 1S0 transition, resulting in the emis-
sion. After free electrons in Eu** ion absorb the energy
derived from UV excitation, host CZSO, and Bi** ion, they
are raised to high excited states from ground state ’F, by
the 4f/—4f transition. Those electrons at high excited states
return to low excited states by non-radiative, locate at the
excited states 5DO, and finally come back to the ground
states by the °D, — 'F,, 'F,, 'F,, and "F, transitions of
Eu’* ion, releasing photon energy through emission [34].

The room temperature PL spectra of CZSO:xEu’*
(x=2, 4,6, 8, 10, and 12 mol%) phosphors with excita-
tion at 300 nm, the corresponding Commission Interna-
tionale de I’Eclairage (CIE) chromaticity diagrams and
chromaticity coordinates are shown in Fig. 5a. It can be
found that the emission intensity of CZSO:Eu* phosphor
is the strongest when x =10 mol%, and a tunable emis-
sion of CZSO:Eu** phosphor from white to red light may
be observed with changing Eu®* concentration, which is
shown in the corresponding CIE chromaticity diagram.
The chromaticity coordinates of CZSO:Eu* phosphor
with excitation at 300 nm are changed from (0.3061,
0.3165) to (0.5323, 0.3717) with increasing Eu®* con-
centration from 2 mol% to 12 mol%, which are shown in
Table 1.

The room temperature PL spectra of CZSO:xEu®*
(x=2,4, 6, 8, 10, and 12 mol%) phosphors with excitation
at 395 nm, the corresponding CIE chromaticity diagrams
and chromaticity coordinates, and the relation between Eu’*
ion concentration and PL intensity are presented in Fig. 5b.
When x < 10 mol%, PL intensity of CZSO:Eu** phosphor
increases with increasing Eu** ion concentration from
2 mol% to 10 mol% because of ET that is derived from host
CZSO0 and among Eu* ion. The PL intensity of CZSO:Eu**
phosphor is the strongest when x = 10 mol%, then decreases
with further increasing Eu®* ion concentration due to the
concentration quenching (CQ) of Eu** ion. The chromatic-
ity coordinates of CZSO:Eu** phosphor with excitation at
395 nm are about (0.5987, 0.4009). The CQ mechanism may
explained by the critical distance (R,) between nearby Eu®*
ions, which is calculated by the following formula [11]:

3V ]1/2 n

R = 2[
4xxN

where V is the volume of the unit cell, x is the critical
doped concentration of Eu’* ion, and N is the number of
sites available for the dopant in the unit cell. According to
the lattice parameters of host CZSO and the experimen-
tal data, V=507.60 A3, N=2, and x=0.1. So, R, value in
CZSO:Eu?* can be calculated to be ~16.5 A which is larger
than 5 A. Figure 3 shows that there is no overlap between PL
spectrum of CZSO:Eu’* phosphor with excitation at 395 nm
and its PLE spectrum. Thus, the electric multipolar interac-
tion is the main mechanism of CQ in CZSO:Eu’* phosphor.

@ Springer
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Fig.5 PL spectra of —
CZSO:xEu** (x=2, 4, Eu’* 3
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Table 1 The chromaticity coordinates of CZSO:xEuw’* (x=2, 4, 6, 8,
10, and 12 mol%) phosphors with excitation at 300 and 395 nm

Eu*t (mol%) Chromaticity coordinates (x, y)

hex =300 nm Aex =395 nm

2 (0.3061, 0.3165) (0.5987, 0.4009)
4 (0.4204, 0.3445)
6 (0.4338, 0.3419)
8 (0.5102, 0.3524)
10 (0.5177, 0.3625)

12 (0.5323,0.3717)

PL spectra of CZSO:10%Eu’*, yBi** (y=2, 4, 6, 8,
and 10 mol%) phosphors under 300 nm excitation at room
temperature, the corresponding CIE chromaticity diagram
and chromaticity coordinates, and the relation between
PL intensity and Bi** concentration are displayed in
Fig. 6. PL intensity in the range of 350-570 nm increases
with increasing of Bi** concentration from 2 mol% to
6 mol% owing to the ET among Bi** ions. PL intensity
is the strongest when Bi** concentration is ~6 mol% and
decreases with further increasing Bi** concentration due
to the CQ of Bi** ions. It can also be observed that PL
spectra in the range of 350-570 nm show red-shift due
to the emission of Bi** ion, which is affected by the host
crystal field. In host CZSO, there are two Ca sites (Ca(1)

@ Springer
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and Ca(2)), which are replaced by Bi** ions. The emission
red-shift of Bi** ion with increasing Bi** concentration
is also observed in other Bi’*-doped materials, such as
ZnWO,:Bi** [11] and Cas(BO,);F:Bi** [35]. PL intensity
in the range of 570-725 nm increases with increasing of
Bi* concentration from 2 to 6 mol% owing to the ET
from Bi** to Eu®* ions, reaches the maximum when Bi’*
concentration is ~6 mol%, and decreases with further
increasing Bi** concentration due to the CQ of Bi** ions.
The experimental result indicates that the optimal Bi>*
ion concentration in CZS0:10%Eu**, Bi** phosphor is
about 6 mol%, and the co-doping Bi** ion is helpful for
the luminescence property improvement of CZSO:Eu’*
phosphor. According to the chromaticity diagram, it can
also be found that CZS0:10%Eu’*, Bi** phosphor shows
a tunable emission from blue to red light with increas-
ing Bi** concentration in the range of 2-10 mol% and
the corresponding chromaticity coordinates are changed
from (0.2296, 0.1351) to (0.3601, 0.2103). that is to say,
the co-doping Bi** ion may be used to adjust the emis-
sion color of CZSO:Eu** phosphor. The similar influence
of Bi** ion to Eu’" ion has been reported in other refer-
ences [7, 13, 14, 30, 31]. According to host CZSO lattice
parameters and experimental data, V=507.60 A3 ,N=2,
and X =Xg,3, + Xpj3, =0.1+0.06=0.16. To using the for-
mula (2), R, value in CZSO:10%Eu’*, Bi*" is calculated
to be ~14.5 A, which is larger than 5 A. Thus, the electric
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Fig.6 a PL spectra of (a)

CZSO:10%Eu’, yBi**t (y=2,
4,6, 8, and 10 mol%) phos-
phors at room temperature

(Aex =300 nm) and the cor-
responding CIE chromaticity
diagram and chromaticity coor-
dinates. The inset: PL spectra in
the range of 350-570 nm. b The
relation between PL intensity
and Bi** concentration
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Fig.7 Decay curves of CZSO:10%Eu**, yBi** (y=2, 4, 6, 8,
and 10 mol%) phosphors at room temperature (A, =300 nm and
Aem =615 nm) and the corresponding fitting lines (red line)

multipolar interaction is the main mechanism of CQ in
CZS0:10%Eu’*, Bi** phosphor.

Decay curves of CZSO:10%Eu*, yBi** (y=2, 4, 6, 8,
and 10 mol%) phosphors at room temperature and the cor-
responding fitting lines (red line) are presented Fig. 7. The
monitored wavelength is 615 nm with excitation at 300 nm.
The decay curves can be well fitted with a double-exponen-
tial function [36]:

Iy=1+ Alexp(—t/rl) + AQCXp(—t/TZ) )

where I(t) is the luminescence intensity at time t, A and
A, are the fitting constants, 7, and T, are the decay times
for the exponential components. Moreover, the effective
decay time (t*) may be determined by the formula as fol-
lows [37]:

T % = (A1T12 + A2T22)/( A1T1 + Azfz) (3)

So, the effective decay time (t*) values are deter-
mined to be 2.68, 2.48, 2.11, 2.08, 1.87, and 1.72 ms for
CZSO0:10%Eu’*, yBi** (y=0, 2, 4, 6, 8, and 10 mol%)
phosphors, respectively. The function (7= 1/(k,+k;), where
k, is the probability of radiative decay and k; is the prob-
ability of nonradiative decay processes from the same state)
may be used to describe the experimentally observed decay
time [36]. The ET between Eu** and Bi** ions results in the
increase of k.. So lifetime decreases with increasing Bi**
concentration.

Generally, the lifetimes may also be used to determinate
the ET efficiency by the following formula [38]:

= 1-—(n/%0) @)

where T, value is the lifetime of CZSO:10%Eu’* phos-
phor,  is the lifetime of CZSO:10%Eu’", yBi*" (y=2, 4,
6, 8, and 10 mol%) phosphors, and ny is the ET efficiency.
So, 7 values for CZS0:10%Eu**, yBi** may be calculated
to be 7.5%, 21.3%, 22.4%, 30.2%, and 35.8%.
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4 Conclusions

In summary, we successfully synthesize a series of CZSO:R
(R=Eu**, Bi**, and Eu**/Bi**) phosphors in air through
high-temperature solid-state method. The XRD patterns
and luminescence properties confirm that all samples have
only a pure phase (CZSO). With excitation at 300 nm, host
CZSO emits blue light, CZSO:Eu** and CZSO:Eu**, Bi**
phosphors can show tunable emission with changing Eu®*
or Bi** concentration. The luminescence properties of host
(CZS0), CZSO:Eu** and CZSO:Eu’*, Bi** phosphors make
clear that ET process from host and Bi** ion to Eu** ion can
formed. In CZSO:Eu** phosphor, the optimal Eu** concen-
tration is ~ 10 mol%. In CZSO:10%Eu**, Bi** phosphor, the
optimal Bi** concentration is ~6 mol%. The energy level
diagrams of Bi** and Eu* ions are used to explain the lumi-
nous mechanism of CZSO:Eu’*, Bi** phosphor. The experi-
mental results indicate that the codoping Bi** ion helpful
for the luminescence property improvement of CZSO:Eu’*
phosphor.
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