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ABSTRACT

Orange-red emitting NaSrBOs: Sm>* phosphors were prepared by the combustion method using metal
nitrates as precursors and urea as fuel. The particle sizes were in the range of 38-43 nm. The monoclinic
structure that is in good agreement with the standard NaSrBO3; was confirmed by X-ray diffraction. Scan-
ning electron microscopy (SEM) indicated that an agglomerated peanut like morphology was obtained.
UV-VIS spectrocsopy, photoluminescence (PL) and cathodoluminescence (CL) spectroscopy were utilized
to investigate the spectral properties of the phosphor. The chemical states and the distribution of the
dopants in the host were analysed with X-ray photoelectron spectroscopy (XPS) and time of flight-sec-
ondary ion mass spectroscopy (TOF-SIMS), respectively. Under the excitation of near UV light, NaSrBOs3:
Sm?* exhibits the characteristic emissions resulting for the *Gs;, — ®Hy; (x=5, 7 and 9) transitions of
Sm>*, with a maximum intensity at 599 nm. In addition, the concentration of Sm>* was varied in order
to determine the optimum PL emission intensity. A maximum intensity was obtained from the sample
with 2.0 mol% of Sm>*. The potential applications of this phosphor, as a down conversion phosphor with
an excitation wavelength of 395 nm and good CL intensity, are evaluated for the possible use as a high-
color-purity phosphor in light emitting diodes (LEDs) that can fill the 590-600 nm gap and it may also be

used as an amber color field emission display (FED) phosphor.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

In recent years, the alkali (A) - alkaline earth (E) ortho-borates
with a general formula AEBO3; have captured much attention of
various researchers due to their potential application as new phos-
phor materials in solid state lighting. There are a variety of real and
possible applications of such kind of materials used in light emit-
ting diodes [1-4], FED applications [5], thermo-luminescence
dosimetry [6,7], and also as controlled white light emitting phos-
phors [8-10]. White light emitting Ca,Sr;_,Al,O4:Th**/Eu®* [11]
and tuneable Sr,Ca;_,Al,04:Eu®*/Dy>* [12] phosphors were synthe-
sized using different methods in the past. The white light gener-
ated was a combination of simultaneous blue and green narrow
line emission from Tb3* and the red emission from Eu>* compared
to the broadband emission from the Eu?* and Dy>*. The white light
emission was only observed when excited at 227 nm. Wu et al. [13]
initiated the research on orthoborate phosphor materials due to
their interesting spectral and luminescent properties. Since then,
the different hosts related to the alkali alkaline earth orthoborate
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family have been prepared and they are used in the development
of phosphors for display technology. These orthoborates materials
have many advantages such as low thermal conductivity, high
melting point, high thermal expansion coefficient, high stability
and ability to accommodate defects. LuggScoBO5:Eu>*, Th>* can
be used for an X-ray medical imaging system [14]. The stability
and efficiency of the cathodoluminescence (CL) LiSrBO5:Sm>* phos-
phor [5] make it more suitable for applications in field emission
displays (FEDs) where the prime operating conditions are the
low electron beam accelerating voltage. Sm>* doped phosphors
have attracted much attention because of their peculiar orange-
red emission. Mueller-Mach et al. [15] pointed out that there is
an efficiency gap around 560 nm, which has been called the “yel-
low gap” [16], which fairly seriously extends into the amber range
of 590-600 nm in the ranges of wavelengths covered by reasonably
efficient diodes made from either IlI-nitrides or Ill-phosphides. Tra-
ditionally amber LEDs have been used in automotive applications
for turn and day-time-running lights of cars and in traffic signals.
Although the down conversion of blue light from InGaN LEDs by
suitable color converters, especially phosphors, has become a dom-
inant technique for producing white light for all kinds of applica-
tions, the down conversion of blue LED emission to produce
‘monochromatic’ or high-color-purity light, however, has been dis-
cussed only rarely [17,18]. The invention of the blue light emitting
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diode based on GaN [19] and the use of the MOCVD technique for
LED chip production have changed the trajectory of this field. It is
possible to vary the emission wavelength of GaN-based blue LED’s
between 370 nm (band-gap of pure GaN), and 470 nm by increas-
ing the In content in InGaN devices. The excitation spectrum ob-
tained from Sm3'-doped LiSrqgBag-,PO, monitored at 595 nm
consists of several bands centered at 360 nm, 373 nm, 401 nm
and 467 nm, respectively, which are the characteristic f-f transi-
tions of Sm®" ions [20]. The strongest peak at 401 nm is attributed
to the °Hsj, — Gy, transition of Sm®*, making Sm** an excellent
dopant candidate for excitation at around 400 nm and emission
at around 595 nm. Furthermore with the development of nano-
technology, the optical properties of nanosized phosphors have
been extensively investigated for their potential application in high
resolution images and for fundamental research. It is therefore
worthwhile to develop the nanosized phosphors to explore their
properties and possible application in lighting.

Different method including the high temperature solid-state
and combustion have been used for orthoborate synthesis. In this
study, mixed orthoborate phosphors were prepared by using the
combustion method with metal nitrates as precursors and urea
as fuel. The versatility of the orthoborates and the unique excita-
tion and emission of Sm>* make it an excellent candidate for the
“yellowgap” phosphor. Recently, combustion synthesis has been
used to synthesis the NaSrBO5:Tb>* phosphors by Nagpure et al.
[21]. They have focused on the thermoluminescent properties of
these phosphors. We evaluated the spectral and structural proper-
ties of the NaSrBO5:Sm>* phosphors for a possible application in
light emitting devices of different types. Special attention was gi-
ven to determine if the synthesized the NaSrBO3:Sm>" phosphor
meet with the requirements that the excitation wavelength is in
the 370-470 nm range (for InGaN-LED chip) and the emission in
the 590-600 nm range (amber range).

2. Experimental details

High-purity sodium nitrate [NaNOs;], strontium nitrate [Sr(NOs),], boric acid
[H3BOs], samarium(Ill) nitrate pentahydrate [Sm(NOs)3.5H,0], and urea (H,.
NCONH,) from Merck Chemicals were used as starting materials. NaSrBO3:Sm>*
(0.1-3.0 mol.%) was prepared by heating rapidly an aqueous solution containing
weighed amounts of metal nitrates and urea in a pre-heated furnace maintained
at 550 °C. Urea was used as a fuel for combustion, and its amount was calculated
using total oxidizing and reducing valences. The aqueous solution underwent rapid
dehydration and foaming followed by decomposition, generating combustible
gases. These volatile combustible gases ignited and burned with a flame, yielding
a voluminous solid. The whole combustion process was completed within 5 min.
After the combustion process, the ashes were cooled to room temperature and
crushed to a fine powder. For complete crystallinity, all samples were annealed
for 2 h at 800 °C in air.

The particle morphology of these phosphors was analyzed by using a Shimadzu
SSX-550 SuperScan scanning electron microscopy (SEM). A Bruker D8 Advance dif-
fractometer was used to examine the purity and the phase homogeneity of the
phosphors. The photoluminescence excitation and emission (in phosphorescence
mode) spectra were measured at room temperature by using a VARAIN Cary-Eclipse
spectrofluorometer equipped with a Xenon lamp that was used as an excitation
source. Cathodoluminescence (CL) measurements were carried out in a vacuum
chamber from PREVAC equipped with an ES40C electron gun power supply unit
and USB2000+ spectrometer under different accelerating voltages and emission
currents in a base pressure of ~2 x 1078 torr. The XPS measurements were con-
ducted using a PHI 5000 versa probe spectrometer using monochromatic Al Ko
radiation (hv=1253.6 eV). For higher resolution spectra, the hemispherical analyzer
pass energy was maintained at 11.3 eV. Measurements were performed using a
1 eV/step (or 45 min acquisition times) binding energies for survey scans from 0
to 1400 eV and 1 eV/step and 20-30 min times for the high resolution scans. A
low energy electron beam was used to achieve charge neutrality at the sample sur-
face. All the absolute binding energies of the photoelectron spectra were referenced
to the monitored C 1s signal at 284.6 eV.

The dopant distribution analysis in the host lattice was carried out by using a
TOF-SIMS IV (Ion-TOF, Munster, Germany ) reflectron-type time-of-flight (ToF) mass
spectrometer equipped with a bismuth ion gun. Pulsed 25 keV Bi* was used as pri-
mary ions with an ion current of 1.0 pA. SIMS spectra were measured by scanning
over the 200 pm x 200 pm analysis area.

3. Results and discussion
3.1. Structural studies

The XRD patterns of the NaSrBOs:Sm>3* (2 mol.%), before and
after annealing as well as the NaSrBOs; standard are shown in
Fig. 1. The peaks match well with the standard file peaks, which
indicated that the doped Sm>* ions have no obvious influence on
the structure of the host, which suggests that the dopants were
uniformly distributed inside the host matrix. In addition, the dif-
fraction peak positions and the relative intensities of the samples
are well matched with those reported in the literature [22], which
belong to the monoclinic structure of P21/c. The average crystallite
sizes were estimated by the well known Debye-Scherrer formula
[23] from the line width of the main reflection and were found
to be in the range between 38 and 43 nm. It must be pointed out
that extra peaks at 30°, 32°, and 42.5° were obtained, which indi-
cates that some impurity phases were present in the synthesized
material.

The particle morphology of the as prepared and annealed sam-
ple was examined by SEM. To prevent charging, all samples were
coated with an ultrathin layer of gold (Au). Fig. 2 shows the ex-
pected fluffy morphology of the particles normally obtained from
the combustion synthesis. The voids are due to the large gaseous
matter that escaped due to high exothermicity.

After annealing, the peanut-like agglomerated morphology was
observed, which may be attributed to the melting nature of this
system. The magnified images at different scales are also shown
in Fig. 2 in this further confirms an agglomeration of peanut like
particle morphology. Fig. 3 shows the diffuse reflectance spectrum
of the NaSrBO;3:Sm>* (2 mol.%). The strong absorption band at 200-
250 nm can be assigned to the 0>~ — Sm>3* charge transfer bond
(CTB) and the multiple spectral features from 345 nm to 474 nm
can be assigned to the 4f-4f shell transitions of the Sm>*, respec-
tively [24]. Fig. 4 shows the photoluminescence (PL) excitation
and emission spectra of the NaSrBO5:Sm>" (2 mol.%). The excitation
spectra were recorded in the 200-410 nm wavelength range and
the emission peak has a maximum at 599 nm.

The excitation spectra consists of less intense 4f-4f transitions
of Sm®* at 346 nm, 365 nm, 376 nm and 395 nm and a strong band
at 220-250 nm which is consistent with the strong absorption
band assigned to a charge transfer process observed in the diffuse
reflectance measurement. In the PL emission spectrum (recorded
at 395 nm excitation), the peaks at 564 nm, 599 nm (prominent
one) and 645 nm can be assigned, respectively, to the 465/2
— ®Hs)y, *Gsjp — ®Hyjz and “Gsj, — ®Hgpp transition of the Sm**
ion. It is clear that this phosphor could efficiently be excited by
near-ultraviolet light-emitting diodes (380-400 nm) and it is be-
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Fig. 1. XRD pattern of NaSrBO;:Sm>* phosphors.
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Fig. 2. SEM images of annealed NaSrBO5:Sm>* phosphor at different magnification.
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g. 3. Diffuse reflectance spectra of the NaSrBO5:Sm>* phosphor.

lieved to be a promising orange-red (amber) emitting lamp phos-
phor for the “yellow gap” light-emitting diodes as explained in the
introduction. Currently, efficient emitters have been demonstrated
in the 400 nm regime. In fact, the highest-reported efficiency in an
InGaN-based emitter has the power conversion efficiency of 21%
for a ~400 nm LED, which is similar to this NaSrBO5:Sm>" phos-
phor that is excited by 395 nm.

The blue LED plus phosphor strategy has the shortest time line for
commercialization. Some companies already have demonstrated
“white-light” generation by using a blue LED and a single phosphor
to create white light. In some cases as in this case the UV/blue light
emitted by the LED is converted by the phosphor to an amber color.
The down conversion of the UV/blue light to amber colored light is
complimentary to the blue light emitted by the LED.

The CL spectra of the NaSrBO3:Sm>* (2 mol.%) nanophosphor
that were recorded at different beam voltages of 2 keV, 3 keV
and 4 keV, respectively, keeping the emission current constant at
800 LA (please note: it is not the beam current) are shown in

90
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80 - b- Emission at =395 nm
-
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Fig. 4. Photoluminescence (a) excitation and (b) emission spectra of the NaSrBOs:-
Sm>* phosphors.

Fig. 5. The peaks are similar to those observed in the PL emission
spectrum in Fig. 4, except that the prominent emission was in
the red spectral region at 602 nm corresponding to the *Gsp
— ®Hy/, transition of the Sm®" ion. The CL intensity increased with
an increase accelerating voltage [25] from 2 keV to 4 keV due to
an increase in penetration depth of the electron, creating a larger
excitation volume.

Considerable changes in the luminescence intensity were ob-
served (Fig. 6) as the Sm>* ion concentration was varied. Increasing
the Sm3* ion concentration from 0.5 mol.% to 2.0 mol.% increased
the luminescence intensity, whereas increasing the concentration
of Sm>* beyond 2.0 mol.% decreased the intensity. This may be as-
cribed to well known concentration quenching effects in lumines-
cence phenomena [26]. The CIE 1931 chromaticity diagram for the
NaSrB0O3:Sm>* nanocrystalline phosphor under 395 nm excitation
is displayed in Fig. 7. It can be seen from the Fig. 7 that the CIE
coordinates (x, y) of (0.5406, 0.3928) correspond to the shade of or-
ange-red Sm>* (2.0 mol.%) emission.
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Fig. 5. Cathodoluminescence emission of the NaSrBO5:Sm>* phosphor.
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Fig. 6. Variation of the 599 nm PL emission peak as function of Sm>* concentration.

Fig. 7. The CIE 1931 chromaticity diagram for NaSrBOs: Sm>* phosphor under
395 nm excitation.
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Fig. 9. High resolution XPS scan and deconvolution of the Sr 3d signal.
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Fig. 11. High resolution XPS scan and deconvolution of the O 1s signal.

3.2. Surface chemical study

X-ray photoelectron spectroscopy (XPS) has proved to be a
powerful analytical technique that can be used in material science
to study the elemental composition and the oxidation state of the
cations. In Fig. 8, the wide scan XPS spectrum of the sample
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comfirms the presence of Na, Sr, B, O and Sm and their correspond-
ing binding energies.

The XPS high resolution scan with the deconvolution for the Sr
3d core level is shown in Fig. 9. Due to the complete transfer of va-
lence electron from Sr to O atoms, the Sr-O chemical bonds are
commonly classified as ionic in nature. Autchin et al. [27] sug-
gested that in Sr bearing oxides, the binding energy (B.E.) of the
Sr 3ds), line remains unchanged. Peak fittings of the signal col-
lected from the core scan exhibited two different chemical envi-
ronments of the Sr. One was attributed to oxygen coordinated Sr
in the NaSrBOs lattice for which the 3ds), and 3ds), spin order split
components were located at B.E.’s of 133.2 eV and 135.1 eV. The
other component resembles the metallic Sr bonding at B.E.'s of
134.3 eV and 136.1 eV for Sr 3ds;, and 3ds;, respectively. These
peaks can be assigned to Sr residing at interstitial and surface ter-
minated positions of NaSrBOs. Fig. 10 shows the B 1s core level
photoelectron spectra in the NaSrBOs lattice. The lop-sided nature
of the peak suggests that a distribution of B chemical states exists.
The binding energy of the component at 192.3 eV is attributed to
photoelectrons originating from B atoms bonded to oxygen atoms
(B-0) in the host lattice. The lower peak at a binding energy (B.E.)
around 191.2 eV can be assigned to mixed B-C and B-O bonding
(e.g. B-C,0, B-CO, or B-CO3) [28,29]. The O 1s core level scan in
host matrix is deconvoluted into five components representing dif-
ferent lattice sites of oxygen in the NaSrBOs as shown in Fig. 11.
The peak at 530.8 eV, 531.1, 531.7 eV, and 532.2 eV and 533.5 eV
correspond to the Na,0,, SrO,, Sr-0, and B-0 [30,31] type of bond-
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Fig. 12. Chemical color TOF SIMS images of (a) Na*, (b) BO", (¢) Sr* and (d) the overlay of all.



V. Kumar et al./Journal of Alloys and Compounds 554 (2013) 214-220 219

200 (]
=8

160 I
-6

120 o [
-4

) R, 1™

pm 0 100 200
87.9609
MC: 9; TC: 7.549e+004
200 m— 2.0
18
160
15
120 13
1.0
% 0.8
05
40
0.3
0 0.0
pm 0 100 200
337.816

MC: 2, TC: 1.992e+003

| N T TSI T,

200 2.0
18
160
1.5
120 i
1.0
& 0.8
0.5
40
0.3
0 1T T T T T 0.0
pm 0 100 200
167.994

MC: 2;TC: 1.387e+003

N T T A e
200 -

120

0 r—ﬂﬁ—r—‘*r—r—r—?—r—rﬁ'-'
pm 0 100 200
Overlay of 87.9609, 167.994, 337.816

Fig. 13. False color TOF SIMS images of (a) Sr*, (b) SmO* (¢) Sm(NOs)s* and (d) overlay of the three.

ing in the sample. The peak at 533.5 eV can be attributed to chem-
isorbed -OH species on the surface of the NaSrBOs.

The TOF-SIMS offers the possibility of imaging components
based on the elemental or isotopic masses of their atomic and
molecular ion fragments with high lateral resolution and sensitiv-
ity, yielding information including the identification of the peak
composition and the distribution of the dopant and the homogene-
ity of the doping in the host lattice [32,33]. Thus, we used the TOF-
SIMS to analyse the composition of the elemental masses. Fig. 12
shows the chemical false color images of an area of
200 pm x 200 pm of the Na* 23 u, BO* 27 u, Sr* 87.9 u, respectively
and their overlay. To see the dopant distribution, a separate overlay
is shown in Fig. 13 for Sr* 87.9 u, SmO* 167.994 u and Sr(NO5)**
337.816 u. It was not possible to measure Sm" ions and therefore
ions such as the Sm(NOs3);* and SmO* were measured. The relative
sensitivity of the two ions is different and it is not known which
ion is more favorable to be removed from the phosphor structure,
therefore a difference in the amounts is expected. It can be seen
from the images that the dopant ions (Fig. 13b) are distributed uni-
formly inside the host matrix (overlay Fig. 13d). This confirms a
successful doping with Sm>®" ions over the scan area of
200 pm x 200 pm in the NaSrBO; host. Some hydrocarbon signals
are observed across the surface of the phosphor particles which
superficially arises from contamination produced during the pro-
cess of sample mounting and handling. TOF-SIMS was successfully
used in the past to obtain the relative distribution of the dopants in
a Srs5(POy4)sF host matrix [34].

4. Conclusions

In summary, the combustion method was used to synthesis the
NaSrBO5:Sm>* phosphors. Their structural, spectral and surface
properties were discussed. The phosphors were excited with
395 nm, which matched well with the emission wavelength of a
UV-chip. Its potential to fabricate LEDs using these chips can be ex-
plored. With this excitation, the materials showed a strong or-
ange-red (amber) emission due to the *Gs; — ®Hy)» transition of
the Sm>®* ion. This is therefore a very suitable phosphor that may
be used as a down conversion phosphor to fill the “yellow gap”.
The high CL intensity emission also suggest a possible application
of this phosphor in displays especially FEDs where the prime oper-
ating conditions are the low electron beam accelerating voltage
and the high current densities. XPS studies also reveal the forma-
tion of the host matrix and confirm the incorporation of the Sm>*
in the host. This was also verified with surface sensitive ToF-SIMS
chemical imaging data. The images suggested a uniform distribu-
tion of the Sm>" ions in the NaSrBOs.
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