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Tunable luminescence and energy transfer
properties of Bi** and Mn** co-doped
Cay4Al10ZNnegO35 phosphors for agricultural
applicationsT

Li Li,% Yuexiao Pan,** Zhen Chen,® Shaoming Huang® and Mingmei Wu*®

A series of Bi** and Mn** co-activated Cay4Al10Zne0ss (CAZO) phosphors were synthesized using a solid
state sintering method. The phase and morphologies of the CAZO based phosphors were confirmed
using powder X-ray diffraction (XRD) and scanning electron microscopy (SEM), respectively. A novel
phosphor CAZO:Bi** emits bright blue light under near-ultraviolet (NUV) excitation and its luminescence
properties were characterized by diffuse reflectance and photoluminescence spectra. Tunable
luminescence from blue to red was observed in Bi** and Mn** co-activated CAZO, which is attributed to
energy transfer from Bi** to Mn**. The energy transfer mechanism has been characterized by the decay
times of the Bi** emission, which changes with the concentration of Mn**. The energy transfer
efficiency from Bi** to Mn** increases linearly with increasing the concentration of Mn**. The as-
obtained phosphor has a potential application in agricultural industry because the blue and red lights
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1. Introduction

Artificial lighting in which the wavelengths of the output lighting
can be controlled so that they match well with the absorption
wavelengths of plant photoreceptors has drawn considerable
attention because it can be used to increase crop yield and to tune
the plant growth process in phytotrons and greenhouses. Blue
light with wavelengths of 400-500 nm and red light with wave-
lengths of 600-720 nm are indispensable for plant growth
because they match the absorption wavelengths of carotenoids
and chlorophyll, and improve the photosynthesis of plants."*
LEDs are attracting much interest due to their energy saving
properties and long serving time. Artificial lighting produced by
ablue LED and a red LED suffers disadvantages, such as the need
for separately driven power supplies, mismatch of the spectral
distributions, and color changing with the input power.>*
Luminescence materials free of rare earth ion doping are
currently an active research area for potential applications in
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excited by NUV light emitting diodes (LEDs) are helpful for the improvement of photosynthesis.

photoelectronic fields due to the lower cost of the raw materials
compared to that of rare earth elements. The transition metal
ions Bi** and Mn*" exhibit outstanding optical properties in
inorganic solid state crystal lattices, which are attributed to their
intrinsic multiple energy levels. The phosphor LuvO,:Bi** emits
efficient yellow emission and is restored to its initial state after
eleven rounds of thermal expansion and contraction while the
phosphor ScVO,:Bi** emits strong red-orange light and cannot be
restored.” (Y,Sc)(Nb,V)O,:Bi*" exhibits tunable emission spanning
from about 450 nm (blue) to 647 nm (orange-red) via adjustment
of the cations in the host lattice.® The phosphor ZnWO,: Bi**,Eu**
emits green light with an emission peak at 560 nm and the
quenching concentration of Bi** was greatly increased by energy
transfer from Bi** to Eu**.” The Bi**-doped gadolinium tungstate
phosphor emits visible radiation from the blue to red regions and
an intense near-infrared (NIR) photon centered at 976 nm has
been obtained through a quantum-cutting (QC) phenomenon by
codoping with Yb** ions.® Mn** activated inorganic phosphors,
such as fluorides,™ germinates'* and aluminates, show
potential in the improvement of the color rendition of white LEDs
due to their broad and strong absorption in the blue region which
matches well with the electroluminescence of blue LED chips.
They can produce highly efficient red emission to compensate the
red components in the spectrum of the YAG:Ce-GaN type white
LED.

Recently, several phosphors based on the host lattice CAZO
have been identified as good candidates in various photo-
electricity applications with high luminescence efficiency,
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chemically and physically stable characteristics, ease of
synthesis, and low cost of raw materials.*** Even though the
luminescent properties of rare earth ions and Mn*" in the host
lattice CAZO have been extensively studied, blue emission
luminescence from Bi*" in CAZO has not been observed. It is
worth investigating the efficient energy transfer between the two
transition metal ions Bi** and Mn*" owing to the energy match
between the *P; (Bi*") and ’E (Mn*") levels.

In this work, we report the observation of strong blue
emission in a novel phosphor CAZO:Bi**. Moreover, a phosphor
CAZO:Bi*" ,Mn*" has been achieved and its emission color can
be easily tuned by controlling the relative intensity ratio of the
blue emission from Bi** and the red emission from Mn**. The
optimized internal quantum yield (QY) of the phosphor is as
high as 89.1%, which is due to the efficient energy transfer from
Bi** to Mn*",

2. Experimental

2.1 Synthesis of the phosphors CAZO:Bi** and
CAZO:Bi** Mn**

A series of powder samples were synthesized using a solid state
reaction technique at high temperature. The solid state reagents
CaCo; (A.R.), Al,O; (A.R.), ZnO (A.R.), Bi,O; (A.R.) and MnCO;
(A.R.) were used as starting materials and weighed according to
the stoichiometic compositions of the compounds Cajs_xo,-
Al (Zng055:x% Bi*" (x = 0.05, 0.1, 0.5, 1, 2, 3, 4 or 5) and
Cay3.005A110.x%ZN6035:0.5% Bi*",x% Mn** (x = 0.05, 0.1, 0.2,
0.25, 0.3, 0.35, 0.45, 0.5 or 1). The starting materials were mixed
thoroughly by grinding in an agate mortar for 30 min. The
powder mixtures were first sintered at 700 °C for 5 h and then
sintered at 1150 °C for 5 h in air. After having cooled down to
room temperature in the furnace, the samples were ground into
powders for further measurement.

2.2 Characterization

The phase formation and crystal structure determination of the
products were identified using a Bruker (Karlsruhe, Germany)
D8 Advance X-ray powder diffractometer (XRD) with graphite
monochromatized Cu Ko radiation (A = 0.15418 nm). The XRD
data were collected in the range of 10-80°. The morphology and
structure of the samples were studied using field emission
scanning electron microscopy (FE-SEM) on a Nova NanoSEM
200 scanning electron microscope. UV-vis diffuse reflectance
spectra were measured using a Shimadzu UV-3600 spectrom-
eter. Photoluminescence (PL) spectra were recorded using
a FluoroMax-4 spectrofluorometer (Horiba Jobin Yvon Inc.) with
a 150 W xenon lamp with a heating attachment. The internal QY
was measured using an integrating sphere coated with barium
sulfate.

3. Results and discussion
3.1 Crystal structure and morphologies

The XRD patterns of the as-prepared samples of CAZO,
CAZ0:0.2% Mn**, CAZO:1% Bi*" and CAZ0:0.2% Mn**,1% Bi*"
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were obtained to verify the phase purity. As shown in Fig. 1a, all
of the peaks of undoped CAZO and the phosphors match well
with the standard data of CAZO in the Joint Committee on
Powder Diffraction Standards (JCPDS) file No. 50-0426. The
sharp crystalline features observed in the XRD profiles indicate
that micrometer particles with good crystallinity were obtained
using the solid state synthesis method. The introduction of Bi**
and Mn*" does not cause significant changes in the crystal
structure of the host lattice, which illustrates that Bi** and Mn**
have been effectively built into the host lattice in the form of
a solid solution.

Fig. 1b displays a partial structural overview of CAZO and the
coordination environment of the cation sites in CAZO. In the
crystal lattice of CAZO, four fifths of the positions occupied by Al
and Zn are in a tetrahedral coordination, and the one fifth
dependent position is in an octahedral coordination. In this
structure, Ca®>' has three different coordination environ-
ments.*®" Two of them are in a six-coordinated octahedron,
and the third one is in a seven-coordinated polyhedron. On the
basis of the effective ionic radii with different coordination
numbers, Bi*" (r = 0.117 nm) ions are expected to randomly
occupy the six- and seven-coordinated Ca®" (r = 0.114 nm; r =
0.120 nm) sites, and Mn*" (r = 0.067 nm) ions are preferentially
accommodated at the AI** (r = 0.067 nm) sites in the centers of
the octahedron coordinated by the O ions in the crystal
structure.’®'® To keep the electroneutrality of the compound,
excess O~ ions may form for charge compensation. Fig. 1c
presents typical SEM images of the CAZ0:0.5% Bi**, CAZ0:0.2%
Mn*" and CAZ0:0.5% Bi**,0.2% Mn*" samples; the morphol-
ogies of the samples exhibit aggregations and irregularity, and
the diameters are observed to range from sub-micrometer to
a few micrometers.

3.2 Photoluminescence of the blue phosphor CAZO:Bi**

The light absorption capability of the as-prepared samples of
CAZO:Bi’" has been evaluated using the reflectance from BaSO,
as a reference. The UV-vis diffuse reflectance spectra of
CAZO:Bi** with various concentrations of Bi** are shown in
Fig. 2a. For all of the samples, two absorption bands peaking at
290 and 380 nm in the UV-visible region are observed, which are
attributable to the 'S,-'P; and 'S,—°P; transitions of Bi*",
respectively. With increasing the concentration of the Bi** ions,
the absorption is intensified and the band edge extends to the
longer wavelength, which yields the daylight color of powder
samples ranging from white to pale brown.

Fig. 2b shows the emission and excitation spectra of the as-
synthesized Bi*" ion singly doped CAZO phosphor. The excita-
tion spectrum of CAZO:Bi*" monitored at 410 nm consists of
two bands with a maximum at 346 nm, which matches well with
the electroluminescence wavelength of NUV chips for agricul-
tural applications. Although LED chips with wavelengths at
about 346 nm are not currently dominant, they are commer-
cially available, so it is significant to develop a phosphor upon
this excitation wavelength especially free of rare earth elements.
The weak absorption band at 260 nm and the strong one at
346 nm are ascribed to the parity-allowed transitions "Sy—"P;
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Fig. 1 (a) XRD patterns of the as-prepared phosphors CAZO:0.2% Mn“*,
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CAZO:1% Bi** and CAZO:1% Bi®*,0.2% Mn** and the standard data for

CAZO (JCPDS No. 87-0256) shown as a reference. (b) Crystal structure of the CAZO unit cell viewed in the c-direction and the coordination
environment of the cation Ca®* sites in CAZO. (c) The SEM images of CAZO:0.5% Bi**, CAZ0O:0.2% Mn** and CAZ0:0.5% Bi**,0.2% Mn**.

and 'Sy,—°P; of Bi**, respectively.?* The emission spectrum of
CAZO:Bi*" exhibits an intense and broad band in the region of
400-600 nm peaking at 410 nm with a full width of half-
maximum (FWHM) around 86 nm, which is assigned to the
3p,-'S, transition of Bi*" ions.

Fig. 3 shows the emission spectra and color of the samples of
CAZO:x% Bi*" (x = 0.05, 0.1, 0.5, 1, 2, 3, 4 or 5) changing with
the Bi*" concentration. As shown in Fig. 3a, all of the emission
spectra of CAZO:Bi*" demonstrate broadening spectral profiles,
and the emission bands of Bi** give an evident red-shift. We can
see from Fig. 3b that the emission bands of Bi** shift from 396
to 436 nm as the Bi’" concentration increases from 0.05 to 5
mol%. The red shift may result from two reasons: (i) the change
of the CAZO crystal field by substitution of Ca®" with Bi** due to
the small difference in the two ionic radii, which results in the
increasing of the crystal field strength around Bi*‘and the
splitting of the 3d energy level of Bi**;?>%* (ii) the increase of the
energy transfer probability between Bi*" ions which reduces the
high-energy portion in the whole emission profile, and then
lowers the overall energy as represented by the red shift.> It can
be observed that the emission intensity of the Bi*" ions
increases with increasing doping concentration, reaches
amaximum at x = 0.5, and then decreases sharply when the Bi*"*
concentration is higher than 0.5 mol% due to concentration
quenching. The highest photoluminescence intensity was ach-
ieved at x = 0.5. The corresponding photographs of the samples
with varied concentration of Bi** ions are shown in Fig. 3c. The
daylight color of the samples changes from white to pale brown
with an increase of the Bi** concentration, which is consistent
with the results of the UV-vis diffuse reflection spectra. The
samples with low Bi*" concentrations (x = 0.05 and 0.1) show
purple-blue and those with high Bi** concentrations (x = 0.5)
emit blue light upon excitation by a UV lamp.

14870 | RSC Adv., 2017, 7, 14868-14875

3.3 Tunable luminescence of the Bi*" and Mn** co-doped
CAZO phosphor via energy transfer

Fig. 4a shows the luminescence and UV-vis diffuse reflection
spectra of CAZO:Mn**. As expected for substitution of AI** with
Mn*" in an oxide host CAZO, the d-d transition of Mn*" within
its 3d’ electron configuration produces red light at about
690 nm. As shown in Fig. 4a, the emission band of CAZO:Mn*"
with a group of sharp peaks is attributed to transitions between
the vibronic levels of *E and “A, of Mn**. The excitation spectra
exhibit two typical absorption bands at 314 and 467 nm, which
are attributed to the *A,-*T,; and *A,-*T, transitions of the Mn**
ion in the octahedral coordination, respectively. The white
powder CAZO:Mn*" has a reflectance of about 90% in the visible
region and exhibits two absorption bands in the NUV region
and blue regions in the diffuse reflection spectra of CAZO:Mn"",
which is consistent with its excitation spectra.

A strong and broad absorption band of CAZO:Mn*" in the
blue range overlaps with the emission of CAZO:Bi*", which
provides the possibility for energy transfer from Bi** to Mn**
ions in the host lattice CAZO. To confirm the phenomenon of
energy transfer from the Bi** to Mn** ions, a series of Bi*" and
Mn** co-doped CAZO samples were prepared. Fig. S11 shows
the excitation spectra of the phosphor CAZO:1% Bi**,0.5%
Mn*" monitored at 417 nm and 712 nm. The band at 346 nm in
the excitation spectrum monitored at 417 nm is attributed to
the 'S,-°P, transition of Bi*' as observed in the excitation
spectrum of Bi** singly doped CAZO. In the excitation spec-
trum monitored at 712 nm, the band between 250 and 400 nm
is jointly originated from the 'S,-’P, transition of Bi** and the
*A,~"T, transition of Mn*". The strong absorption band in the
range of 400-500 nm is attributed to the *A,~*T, transition of
Mn**, which is overlapping with the emission of Bi*". Fig. 4b
illustrates the emission spectra of the typical samples of

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 (a) UV-vis diffuse reflection spectra of the as-synthesized

phosphors CAZO:x% Bi** with different concentrations, x, of Bi** (x =
0,0.5,1,15,2,2.5,30or4.5). (b) Excitation (Aem = 410 nm) and emission
(Aex = 346 nm) spectra of a typical sample of CAZO:1% Bi**.

CAZ0:0.5% Bi**,x% Mn*" (x = 0.05, 0.1, 0.2, 0.3, 0.35, 0.4 or
0.5) excited at 351 nm. It is found that both blue light from Bi**
and red light from Mn** are produced in all of the Bi** and
Mn** co-doped CAZO samples. The emission band from
400 nm to 550 nm with a maximum at 410 nm is ascribed to
the *P,-'S, transition of Bi*" ions while that from 650 nm to
750 nm is ascribed to the *E-*A, emission of Mn*" ions.
Fig. S21 shows that the red emission of CAZ0:0.5% Bi**,0.5%
Mn** matches well with the absorption of chlorophy II A and
the blue emission overlaps with the absorption of both
chlorophy II A and chlorophy II B, which indicates the
potential application of the phosphor in artificial lighting.
Furthermore, as shown in Fig. 4c, the intensity of the blue
emission decreases and that of the red emission increases
with increasing the Mn*" concentration, which is indicative of
the occurrence of energy transfer between Bi**~-Mn*". The red
emission intensity arrives at a maximum at x = 0.4 due to
concentration quenching. Thanks to the variation of the
emission spectra of the CAZO:Bi**,Mn*" phosphors with
varying Mn** concentration, the emission color can be tuned
via changing the Bi**/Mn*" ratio.

This journal is © The Royal Society of Chemistry 2017
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The schematic energy level diagram for the electronic tran-
sitions and the energy transfer process in Bi*" and Mn*" co-
doped CAZO are shown in Fig. 4d. Under excitation at
351 nm, the Bi*" ions are initially excited from the ground state
13, to the excited state *P;. Some of the Bi*" ions return to the
ground state 'S, through radiative transition and yield blue
emission. The other Bi*' ions at the °P, state transfer their
energy to the adjacent Mn*" ions and promote Mn** ions from
the ground state *A, to the excited state “T, as follows:

Bi'* °P)) + Mn*" (*A,) — Bi’* ('Sy) + Mn*" (*T») (1)

The Mn*" ions in the *T, state relax to the E level through
a non-radiative transition and then produce red emission when
they return to the ground state ‘A,.

In order to better understand the energy-transfer sensitiza-
tion mechanism, the luminescence decay times of the 410 nm
emission of Bi*" in the CAZ0:0.5% Bi**,x% Mn*" (x = 0.05-0.5)
phosphors have been measured with excitation at 346 nm as
shown in Fig. 5. All of the decay curves can be fitted using
a single-exponential decay:

I, = I exp(—t/t) (2)

where I, and I, are the luminescence intensities at times ¢, and
t,, respectively; T denotes the decay time of luminescence from
the corresponding samples, which could be easily calculated by
fitting the decay curves. The decay times were determined to be
9.31, 8.98, 8.85, 8.81, 8.42, 8.31, and 7.57 us for the samples of
CAZ0:0.5% Bi** x% Mn*" with x = 0.1, 0.15, 0.2, 0.3, 0.35, 0.4,
and 1.0, respectively.

The lifetime of Bi*" decreases from 9.31 to 7.57 us when the
Mn** content is increased from 0.10 to 1.0 mol%, which is
indicative of the increasing non-radiative energy transfer rate.
The non-radiative energy transfer of Bi*" ions changing with
Mn*" content may be mainly ascribed to the energy transfer
from Bi*" to Mn'". Generally, in oxide phosphors, the
exchange interaction or multipole-multipole interaction
comes into effect only when the distance between the sensi-
tizer and activator is shorter than 5.0 A.>® The critical distance
among the Bi** and Mn"" ions can be calculated using the
following equation:*’

R, = 2[3V/4mx.N]"> (3)

where Vis the volume of the unit cell, N is the number of cations
in the unit cell, and x. is the sum content of Bi** and Mn*" ions.
For the CAZO host, V = 3286.68 A% and N = 4. Here, for the case
of x. = 0.01, R, is found to be 31 A, which is greater than 5 A.
Thus, the multipolar interaction is dominantly responsible for
the energy transfer from Bi** to Mn*" in the CAZO phosphors.
The energy transfer efficiency (1) from Bi** to Mn** could be
estimated by the following:*"~>°
To

nr=1- T_s (4)
where 14, and 4 are the corresponding intrinsic decay lifetimes
of the sensitizer (Bi*") in the absence and presence of the

RSC Adv., 2017, 7, 14868-14875 | 14871
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acceptor of Mn"", respectively. The 71 from Bi** to Mn*" calcu-
lated on the basis of eqn (4) shows that the energy transfer
efficiency was found to increase gradually with increasing the

Mn*" content when the concentration of Bi*" is fixed, as illus-
trated in Fig. 5b. The maximum value of #r can reach about
23.7% in the as-prepared samples.
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The efficiency of energy transfer from Bi** to Mn** as a function of
Mn** concentration.

On the basis of Dexter’s energy transfer formula of multi-
polar interactions, the following relationship can be given:*-*°

Mo 3/n (5)

77_5“ Chivt st
where 7,/ is the ratio of the quantum efficiencies of Bi** in the
absence and presence of Mn**, C is the sum concentration of Bi**
and Mn*" and 7 is a constant which can indicate the interaction
between Bi*" and Mn**, where n = 6, 8 and 10, corresponding to
dipole-dipole, dipole-quadrupole and quadrupole-quadrupole
interactions, respectively. The value of 70/7s can be approximately
calculated from the ratio of the related luminescence intensities
(Io/Is) according to formulas (5) and (6):*">°

I

0
7 Cpppt gyt

I

3/n

(6)

where I, and I are the intrinsic luminescence intensities of Bi**

. I
in the absence and presence of Mn*", Plots of the values of I—O and
S

Cpi s+ (1 = 6, 8 or 10) are shown in Fig. 6. It could be easily
observed that a good linear behavior occurs only when n = 6; it
shows a best linear relation with goodness of fit of R* = 0.9911,
implying that the energy transfer from Bi** to Mn*" occurs
predominantly via a dipole-dipole interaction mechanism.
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3.4 Improvement of the total internal QY of the phosphor
due to the energy transfer from Bi** to Mn** ions

The QY is a key parameter to evaluate a luminescence material.
It is defined as the ratio of emitted photons to absorbed ones. As
shown in Fig. 7, the excitation lines and emission spectra of
CAZO:Bi**, CAZO:Mn*" and CAZO:Bi**,Mn*" were measured
using an integrating sphere coated with BaSO,. The absorbance
of the phosphor was calculated according to the following
eqn (7):22,30,31

Lb - Lc

A==

I 0)

where L;, is the integrated excitation profile when the sample is
diffusely illuminated by the integrated sphere’s surface and L. is
the integrated excitation profile when the sample is directly
excited by the incident beam. The QY & of the sample was
calculated according to the following equation:*

E.— (1 - A)E,

& =
f L.A

(8)
where E. is the integrated luminescence of the sample caused by
direct excitation and Ej, is the integrated luminescence of the
sample caused by indirect illumination from the sphere that
can be set to zero because the secondary absorption and emis-
sion from the sample can be ignored in our case. The term L, is
the integrated excitation profile from an empty integrated
sphere (without the sample) that is almost the same as L. As
shown in Fig. 7, the calculated QYs of CAZO:0.5% Bi*",
CAZ0:0.5% Mn*" and CAZ0:0.1% Bi**,0.5% Mn*" are 49.0%,
19.4%, and 89.1%, respectively.

In order to explain the phenomenon that the QY of CAZO:-
Bi*",Mn*" is much higher than any of the Bi** or Mn*" singly
doped samples, a series of samples CAZO:x% Bi**,0.5%
Mn**(x = 0.05, 0.1, 0.5, 1, 2, 3, 4 or 5) were investigated and their
emission spectra under excitation at 351 nm are shown in Fig. 8.
The total luminescence intensities from both Bi** and Mn** are
varying with the concentration of Bi** ion as shown in Fig. 4c
and the insert of Fig. 8. To obtain the highest luminescence

(a) (b) (©
35 35 35
R’ =0.9911 R’ =0.9557 A R’ =0.9070 4
30} 30} 3.0}
25} 25} 25}
4 of
m +1
°
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Fig. 6 Dependence of lo/ls of Bi** on (a) C®3, (b) C®3 and (c) C1°/5.
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Fig.7 The excitation lines and emission spectra of the as-prepared samples (a) CAZO:0.5% Bi**, (b) CAZO:0.5% Mn**, and (c) CAZO:1% Bi**,0.5%
Mn** for measurement of the quantum yield using an integrating sphere.
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Fig. 8 Emission (Aex = 351 nm) spectra of typical samples of CAZO:x%
Bi**,0.5% Mn** (x = 0.05, 0.1, 0.5, 1, 2, 3, 4 or 5). Insert: the total
luminescence intensities from both Bi** and Mn** varied with the
concentration of Bi** ions.

intensity, the optimum concentration of Bi** in CAZO:Bi*" is 0.5
mol% (Fig. 3b) while that in CAZO:Bi**,Mn*" is 1.0 mol%, which
signifies the increased concentration of luminescence centers
in Bi** and Mn** co-doped samples. The doping concentration
of Bi*" is increased by two times due to the energy transfer from
Bi** to Mn** and decreased non-radiative transitions between
the Bi** donors.” Thus, the total internal QY of the Bi** and
Mn*" co-doped phosphor is increased obviously by the
increased radiative emissions from both Bi** and Mn*".

4. Conclusion

In summary, a novel blue-emitting phosphor CAZO:Bi*" was
prepared using a solid state method. The phosphor CAZO:Bi**
exhibits a broad blue emission peak with a maximum at 467 nm
that originates from the *P;~'S, transition of Bi**. The emission
intensities and lifetime values of the Bi** emission of the
phosphors CAZO:Bi**,Mn*" decrease linearly with increasing
concentration of Mn**, which strongly verified that an effective
energy transfer occurred from Bi*" to Mn*" in the CAZO host.
The efficiency of energy transfer between Bi** and Mn*" is about
23.7%. The internal QY of CAZO:Bi**,Mn*" is as high as 89.1%
due to increasing of the optimum concentration of Bi** ions.

14874 | RSC Adv., 2017, 7, 14868-14875

The as-synthesized color-tunable phosphors have potential
applications in NUV white LEDs in agricultural industry.
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