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Abstract Potassium calcium borate, KCaBO3:Eu3+
phosphors with various Dy>" concentrations (0-3 wt%)
were synthesized by solid state reaction and studied for the
first time. Under various UV-violet excitations, the
obtained single monoclinic phased Dy**—Eu®" co-doped
KCaBOs polycrystalline phosphors emit a combination of
yellow-blue and red—orange wavelength giving intense
white light, which can easily be controlled by varying the
concentration of Dy>". The increase in white light emis-
sion with the increase of Dy’ " concentration indicates the
efficient energy inter-ion transfer from Dy>" to Eu®" ions.
Furthermore, the observed emission lifetimes and the
intense white light emission are suggestive exploration for
the present phosphor for potential optoelectronic applica-
tions such as white light-emitting phosphor for blue LEDs
chips.

Introduction

Stable and highly emissive white light-emitting phosphors
are important for display and lighting technologies. The
majority of commercially available lamp phosphors require
excitation by near ultraviolet (NUV) light for operation,
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a requirement that has led to the almost universal use
of a mercury vapor plasma in fluorescent lighting products
[1]. The development of new materials that convert NUV
light light into visible light could help replace the mercury
currently used in fluorescent lights with a less toxic alter-
native and lead to higher net conversion efficiencies [1-3].
In addition, the emissive centers used in fluorescent lamp
or cathodoluminescent display phosphors are typically
expensive or environmentally toxic metals such as silver,
cadmium, germanium, or rare earth elements [1-3]. Up to
now, a few white light-emitting phosphors suitable for
NUYV excitation have been reported [4-7], the phosphors
with better optical properties are still in development.
Moreover, many of these phosphors suffer from issues like
low efficiency, toxic, and unstable. In addition, white LEDs
are generally fabricated by using two or three different
kinds of phosphors and re-absorption of emission wave-
lengths leads to a decrease in luminous efficiency [8, 9].
Therefore, it is essential to exploit single-phased full-color-
emitting phosphors for NUV-pumped white LED [8, 9]. In
the past few years, many types of single-phased borates are
extensively studied and used as efficient optoelectronic
materials because they show excellent colorimetric purity,
good luminescence characteristics under NUV excitation,
and high chemical stability [10-14]. Borates like BaB,O,4
[15], LiB5Os [16], CsLiBgOyq [17], K,Alb,B,O7 [18] pos-
sess high non-linear optical (NLO) properties. Specially
rare earth doped crystalline borates such as Ca,GdO(BO3)3
[19], YAI;(BOs3),4 [20], and Li,B40 [21] have proven to be
among the preferred choice for solid state laser materials
and plasma display panels (PDP). Li,B4O single crystal
[22], MgB4O7:Dy,Na [23], and Sr,B50¢Cl:Eu [24] phos-
phors are used in commercial dosimetry systems. Eu-doped
alkaline haloborates are considered for the neutron radi-
ography [25-27] using photo stimulated luminescence



J Mater Sci (2011) 46:7770-7775

7771

(PSL). Pt doped borate materials exhibit interesting
cascade emission [28]. (Cey3GdysTby,)MgBsO,y is a
green emitting phosphor used in the tri-color lamps [29].
Also (Gdg ¢Ceg>—Tbg2)Mgp.oMng 1B50;¢ phosphor is used
in deluxe lamps with high color rendition index [30].
SrB4O7:Eu*" phosphor is used in commercial sun-tanning
lamps [31]. (La,Gd)B;O¢:Bi is another borate based, UV
emitting phosphor of commercial importance [32].
Cathodoluminescent phosphors InBO;:Tb>" [33] and
(Y,Gd)BO3:Tb3+ [34] are used as a green emitting phos-
phor in projection color TV and for PDP. In general,
borates doped with suitable rare earth could be consid-
ered as good alternatives for existing phosphors as they
are simple to use and can be produced at a relatively
low cost.

In this report, we present a new class of stable, efficient,
environmentally friendly, low cost, and easily synthesized
single-phased Dy>"™—Eu®" co-doped potassium calcium
borate phosphors for the first time. These phosphors
exhibits rich emission lines, covering 450-800 nm region
with good white light color coordinates for various com-
mercially available UV-violet excitation sources. The
observed stable and nearly white light emission and com-
paratively higher life times suggest that present phosphors
could be potentially applied as a white light-emitting
phosphor for display and lighting.

Experimental details

The potassium calcium borate (KCaBOj3) phosphor co-
doped with Dy**—Eu®" were synthesized by solid state
diffusion method [12]. Stoichiometric amounts of KCI,
CaCl,, and H3BOj3 in with x.0 wt% (x = 0, 1-3) of Dy,0;
and 2.0 wt% of Eu,03; were thoroughly mixed and
grounded into fine powder in a mortar. Eventually this
mixture was heated in air atmosphere up to 450 °C for 1 h
and then to 950 °C for 21 h in a silica crucible, then was
cooled to room temperature by rapid cooling. X-ray dif-
fraction (XRD) data for all these polycrystalline samples
was collected on XPERT-PRO Diffractometer with Cu Ko
radiation (1 = 1.54 A). The steady-state and time-resolved
emission measurements were carried using home built
setups using 410 nm diode laser as excitation source [39].
The emission light was dispersed into a monochromator
(Acton SP2300) coupled to a photo multiplier tube (PMT)
through appropriate lens system. For time-resolved emis-
sion, mechanical chopper (12 Hz), lock-in amplifier, and
digital storage oscilloscope were employed to record the
transient decay response. The excitation/emission mea-
surements were also carried on Fluorolog fluorescence
spectrophotometer (HORIBA JOBINYVON) by selecting
various excitations from inbuilt xenon source.

Results and discussions
X-ray diffraction studies

Figure 1 shows the room temperature XRD patterns of un-
doped KCaBO5 and 2 wt% Dy’ co-doped KCaBO5:Eu® ™
phosphor. The sharp and single peaks of the XRD pattern
suggest the formation of single-phase polycrystalline nature
and close to the reported data of similar mixed borate LiB-
aBOj; and other doped KCaBOj phosphors [12, 35]. Essen-
tially, the obtained KCaBOj3 has monoclinic crystal structure
having space group of P2,/c (14), for both doped and un-
doped compounds [12]. Though almost all major diffraction
peaks are identified with the reported data, other few low
intense diffraction peaks are not resolved properly, could be
due to the presence of other predominant XRD patterns.
While many alkali and alkaline earth metal mixed borates
have shown different crystalline phases [10—14], this study
reports single-phased KCaBOj;. Moreover, enhanced XRD
peaks (ex: (121), (210), (302)) appeared upon doping,
indicating no significant changes in the host crystal struc-
ture, but facilitates better crystallinity with interstitial
incorporation and possibility of heterogeneous nucleation
(Table 1). However, for complete analysis and accurate
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Fig. 1 Room temperature X-ray diffraction pattern of un-doped
KCaBOj5 [12] and 2 wt% Dy’ co-doped KCaBO5:Eu*" compounds.
Standard LiBaBO3 data (JCPDS 81-1808) also given for comparison

Table 1 Lattice parameters of un-doped KCaBOs and 2 wt% Dy>"
co-doped KCaBO5:2 wt%Eu>* compounds

Compound a (/0\) b (A) c (A)
KCaBO; [12] 11.46 6.90 7.25
KCaBO5:2 wt%Eu*"-2 wt%Dy>" 11.54 6.97 7.17
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determination of structure, other dedicated experiments are
necessary. The grain sizes estimated from the well-known
Scherrer equation are in the range of 50-75 nm.

Photoluminescence (PL) studies of doped KCaBO;
phosphors

PL studies under 410 nm excitation

The room temperature PL spectra of x.0 wt% (x = 0, 1-3)
Dy** co-doped KCaBO5:Eu® ' samples have been recorded
under excitation of 410 nm, which are shown in Fig. 2a.
The spectra of un-doped and individual Dy>" and Eu’"
doped KCaBO; samples also shown for comparison. As
seen the emissions at 483, 574, 658, 695, and 750 nm, are
attributed to the Dy3+ ion energy transitions “Fon — ®Hypp
(J =15,13,11, 9, and 7) and emissions at 579, 594, 616,
653, and 701 nm are corresponds to Eu’" transitions,
Dy —» 'F;, =0, 1, 2, 3, and 4) [36, 37]. In Dy’ the
emission lines yellow and blue (483 and 574 nm of

4F9/2 - 6H13/2 and 6H15,2) and in Eu®" red and orange (616
and 594 nm of Dy, —» 'F, and ’F,) are the strongest
emission lines. The hypersensitive electric dipole transition
at 616 nm (°Dy — 'F, of Eu®™) was found stronger in all
Dy3+—Eu3+ co-doped samples and both red and orange
emission intensities shows systematic enhancement with
the increase of Dy> " co-doping concentration. This could
be possibly due to partial energy transfer (ET) from Dy’ " to
Eu’" ions (Fig. 2b). Though the energy of the 4F9,2 level of
Dy** (21.14 x 10° cm™") is slightly higher than that of the
Eu’t 5DO level (17.29 x 10° cmfl), the energy transfer is
possible due to the phonon-aided non-radiative relaxation
from *Fo, level of Dy3+ to the Dy level of Eu’™.

The yellow-to-blue (Y/B) (*Fo;» — *Hys30/*Fo, — ®His,
» of Dy*") and red-to-orange (R/O) °Dy — "F»/°Dy — F,
of Eu*™) emission intensity ratios will give insight into the
covalent nature, and site asymmetry effects and local
structure [38, 39]. Such ratios for different Dy3+ concen-
trations in co-doped in KCaBOs:Eu®" samples are esti-
mated and listed in Table 2. It is observed that the both
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Fig. 2 a Room temperature PL emission spectra of un-doped KCaBO3;, KCaBO3:2 wt%Dy>", and x.0 wt% (x = 0, 1, 2, 3) Dy>" co-doped
KCaBO5:Eu*>" phosphors (lexe = 410 nm). b The schematic energy levels of Dy*™ and Eu®" ions

Table 2 The emission lifetimes, yellow-to-blue (Y/B) and red-to-orange (R/O) integrated ratios and chromaticity coordinates of KCaB-
03:2 Wt%Dy3+ and x.0 wt% (x =0, 1, 2, 3) Dy3Jr co-doped KCaBO3:Eu3Jr phosphors (Aexe = 410 nm)

Doping type Y/B ratio R/Oratio  CIE coordinates Emission life times (7) (in ms)
X Y 574 nm (*Fo;, — SHy3, of Dy*T) 616 nm Dy — 'F of Eu*™)
2 wt%Dy*" 2.22 - 0355 0449  1.83 -
2 wt%Eu** - 1.74 0394 0303 - 2.49
2 wt%Eu* -1 wt%Dy**  3.97 1.36 0477 0411 1.86 232
2 wt%Eu* -2 wt%Dy’t 281 1.16 0.431 0403  1.80 222
2 wt%Euw’ -3 wt%Dy*"  2.63 1.35 0423 0415  1.69 2.16
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Fig. 3 Room temperature a PL emission spectra of 3.0 wt% of Dy*"
co-doped KCaBO5:Eu>" phosphors (Jexe = 337, 393, and 410 nm)
and b chromaticity diagram of the emission of KCaBO5:2 wt%Dy>*+

Y/B and R/O ratios are dominated by Y and R, respec-
tively, and found to have different values for varied con-
centrations of Dy>". By appropriate adjustment of
Dy’ *—Eu" ion combination, it is possible to obtain near-
white emission in these doped KCaBO; phosphors (Fig. 3b).

To establish these phosphors for further applications, it
is desirable to demonstrate that the emission could be
obtained from various popular excitation sources of com-
mercial interest. Figure 3a gives the emission spectra
recorded at different excitation wavelengths and corre-
sponding emission spectral features are more or less sim-
ilar. A detailed discussion on the excitation spectral
features will be in the following section. Further, the PL
spectra of all phosphors show a less intense broad fea-
tureless emission from 500 to 550 nm, while excited with
337 and 410 nm wavelength (Figs. 2a, 3a). Such broad
emission could due to the host matrix KCaBOj3, where the
emission is due to the defects of K'-ions lying in the
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and x.0 wt% (x = 0, 1, 2, 3) Dy>* co-doped KCaBO;:Eu**phosphors
(Jexe = 410 nm)

interstices KCaBOj lattice [40]. However, such emission is
comparatively low intense and excitation energy sensitive
(Fig. 3a). In general, having wide range of excitation
energies to obtain nearly white light could be one of the
advantages of these studied phosphors for further white
light generation applications.

PL excitation studies

To clearly demonstrate the excitation mechanism and the
origin of PL in these co-doped systems, the excitation
spectra of the present samples were also recorded and
depicted in Fig. 4, in which the corresponding transitions
are appropriately assigned and indicated. Respective exci-
tation spectra for single doped phosphor are also included
for comparison. These co-doped phosphors exhibit rich
excitation lines, characteristic of individual rare earths, and
the spectral features are more or less similar. While the PL

Fig. 4 Room temperature (a) -
excitation spectra of R
a KCaBO,:2 wi%Dy*" and &
3 wt% Dy*" co-doped ‘N
KCaBOs:Eu*" phosphors [
monitored at 574 nm (*Fo,

» = SHysp of Dy“) emission
and b KCaBO5:2 wt% Eu>" and
3 wt% Dy>" co-doped
KCaBO5:Eu*" phosphors
monitored at 616 nm

(°Dy — "F, of Eu*") emission
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Fig. 5 The decay curves of (a) (b)
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excitation (Fig. 4b) spectra corresponding to the PL at
616 nm emission of Eu®" ions show typical transitions
from 7F0 and 'F | to the various excited states of Eu®", the
co-doped system shows additional excitation band at about
350 nm correspond to solely Dy3+ ion, 6H15,2 - 6P3,2
excitation transition. This is an indication of possible inter-
ion energy transfer from Eu’" to Dy’ ions. In general, the
Eu’" emission in some of the oxide based phosphors is
sensitive to the site selectivity of doped rare earth ions [37].
The present results of invariant emission upon various
excitations (Fig. 3a) indicating that the site selectivity of
excitation is not prominent suggesting that the rare earth
ions are situated in the matrix predominantly in a single
site, i.e., the charge compensated position of Ca*'. In
general, the excitation spectra of these phosphors have rich
excitation lines (300-600 nm), enabling the excitation
from most of the available UV/blue excitation sources such
as InGaN based LED chips for potential application as
white light LEDs.

PL life time studies

The PL intensity decay curves for the yellow (574 nm, *Fo,
» — ®Hy3p of Dy3+) and orange (616 nm, Dy - 'F, of
Eu’") emissions in co-doped KCaBO; phosphors are
recorded using 410 nm laser and the setup explained in the
experimental section. The experimentally obtained PL
intensity decay curves for individual emissions of Dy>"
and Eu®* components are presented in Fig. 5a and b,
respectively. All the experimental emission decay curves
were found to be predominately single exponential and the
decay curves can be fitted into the general exponential
equation, / = A - exp (—#/1), where A is the integrated area
and 7 is the PL life time. The obtained life time values from
the fits are given in Table 2. However, the decay curves
show slightly double exponential nature with another
shorter life time of about 0.9 ms with less than 10%
component. Such double exponential nature could be due

@ Springer

to the existence cross-relation mechanism between
co-doped rare earth ions, supporting our earlier discussion.
However, the predominant single exponential behavior
indicating the homogeneous distribution of doped ions
inside the host matrix. Further, it is evident that the life
times of Dy’" emission (at 574 nm) mixed doped phos-
phors are slightly shorter than the values obtained for
singly doped sample and similar is the trend for 616 nm
(Eu®™ emission) as well. In general, the lifetimes of
616 nm emission decreases gradually with the increased
Dy** concentration from 1.0 to 3.0 wt%, which is a further
supporting evidence of the inter-ion energy transfer. Fur-
ther, the present life time values are comparatively higher
to that of other phosphors reported earlier [41].

Chromaticity diagram

In general, color of any phosphor material is represented by
means of color coordinates. Therefore, the CIE chroma-
ticity coordinates of the light emission from these co-doped
KCaBOj; phosphors excited at 410 nm are as shown in
Fig. 3b and the coordinates are listed in Table 2. In our
present study appropriate adjustment of Dy/Eu doping
concentrations were tested to obtain white light emission.
As seen that the typical white light is achieved for all
co-doped systems where 3 wt% Dy>* co-doped KCaB-
O5:Eu®" exhibits pure white light with CIE coordinates of
(X = 042, Y = 0.41), while the individual doped Dy’
and Eu™" phosphors fall in green and red regions, respec-
tively. This adjustability of luminescence color can also
broaden the application areas.

Conclusions
Single-phase  monoclinic ~KCaBOs:2 wt%Dy>"  and

x0wt% (x =0, 1, 2, 3) Dy’ co-doped KCaBO5:Eu>"
samples were prepared by solid sate diffusion technique at
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950 °C and their luminescence have been studied and
discussed for the first time. These phosphors can excited by
UV and blue lights which are in agreement with UVLED
and blue LED chips. Most importantly Dy co-doped
KCaBO:Eu’" samples emit white light under blue excita-
tion. While KCaBO5:2 wt%Dy>" and KCaBO5:2 wt%Eu’"
samples exhibit strong greenish yellow (574 nm) and red
(612 nm) emissions under 410 nm excitations. Based on
these emission results we propose that the newly prepared
KCaBO;5:2 wt%Dy>", KCaBO;:2 wt%Eu®>", and Dy’"
co-doped KCaBO5:Eu®" samples are very promising phos-
phors for red, greenish yellow and white LEDs, respectively.
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