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Electronic Structure and Fluorescence Performance of Orange-Reddish
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Abstract: Langbeinite-type K,Bi;_,Zr(PO,);:xSm®" phosphors were synthesized by a conventional solid-state reaction. The
samples were characterized by X-ray diffraction, ultraviolet visible diffuse reflectance spectroscopy, calculation based on the
density functional theory (DFT), and photoluminescence spectroscopy. The DFT analysis reveals that K,BiZr(PO,); is an insulator
with an indirect band gap of 4.26 eV, which can be used as a fluorescent host. The prepared phosphors can be efficiently excited
by near-ultraviolet light in the region from 340 to 425 nm and show three dominant emission bands peaking at 562, 600 and 647 nm
due to the *Gs,—°H, (J=5/2,7/2, and 9/2) transition of the Sm>* activator, respectively. The optimum doping concentration of
Sm*" is 10% (in mole). It is expected that Sm%—doped K;,BiZr(POy); can be used as an orange-reddish phosphor for illumination
or displays.

Keywords: phosphate; phosphor; density functional theory calculation; photoluminescence; samarium (3+) activator

. because of their indispensable applications in biological
1 Introduction labeling, plasma display panels (PDPs), field emission
displays (FED), and white light-emitting diodes

Developing  rare-carth activated fnorganic (LEDs) " In particular, white LEDs are rapidly replacing

luminescent materials has always been a hot topic
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traditional incandescent and fluorescent lamps due to
their environmental friendliness, eco-friendly features,
long lifetimes, dependable stability and high efficiency.
An efficient method to construct white LEDs is to
combine an ultraviolet (UV)-emitting chip with three
color phosphors. Therefore, investigations or new
investigations on single host phosphors excited by UV or
near-UV light have attracted much attention because of
their high efficiency, good color rendering index, and
stable color tone *7. As one kind of host material,
phosphate compounds have received much attention
recently in many fields due to their many positive factors,
including simple preparation method, structural diversity,
high chemical stability and a suitable band gap.

The basic building block of phosphate compounds is
the PO, group, which is flexible and can inhibit various
coordination environments by altering the P-O bond
distances in the range of 0.144-0.164 nm. To date, more
than four thousand phosphate compounds have been
reported, in which the PO, group can be further
interlinked by corner-sharing the vertex O atoms into
various polyphosphate groups, namely, P,0; P;0,,
P304, P4Oy3, POy, 1D chain (POs),, ring P,0;, and so
on® ", Introducing different elements into a phosphate
structure will generate various kinds of functional
materials. For example, the association of MO
(transition or rare-earth metal octahedra) with a PO,
tetrahedra will generate a three-dimensional open
framework structure with the cubic space group P23,
namely, a langbeinite-type structure, such as
K> My sTi; s(PO4); (M=Mn, Co) "%, K,FeZrP;0,,", and
K,LnZr(POy4); (Ln = Ce-YD, Y, Bi) (141 A member of the
langbeinite-type family, K;BiZr(PO,); has been reported
by Chornii et al''. However, there are no reports
regarding the detailed photoluminescence properties of
activated by rare-earth ions. In this work, we report the
synthesis, crystal structure, electronic structure and
Sm’"-activated  fluorescence  performance of a
K;,BiZr(PO,); host material.

2 Experimental

2.1 Materials and instrumentation

All reacting ingredients, K,COs (=99.00 %, in mass,
the same below), Bi,O3; (=99.00 %), ZrO, (=99.00 %),
NH,H,PO4 (299.00 %) and Sm,03; (=99.99 %) were
purchased from Jinan Henghua Technology Co., Ltd.,
China. The sizes and morphologies of the phosphors were
inspected using a scanning electron microscope (Carl
Zeiss AG, Merlin Compact). X-ray powder diffraction
(XRD) analysis was performed using a Rigaku SmartLab
9 kW diffractometer with graphite-monochromatic Cu K,
characteristic radiation operating at 200 mA and 40 kV;
the scanning speed, step length and diffraction range
were 10 (°) /min"', 0.02° and 5°-75°, respectively.
Infrared (IR) data were recorded on a Bruker Tensor 27
spectrophotometer (Bruker Optics, Munich, Bavaria, Germany)

with KBr pellets in the region of 350—1700 cm . The
ultraviolet—visible (UV-Vis) spectrum was measured
using a Jascov-550 double beam spectrophotometer in
the range of 200—800 nm. Photoluminescence excitation
(PLE) and emission (PL) spectra were carried out by a
FLuorolog-3 combined time resolved and steady state
fluorescence spectrometer (Horiba Company, USA). The
measurements were performed using a standard 450 W
continuous-wave xenon lamp as the excitation source. A
step width of 1 nm and an integration time of 0.2's were
used for the PL excitation and emission spectra
measurements.
2.2 Synthetic procedures

The K,Bi;,Zr(PO,);xSm®" (x=0, 0.02, 0.04, 0.06,
0.08, 0.10, 0.12, 0.14) samples were synthesized by a
traditional high-temperature solid-state reaction method.
Stoichiometric amounts of K,CO;, Bi,0s;, ZrO,,
NH4H,PO; and Sm,0O; were blended and ground
thoroughly in an agate mortar, and the homogeneous
mixtures were preheated in alumina crucibles for 4 h at
500 C to decompose K,CO; and NH,H,PO,. When
cooling to room temperature, the presintered mixtures
were ground and heated at 820 ‘C for 40 h, cooled to
room temperature naturally, and then crushed to a fine
powder for further measurements.
2.3 Computational descriptions

The single crystal data of K,BiZr(POy); reported by
Chornii et al. ", was used to conduct a total energy
calculation by CASTEP code "' without a geometry
optimization. The calculation employs pseudopotentials
to describe electron-ion interactions and uses a
plane-wave basis set for electronic wave functions. The
generalized gradient approximation (GGA) with the
Perdew-Burke-Ernzerhof (PBE) functional was used for
the exchange-correlation potential '”. A plane-wave
basis set energy cutoff was 750eV within the
norm-conserving pseudopotential '*. The total energy
and the force convergence thresholds were 1.0 x 107
eV/atom and 0.5 eV/nm. The k-point set meshes to define
the number of integration points that will be used to
integrate the wave function in reciprocal space were
2x2x2 for calculating the bond structure and density of
states '’ The remainder of the parameters used in the
calculations were set by the default values of the
CASTEP code. Pseudo atomic calculations were
performed for K 3s*3p%s', Bi 54"6s’6p®, Zr
4s*4p°4dP55%, P 35%3p” and O 25°2p".

3 Results and discussion

3.1 Crystal structure

The representative XRD patterns of polycrystalline
K,Bi; Zr(PO,);:xSm*" (x=0, 0.02, 0.04, 0.06, 0.08, 0.10,
0.12, 0.14) samples and the simulated pattern are shown
in Fig. 1. It is obvious that the experimental patterns fit
well with the standard one ! and do not exhibit peaks
related to impurities, suggesting that the prepared
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KzBil,er(PO4)3:xSm3+ samples have the same crystal
structure as the space group P2,3. This finding indicates
that a single-phase phosphor is obtained and a small
doping concentration of Sm>* ions does not measurably
influence the crystal structure of the K,BiZr(POy); host
matrix. According to Shannon’s reference, the ionic
radius of the Sm*" ion (0.095 8 nm) is similar to that of
the Bi** ion (0.103nm) of the host lattice in six
coordinates with nearby oxygen atoms. Given the
effective ionic radii and charge balance, we believe that
the 4a site of Bi’" ions were randomly occupied by Sm**
activators. Moreover, the sharp diffraction peaks suggest
good crystallinity of the prepared samples.
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Fig. 1 Simulated X-ray powder diffraction pattern of K,BiZr(PO,);
(KBZP) and X-ray powder diffraction patterns of
K,Bi;_Zr(PO,);:xSm™ (x = 0, 0.02, 0.04, 0.06, 0.08,
0.10, 0.12, 0.14) in the 26 range of 5°-75°

3.2 Morphology

Scanning electron microscopy (SEM) images of
polycrystalline K2Bi0,9Zr(PO4)3:O.ISm3+ are shown in
Fig. 2. It can be clearly seen that the prepared sample is
crystalline with irregularly shaped agglomerated
particles, a block morphology and a narrow size
distribution, which are the inherent characteristics of
polycrystalline samples from the traditional solid-state
reaction method. The particle sizes are on the micron
scale and are distributed between 1 and 5 um. It is worth
noting that some fragments and irregular broken lines are
observed due to grinding after calcination in the agate
mortar.
3.3 IR and UV-Vis spectra

Fig. 3 shows the IR spectra of orthophosphate
K,BiZr(POy,); in the range of 350-2 000 cm !, in which
the bands can be assigned according to other similar
inorganic phosphate compounds *”’. A broad band in the
range of 700-1 300 cm' can be assigned to the
asymmetric stretching vibrations (v; and v;) of P-O
bonds in the PO, tetrahedra. The high frequency band at
1610cm ™' may be explained by the interaction between
P-O and adjacent bonds, Bi—O or Zr-O. The absorption
bands at 505-650 cm™' and 420450 cm ™' correspond to

the v4; symmetrical bending vibrations in the PO,
tetrahedra.

(b) Low magnification

Fig. 2 SEM images of K,BiyoZr(POy);: 0.1Sm*"
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Fig. 3 IR spectrum of K,BiZr(PO,); in the range of 3501700 cm™

Fig. 4 presents the UV-Vis diffuse reflectance
spectrum of polycrystalline K,BiZr(POy); in the range of
200-800 nm. The Kubelka-Munk (K-M) function, a/S =
K/S = F(R) = (1-R)*2R Y, was used to convert the
spectrum for estimating the optical absorption cutoff
edge, where a is the absorption coefficient, S is the
scattering coefficient, K is the absorption and R is the
reflectance. The undoped K,;BiZr(PO,); sample does not
absorb light energy in the visible range of 400-800 nm,
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and strong absorption occurs in the UV light region. This
finding suggests that K,BiZr(PO,); may be used as a
good luminescent host matrix because it has less effect on
the electronic transitions of the rare earth activators.
Moreover, to obtain a more accurate value of the band
gap of K,BiZr(PO,);, we plot the (K/S)-versus-E scheme
(see inset of Fig. 4). The intersection point of the tangent
and horizontal axes suggests a band gap of 4.26 eV.
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Fig. 4 Experimental UV-Vis absorption spectrum of

KQBiZI'(PO4)3

3.4 Theoretical studies

Fig. 5 presents the band structure of K,BiZr(PO,);
along the high-symmetry points of the first Brillouin zone
that is calculated from single crystal data. It can be seen
that both the top of the valence bands (VBs) and the
bottom of conduction bands (CBs) have little dispersion.
It should be noted that the original calculated band gap is
2.23 eV, which is lower than the experimental band gap
of 4.26 eV, as mentioned above. This discrepancy may be
attributed to the limitation of the density functional
theory (DFT) method, which usually underestimates the
band gap for an insulator; thus, we use a scissor operator
of 2.03 eV to analyze the bond structure and density of
states (DOS) of compound K;BiZr(PO,);. Table 1 records
the state energies of the lowest conduction band (L-CB)
and the highest valence band (H-VB) at the points of
Brillouin zone path X—R—M—G—G—R. Both the
lowest energy (4.26 eV) of the CBs and the highest
energy (0eV) of the VBs were localized at the X point,
suggesting that K,BiZr(PO,); is an insulator with a direct
band-gap of 4.26 eV.

To learn more about the nature of the bond structure
and to assign the optical absorption of K,BiZr(PO,);, the
total and partial DOSs for individual elements were
calculated ranging from —49.0 to 12.0 eV. As shown in
Fig. 6, the regions below the Fermi level contain 260
bands that can be divided into seven regions. The Zr 4s
states construct the bottom-most VB region below
—45.0eV, the K 3s states form the second region at
—28.7 eV, and the Zr 4p states constitute the third region
at —27.8 eV. The fourth region in the range from —22.5 to
—17.8 ¢V is mainly composed of the mixed states of Bi

5d, P 3s3p and O 2s. The strong hybridization between
these states expresses the formation of the Bi-—O and
P-O bonds. The fifth region contains a single peak
centered at —12.7 eV due to the K 3p states. The sixth
region from —9.5 to —0.9 eV is mainly attributed to the
mixed states of the P 3s3p and O 2p, which confirms the
covalent interaction of P and O. Importantly, the highest
VB region from —0.9 to 0.0 eV that is just below the
Fermi level is dominated by the O 2p states, mixing with
a small amount of Bi 6s states. On the other hand, the
CBs just above the Fermi level (at 4.26 eV) are mainly
constructed by the Zr 4p states. Therefore, we confirmed
that the optical absorption at 4.26 eV results from the
O—Zr charge transfer.

10

[\
T

Energy/eV

Fig. 5 Band structure of K,BiZr(PO,); along the
high-symmetry points of the first Brillouin zone

Table 1 State energies of the lowest conduction band
L—CB) and the highest valence band (H-VB) at
g
some k-points of K,BiZr(PO,);
eV
k-point X(1/2,0,0) R(1/2,1/2,1/2) M(1/2,1/2,0) G(0,0,0) R(1/2,1/2,1/2)
L-CB 4.264 4.265 4.250 4.238 4.265
H-VB 0 -0.172 —0.065 —-0.090 -0.172
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Fig. 6 Total and partial DOSs of K,BiZr(PO,);

3.5 PL properties
The fact that the position of the K,BiZr(PO,); host
sensitization band is independent of the involved rare
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earth ions suggests that it can be used as a good
luminescent host matrix for various rare earth ion doping.
As shown in Fig. 7, the excitation spectrum of
I{zBiOng(PO4)3:O.ISm3+ by monitoring 600 nm emission
contains a series of sharp bands at approximately 345,
362, 375, 391, 402, 416, 440 and 468 nm, which
correspond to the intrinsic 4f—4f transitions of Sm’":
*Hsp—"Hzn, “Hsp—'Dsn,  “Hsn—"Pn,  Hsp—"Kiin,
*Hs,—°Ps35, *Hs,—°Ps)s, *Hsp—"T152 and
6H5/2—>4II3/2,11/2,9/2, respectively. It is clear that the
0*—Sm®" charge transfer (CT) band is much weaker
than that of f—f transitions and is even invisible, which
matches well with other Sm**-activated phosphors 2.
The series of prepared phosphors K,Bi;,Zr(PO,);:xSm**
(x =0.02, 0.04, 0.06, 0.08, 0.10, 0.12, 0.14) do not show
different features compared with that for x = 0.10, except
for the PL intensity. Therefore, the strong excitation
peaks in the near UV range (340—425 nm) ensures that
KzBil,er(PO4)3:xSm3+ phosphors can be effectively
excited by near-UV LED chips.

6 6
"Hs,—°Py)
.

KBZP: 0.1 Sm**

Aen=000 nmM
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Intensity

6] 4
HS/Z_) [l.?/ZA 11/2,92

200 250 300 350 400 450 500
Wavelength/nm

Fig. 7 Excitation spectrum of K,Big9Zr(POy4);:0.1Sm>*

As shown in Fig. 8a, the PL spectrum of
KBigoZr(PO,)3:0.1Sm*" excited by 402 nm light mainly
has several distinct groups of peaks in the range of
500-750 nm. There are three strong emissions in the
orange-reddish region from positions at 562, 600 and
647nm, which correspond to the “Gsp,—°Hsp,
4G5/2—>6H7/2 and 4G5/2—>6H9/2 transitions of Sm3+,
respectively 7?*1. In addition, there exists a weak
emission centered at 710 nm, which can be assigned to
the 4G5/2—>6H1 12 transitions of Sm**. It is well known that
the emission spectrum of Sm*'-activated phosphor
strongly depends on the symmetry of the Sm*" site in the
host lattice 2", The 4G5/2—>6H5/2 transition is the
magnetic dipole transition, which scarcely changes the
crystal field strength around the Sm’" ions, which is
independent of the symmetry, whereas the transition of
*Gsp—"Hy is the electric dipole transition whose
intensity is very sensitive to the site symmetry of the
Sm’ activators in the host matrix. Although the
*Gs»,—°Hy), emission corresponds to the magnetic dipole

transition, its magnetic dipole character is usually very
low and dominated by the electric dipole (ED) transition.
Hence, if the Sm®* occupies the site in a low symmetry,
then the *Gsp—°Hyp or *Gsp—°H;, emission is
frequently the strongest, but in a site with an inversion
center, the *Gs,—°Hs), transition becomes dominant. For
KzBi0_9Zr(PO4)3:O.ISm3+, it is obvious that the intensities
of *Gs,—°Hy), and “Gs,—°H,, emissions are stronger
than those of the *Gs,—°Hs, emissions, which is in good
agreement with the fact that the Sm*" activators substitute
the Bi’" sites without an inversion center.

KBZP: x Sm*  'Gsx—=Hyp — x=0.02
- —— x=0.04
A=402 nm Gyy—Hy, —— ¥=0.06
5 1
E g
; A
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"
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) \J S
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(a) Emission spectra of KzBil,,CZr(POA,)g:)cSm’H (x = 0.02, 0.04, 0.06, 0.08,
0.10, 0.12, 0.14) samples excited by 402 nm as a function of Sm*"

doping content x

ST
g / KBZP: x Sm**
5 O
= =402 nm
Aen=000 nm

em

002 0.04 0.06 0.08 0.10 0.12 0.14
Sm** concentration

(b) Variation in 600 nm emission intensity

Fig. 8 Relation of emission intensity with the Sm*" content

These three colors are usually referred to as the
1931 color coordinates, the current standard for lighting
specifications on the market. In general, the color of any
light source in this color space can be represented as an
(x, y) coordinate. The location of the color coordinates of
phosphor K2Bi0‘9Zr(PO4)3:O.1Sm3+ on the CIE
chromaticity diagram is presented in Fig. 9. Under
excitation at 402 nm, the calculated CIE chromaticity
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coordinate is (0.6012, 0.3973), falling in the
orange-reddish region. We may expect that compound
KzBio_gzr(PO4)3:0.ISm3+ can be used as a good
orange-reddish phosphor.

0.9
I K,Bi, oZr(PO,);:0.1 Sm’**
0.6
~
o3l (0.601 2, 0.397 3)
0 1
0 02 0.4 0.6 08

Fig. 9 CIE chromaticity diagram for K,BigoZr(PO4)3:0.1Sm>*
with excitation at 402 nm

To study the effect of the Sm®* ion concentration on
the emission intensity of the KzBil,er(PO4)3:xSm3+
phosphor, a series of samples with different Sm®* ion
concentrations (2%—14%, in mole) were prepared. As
shown in Fig. 8, the peak position and shape of the
KzBil,er(PO4)3:xSm3 " emission spectra do not vary with
Sm®** content. However, the intensity changes along with
doping amounts. With increasing Sm®* ion concentration,
the emission intensity first increases, reaching a
maximum at 10%, and then decreases. The decrease in
the emission intensity at high Sm®" ion concentrations
can be attributed to concentration quenching. The critical
transfer distance (R.;) between two activator ions can be
calculated by following equation 2%

1/3
R4

4mx N
where V is the volume of the unit cell, x. is the atom
fraction of Sm®" activator in which the concentration
quenching occurs, and N stands for the number of host
ions in one-unit cell. For KzBil,er(PO4)3:xSm3+, the
appropriate values of x.,, N and V are 0.10, 2 and 1.0877
nm’, respectively. Thus, the R, value is calculated to be
2.182 nm for responding to the distance of exchange
interaction™*.

R ~2 (D

4  Conclusions

In summary, orange-reddish light emitting
KzBil,er(PO4)3:xSm3+ phosphors  were synthesized
successfully by the traditional solid-state reaction
method. The XRD results reveal that at 900 °C, the
synthesized phosphor shows a more crystalline, single

phase K,BiZr(PO,); host. DFT analysis reveals that
K,BiZr(PO,); is an insulator with an indirect band-gap of
4.26 €V, which is suitable for a luminescent host matrix.
The average crystallite sizes were found to be in the
range of 1-5 pm. The excitation spectra cover a wide
range of wavelengths (340—425 nm), which match well
with the emissions of near-UV LEDs and bluish green
LED chips. The emission spectra showed a characteristic
orange-reddish emission at 562, 600 and 647 nm due to
the transitions from the excited *Gs), to °H, J=15/2,17/2,
9/2) levels of the Sm®" activators, respectively. The
optimum molar concentration and maximum critical
distance between the Sm®" ions were found to be 10 %
and 2.182 nm, suggesting an exchange interaction for the
concentration  quenching mechanism. The CIE
coordinates (0.6012, 0.397 3) were close to the white
regions of the spectrum. One may expect that
Sm**-doped K,BiZr(PO4); can be used as orange-reddish
phosphor for illumination or displays. Further work on
the other Ln*'-activated K,;BiZr(PO,); materials is in
progress.
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