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ABSTRACT: Novel blue-emitting K2Al2B2O7:Eu
2+ (KAB:Eu2+) phosphor was

synthesized by solid state reaction. The crystal structural and photoluminescence
(PL) properties of KAB:Eu2+ phosphor, as well as its thermal properties of the
photoluminescence, were investigated. The KAB:Eu2+ phosphor exhibits broad
excitation spectra ranging from 230 to 420 nm, and an intense asymmetric blue
emission band centered at 450 nm under λex = 325 nm. Two different Eu2+

emission centers in KAB:Eu2+ phosphor were confirmed via their fluorescence
decay lifetimes. The optimal concentration of Eu2+ ions in K2−xEuxAl2B2O7 was
determined to be x = 0.04 (2 mol %), and the corresponding concentration
quenching mechanism was verified to be the electric dipole−dipole interactions.
The PL intensity of the nonoptimized KAB:0.04Eu2+ phosphor was measured to
be ∼58% that of the commercial blue-emitting BaMgAl10O17:Eu

2+ phosphor, and
this phosphor has high color purity with the CIE coordinate (0.147, 0.051).
When heated up to 150 °C, the KAB:0.04Eu2+ phosphor still has 82% of the initial PL intensity at room temperature, indicating
its high thermal stability. These results suggest that the KAB:Eu2+ is a promising candidate as a blue-emitting n-UV convertible
phosphor for application in white light emitting diodes.

1. INTRODUCTION

Recently, white light emitting diodes (w-LEDs) made from
blue or near-ultraviolet (n-UV) LEDs coated with phosphors
have been attracting much attention for their high luminous
efficiency, low energy consumption, good durability, and
safety.1−3 Current commercial w-LEDs are fabricated by the
combination of blue-emitting InGaN LEDs and yellow-emitting
Y3Al5O12:Ce

3+ (YAG:Ce3+) phosphor. However, this method
suffers from high correlated color temperature (CCT > 4500
K) and poor color-rendering index (Ra < 80) due to the
deficiency of red emission in the visible region, which largely
restrain its application to general lighting.4−9 An alternative
method of combining n-UV LEDs (350−420 nm) with a
mixture of red-, green-, and blue-emitting phosphors has been
proposed and intensively studied.10−14 This method can
produce higher CRI values and better color stability due to
the invisibility of n-UV light to the naked eye and smoother
spectral distribution over the whole visible range. The eventual
performance of the w-LEDs based on trichromatic phosphors
strongly depends on the luminescence properties of the
phosphors. Therefore, it is highly desirable to find new
phosphors with high efficiency and good thermal stability
which can be excited by n-UV LEDs.15−19

One of the highly efficient activators, Eu2+ ions, has broad
emission and absorption spectra due to the allowed 5d−4f
transitions between the 4f 7 ground states and the 4f65d1 excited
states. Because the 5d energy levels of the Eu2+ ions are
sensitive to the crystal field and covalency, it is possible to
design a phosphor with special emission color by exploring a
suitable compound to accommodate Eu2+ ions.20,21 Accord-
ingly, various Eu2+ ions doped phosphors for w-LEDs have
been developed, such as the blue phosphors KSrPO4:Eu

2+,22

Sr4OCl6:Eu
2+,23 Ca2PO4Cl:Eu

2+,24 the green or yellow
phosphors β -S iA lON:Eu2+ , 2 5 Ba0 . 9 3Eu0 . 0 7A l 2O4 ,

2 6

(Ca,Sr)7(SiO3)6Cl2:Eu
2+,27 and the red phosphors (Ca1−x,Srx)-

S:Eu2+,28 Sr2Si5N8:Eu
2+,29 Sr[LiAl3N4]:Eu

2+.30

Rare earth ions doped borate compounds as the
luminescence materials have been widely investigated, as a
result of their low synthetic temperature and good physical and
chemical stability.31−35 As for the potassium aluminum borate
K2Al2B2O7 (KAB), the powder of KAB was preliminarily
studied by Kaduk and Satek at first, and then the crystal of KAB
was found to be a new UV nonlinear optical crystal.36,37

Therefore, the crystal growth of KAB and its detail structure
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were intensively studied due to its easy crystal growth, good
chemical stability, and mechanical properties and high UV
transparency.36−40 Recently, the optical properties of Dy3+

doped KAB for n-UV excited w-LEDs were reported by
Palaspagar et al.41 To the best of our knowledge, the
luminescence properties of Eu2+ doped KAB (KAB:Eu2+) and
its potential application in w-LEDs have not yet been reported
in the literature.
In the present work, a series of blue-emitting phosphors, Eu2+

doped KAB, were synthesized by solid state reaction. And the
structural and photoluminescence properties of KAB:Eu2+ were
investigated in detail. The phosphor shows intense blue
emission peaking at 450 nm under the excitation of the light
of 230−420 nm that overlaps well with the electroluminescence
of n-UV LEDs. Moreover, the KAB:Eu2+ phosphor exhibits
good thermal stability and high color purity. Consequently, it is
believed that this novel KAB:Eu2+ phosphor can act as a blue-
emitting phosphor for n-UV excited w-LEDs.

2. EXPERIMENTAL SECTION

2.1. Materials and Synthesis. Powder phosphor samples
with different concentrations of Eu2+ (0.5, 1, 2, 3, 4, and 5 mol
%) doped K2Al2B2O7 were prepared by solid state reaction. In
order to avoid the hygroscopic property of K2CO3 and reach
better homogenization, the solution method was used before
sintering. Typically, Eu2O3 (4N) was dissolved in HNO3 (G.R.)
to obtain Eu(NO3)3. Then the stoichiometric amounts of
K2CO3 (A.R.), Al (NO3)3 (A.R.), H3BO3 (A.R.) and Eu(NO3)3
were mixed and continuously stirred for 2 h, and subsequently
heated in an oven at 85 °C until the solvent dried up
completely, then heated at 150 °C for 8 h to remove the crystal
water. After being ground for 5 min in an agate mortar, the
mixtures were preheated at 550 °C for 2 h, and then sintered at
1000 °C for 8 h in a CO reducing atmosphere by burying the
crucibles in spectrum pure carbon sticks.
2.2. Characterization. The powder X-ray diffraction

(XRD) patterns were collected on a Bruker D8 Focus
diffractometer, in the 2θ range from 15° to 70° with Cu Kα
radiation (λ = 1.54056 Å) operated at 40 kV and 40 mA. The
measurements of the photoluminescence (PL), photolumines-
cence excitation (PLE) and diffuse reflectance (DR) spectra
were performed with a Hitachi F-7000 spectrometer equipped
with a 150 W xenon lamp as the excitation source. White
BaSO4 (reflection 100%) was used as the standard reference for
reflection measurement. And for comparison, commercial blue-
emitting BaMgAl10O17:Eu

2+ (BAM:Eu2+) phosphor was used as
the state-of-the-art reference. And the temperature-dependent
PL spectra were also carried out on F-7000 spectrometer with
an external heater. A process controller (OMEGA CN76000)
equipped with a thermocouple was used to measure the
temperature and control the heating rate. In fluorescence
lifetime measurements, an optical parametric oscillator (OPO)
was used as an excitation source and the signal was detected by
a Tektronix digital oscilloscope (TDS 3052). All the measure-
ments were conducted at room temperature unless mentioned
specially.

3. RESULTS AND DISCUSSION

3.1. Structural Properties of the KAB:Eu2+ Phosphor.
The purities of the as-prepared samples were examined by
XRD. Figure 1 shows the XRD patterns of undoped and 2 mol
% Eu2+ doped KAB samples. From Figure 1, we can see that all

the diffraction peaks agree well with that of the JCPDS standard
pattern (PDF#53-1127). This indicates that the single phase
KAB powder was obtained in our study, and Eu2+ ions can be
completely dissolved in the host lattice without generating any
impurity phase. KAB crystallizes in a trigonal system with space
group P321 and with three chemical formula units per unit cell.
The dimensions of the unit cell are a = b = 8.530 Å, c = 8.409
Å, and V = 829.9 Å3.36 As depicted in Figure 2a, the basic
structural features of the KAB crystal include K+ ions, (BO3)

3−

groups, and (AlO4)
5− groups. The two latter groups form an

approximately planar (Al3B3O6) network with all the (BO3)
3−

Figure 1. XRD patterns of the as-synthesized KAB and KAB:0.04Eu2+.

Figure 2. (a) Crystal structure of KAB in a trigonal system with space
group P321; (b) Two different potassium sites are depicted with nine-
and ten-coordination oxygen atoms.
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groups perpendicular to the c axis, and the layers are bridged by
oxygen atoms, which are bounded to the Al atoms of adjacent
layers. The K+ ions are arranged in the interstices formed by the
adjacent layers. Two different crystallographic positions are
available for K+ ions. One is the Wyckoff symbol 3e site
coordinated by ten oxygen atoms, and the other is the 3f site
coordinated by nine oxygen atoms, denoted as K1 and K2,
respectively (see Figure 2b).37,39,40 As regards KAB:xEu2+, it is
assumed that Eu2+(r = 1.30 Å when coordination number (CN)
= 9 and r = 1.35 Å when CN = 10) ions can randomly enter the
two different K+ (r = 1.55 Å when CN = 9 and r = 1.59 Å when
CN = 10) sites because both the Al3+ (r = 0.39 Å when CN =
4) and the B3+(r = 0.01 Å when CN = 3) sites are too small to
be occupied.42 Accordingly, two different emission centers,
originating from the different sites, will be formed.
3.2. Photoluminescence Properties. The PLE and PL

spectra of the sample KAB:0.04Eu2+ are shown in Figure 3.

Under the excitation of 325 nm UV radiation, the sample
exhibits a strong and asymmetric blue emission which extends
from 400 to 550 nm centered at 450 nm, ascribed to the
allowed electronic transition of 4f65d1 to 4f 7 of Eu2+ ions. And
the PLE spectra (monitored at 450 nm) consists of a broad
unresolved band ranging from 230 to 420 nm which is
attributed to the direct excitation from the 4f 7 to 4f65d1 of Eu2+

ions, indicating its potential application in n-UV pumped w-
LEDs. The relative DR spectra (see Figure 3) of Eu2+ doped
KAB compared to the undoped sample confirm that the
absorption of this phosphor in the region from 230 to 420 nm
can be mainly ascribed to the allowed 5d−4f transitions of Eu2+
ions (the DR spectra of undoped and Eu2+ doped KAB samples
were shown in Figure S1). The asymmetry of PL spectra and
the broadness of PLE spectra of the KAB:Eu2+ demonstrate the
presence of different emission centers due to the existence of
two potassium crystallographic sites which can provide two
sites for Eu2+ ions to accommodate, as discussed above.
Decomposition of the PL spectra can be used to identify the
presence of two emission bands of the Eu2+ ions. Hence, the PL
spectra of KAB:Eu2+ were decomposed using two Gaussian
equations with the peak wavelengths of 447 and 470 nm,
respectively. More details about the decomposition of the PL
spectra on the energy scale are available in Figure S2 and S3.
Moreover, in order to avoid mutual interference in two
emission centers, we obtained the PLE spectra while
monitoring at 410 and 515 nm, respectively. Obviously, the
PLE spectra have different shapes, as shown in Figure 3, which

may also result from the different site occupancy of Eu2+ ions.
In order to confirm the existence of two different Eu2+ emission
centers, the decay curves of the two emissions of KAB:0.04Eu2+

under pulse laser excitation at 355 nm were measured and
plotted in Figure 4. Obviously, the two decay curves show the

different lifetimes and each decay curve can be well fitted with a
single exponential function with the lifetime of 0.89 μs for the
Eu2+ center located at the shorter wavelength and 1.19 μs for
the Eu2+ center located at the longer wavelength.
To further understand the origin of the two emission bands

of Eu2+ ions, a well-known empirical equation given by Van
Uitert has been used.23 According to his discussion, the
emission position of the Eu2+ ions is strongly dependent on its
local environment and obeys an empirical relation between the
energetic position of the Eu2+ emission and the local structure
in various compounds. The relation was given as43

= − × − × ×⎜ ⎟
⎡
⎣
⎢⎢

⎛
⎝

⎞
⎠

⎤
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1
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n EA r

1/
/80

(1)

where E is the position of the PL band of Eu2+ (cm−1), Q is the
position in energy for the lower d-band edge of the free Eu2+

ion (Q = 34000 cm−1), V is the valence state of the Eu2+ ions
(V = 2), n relates to the number of anions in the immediate
shell of the Eu2+ ion, which is the coordination number of Eu2+,
EA is the electron affinity of the anions around the Eu2+ ions
(eV), and r is the ionic radius of the host cation replaced by
Eu2+. It is hard to calculate precisely the exact energy levels of
Eu2+ at a specific site through this formula because of the
complexity of the local structure. But we can readily deduce
that the value of E is proportional to the quantity of n and r. On
the basis of the above effective ionic radii of K+, we conclude
that the band peaked at 447 nm can be attributed to the 4f65d1

→ 4f 7 transition of Eu2+ ions occupying the K1 sites with ten-
coordination, while the longer wavelength band is attributed to
Eu2+ ions occupying K2 sites with nine-coordination.
The concentration dependence of the PL intensity of the

samples KAB:xEu2+ with x = 0.01, 0.02, 0.04, 0.06, 0.08, and
0.1, was depicted in Figure 5. With increasing the Eu2+

concentration, the PL intensity of KAB:xEu2+ increases first
and reaches a maxima; then the intensity tends to decrease
gradually due to the concentration quenching effect. The
optimal doping concentration of Eu2+ ions was determined to

Figure 3. PLE, PL, and the relative DR spectra of KAB:0.04Eu2+ and
the decomposed PL spectra with the peak wavelengths of 447 and 470
nm, respectively.

Figure 4. Experimental data and single exponential fitting curves of the
time-resolved emission of KAB:0.04Eu2+ under pulse laser excitation at
355 nm.
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be 0.04, beyond which the concentration quenching effect will
dominate over the increase of activator centers. The
concentration quenching originates from the larger probability
of energy loss at a killer center due to excitation energy
migration among activators at higher concentration. As
proposed by Blasse, the critical energy transfer distance (Rc),
defined as the distance for which the probability of energy
transfer equals the probability of radiative transition of the
activator ions, can be estimated from geometrical consideration
by the following formula:44

π
≈

⎡
⎣⎢

⎤
⎦⎥R

V
X N

2
3

4c
c

1/3

(2)

where V represents the volume of the unit cell, Xc represents
the critical concentration of Eu2+ ions, and N represents the
number of total Eu2+ sites in the unit cell. In this case, V =
829.9 Å3, N = 6, and Xc = 0.04. Thus, the Rc of Eu

2+ ions was
calculated to be 18.7 Å. It is known that the energy transfer
mechanism includes radiation reabsorption, exchange coupling,
or electric multipolar interactions, since the mechanism of
radiation reabsorption is only effective when the fluorescence
spectra are broadly overlapping, and the exchange coupling
takes place generally in a forbidden transition (the Rc is
typically ∼5 Å). Thus, both of them play a negligible role for
the energy migration between Eu2+ ions in the KAB:Eu2+

phosphor. Therefore, the energy transfer mechanism among
Eu2+ ions in this system is governed by electric multipolar
interactions based on the Dexter theory. Furthermore,
according to the report of Van Uitert the PL intensity per
activator concentration can be calculated by the following
equation:45,46

β
=

+ θ
I
x

k
x1 ( ) /3 (3)

where I is the PL intensity, x is the activator ion concentration,
which is not less than the critical concentration, k and β are
constants for a given host crystal under the same excitation
conditions, and θ is an indication of the type of electric
multipolar interactions. The value of θ is 6, 8, and 10, standing
for the energy transfer mechanism of electric dipole−dipole,
dipole−quadrupole, and quadrupole−quadrupole interactions,
respectively. As shown in Figure 6, the relationship of log(I/x)
versus log(x) can be fitted linearly with a slope −(θ/3) equal to

−1.8. The value of θ was determined to be 5.4, which
approximates to 6, implying that the concentration quenching
of Eu2+ ions in the KAB:Eu2+ mainly results from the electric
dipole−dipole interactions. With the assumption that energy
transfer between Eu2+ occurs mainly via the electric dipole−
dipole interactions, Dexter figured out an alternative critical
distance Rc calculation method, given as47

∫= ×
× −

R
P

E
f E F E dE0.63 10
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6 28
16
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where 4.8 × 10−16P is the absorption coefficient of Eu2+, P is
the oscillator strength of the transition, which is taken as 0.01
for Eu2+, E (in eV) is the energy of maximum spectral overlap,
and ∫ fs(E)Fa(E)dE represents the spectral overlap integral from
the normalized PLE and PL spectra of KAB:Eu2+. From the
experimental spectral data, E and ∫ fs(E)Fa(E)dE were
calculated to be 3.04 and 0.027 eV−1; therefore, the value of
Rc derived from the spectral data is about 14.6 Å, which is in
good consistency with Blasse’s method. This result further
confirms that the energy transfer between Eu2+ ions arises from
the electric dipole−dipole interactions.

3.3. Temperature-Dependent Photoluminescence
and Potential Application for w-LEDs. For the application
of w-LEDs, especially the high-power one, the thermal stability
of the phosphor should be considered. Temperature-dependent
PL spectra of KAB:0.04Eu2+ under the excitation of 325 nm
were investigated and are shown in Figure 7. As can be seen in
the inset, the PL intensity of KAB:0.04Eu2+ drops to 82% when
the temperature is raised up to 150 °C. Compared with the
commercial phosphors and the reported phosphors with
excellent performance in Table S1, KAB:0.04Eu2+ has a
relatively high thermal stability upon heating. And the full
widths at half-maximum (FWHMs) of the PL spectra of
KAB:0.04Eu2+ increase from 53 to 60 nm. These phenomena
can be explained by a physical model, known as a configuration
coordinate diagram, that when temperature increases, elec-
tron−phonon interaction is enhanced and the population of
higher vibration levels is increased. With the help of phonons,
the excited luminescent center is thermally activated and
subsequently released nonradiatively through the crossover
between the excited states and the ground states. As a result,
the luminescence is quenched due to enhanced population
density of phonons, which also causes the broadening of the PL
spectra.48,49 Besides, the emission band is a little blue-shifted
with raising the temperature. And similar blue-shifts were also

Figure 5. PL spectra of KAB:xEu2+(x = 0.01−0.1) under the excitation
of 325 nm. The inset shows the dependence of the integrating
intensity on the concentration of Eu2+ ions.

Figure 6. Linear fitting of log(x) versus log(I/x) in the KAB:xEu2+

samples.
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observed elsewhere, such as Ca2SiO4:Eu
2+, Ba2SiO4:Eu

2+ and
Sr3SiO5:Eu

2+.48−50 It was ascribed to the thermally active
phonon-assisted tunnelling from the excited states of the low-
energy emission band to the excited states of the high-energy
emission band in the configuration coordinate diagram. As
discussed before, there are two emission centers for the
KAB:Eu2+ phosphor. At higher temperature, the thermal back-
transfer from lower energy centers to higher energy centers is
more possible; consequently, the higher energy emission is
strengthened. Thus, the blue-shift phenomenon is observed
with the increase of temperature. In addition, it is also possible
that the host lattice is expanded as the temperature increases,
which would cause a reduction in the crystal field splitting and
lead to a higher energy emission.
To better understand the temperature dependence of

photoluminescence, the activation energy was calculated using
the Arrhenius equation given as18,23

=
+ · −I T

I

A e
( )

1 E k T
0
( / )a B (5)

where I0 is the initial PL intensity of the phosphor at room
temperature, I(T) is the PL intensity at a given temperature T,
A is a constant, Ea is the activation energy for thermal
quenching, and kB is the Boltzmann constant (8.617 × 10−5 eV
K−1). Figure 8 depicts a plot of ln[(I0/I) − 1] versus 1/(kBT).
Through the best fit using the Arrhenius equation, Ea was
obtained to be 0.30 eV for KAB:Eu2+. The relatively high
activation energy indicates good thermal stability for this
phosphor, which is an essential condition for practical
application.
Furthermore, the comparison of the PLE and PL spectra

between the blue KAB:Eu2+ phosphor and the commercial one
BAM:Eu2+ is show in Figure 9b. When excited at 325 nm, the
integrated area of the PL spectra was measured to be ∼58%
that of the commercial blue BAM:Eu2+ phosphor, although
KAB:Eu2+ is yet to be fully optimized. As key parameters, the
CIE coordinates for the KAB:Eu2+ sample excited at 365 nm
were determined to be (0.147, 0.051), indicating that this
phosphor has a high color purity as shown in Figure 9b. A
digital photograph of sample under 365 nm UV lamps is shown
in the inset, revealing an intense blue emission. The initial
results suggest that this novel phosphor may serve as a
promising candidate for w-LEDs application.

4. CONCLUSION
In conclusion, a new blue-emitting phosphor, KAB:Eu2+, was
synthesized by solid state reaction and the photoluminescence
properties were studied in detail. The obtained KAB:Eu2+

phosphor shows bright blue emission centered at 450 nm
under the excitation of light ranging from 230 to 420 nm, which
matches well with the emission of n-UV LED chips. Two

Figure 7. Temperature-dependent PL spectra of KAB:0.04Eu2+ excited
at 325 nm. The inset shows the normalized PL intensity and the
FWHMs as a function of temperature.

Figure 8. Fitted activation energy for thermal quenching of
KAB:0.04Eu2+ using the Arrhenius equation.

Figure 9. (a) Comparison of PLE (λem = 450 nm) and PL (λex = 325
nm) spectra of KAB:Eu2+ with that of commercial blue BAM:Eu2+

phosphor; (b) CIE coordinate of the KAB:Eu2+ phosphor. The inset
shows the image of the KAB:Eu2+ phosphor under 365 nm UV lamps.
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different emissions peaking at 447 and 470 nm were observed
for KAB:Eu2+, originating from the presence of two different
potassium sites in the KAB host, which was confirmed by their
lifetimes evaluated to be 0.89 and 1.19 μs, respectively. The
optimal concentration was determined to be 2 mol %, and the
critical distance for Eu2+ ions in KAB: Eu2+ was calculated to be
18.7 and 14.6 Å using two methods proposed by Blasse and
Dexter, respectively, which verified that the energy transfer
between Eu2+ ions occurs through the electric dipole−dipole
interactions. The temperature dependence of the photo-
luminescence demonstrates that the PL intensity of
KAB:0.04Eu2+ retains 82% when the temperature is raised up
to 150 °C, and the activation energy was calculated to be 0.30
eV using the Arrhenius equation, indicating its high thermal
stability. With temperature increasing, the emission band is
blue-shifted slightly, which was explained in terms of the
thermally active phonon-assisted tunnelling from the excited
states of the low-energy emission band to the excited states of
the high-energy emission band in the configuration coordinate
diagram. The PL intensity of the as-synthesized KAB:Eu2+

sample achieves ∼58% that of the commercial blue BAM:Eu2+

phosphor under the excitation of 325 nm. Finally, the CIE
coordinates were measured as (0.147, 0.051), indicating its high
color purity. As discussed, the developed KAB:Eu2+ phosphor is
a potential blue-emitting component for n-UV excited w-LEDs.
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