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1 Introduction

The ever-increasing demand of energy-efficient solid-
state lighting, especially in high quality displays and
household lights have propelled the scientific society
towards developing high quality phosphors. These
phosphors are widely used in various fields like
white light emitting diodes (WLEDs), plasma display
panels (PDPs), and field emission displays (FEDs)
[1-3]. Among these, white LEDs have gathered con-
siderable attraction as fourth-generation lighting
source due to its superiority over present incandes-
cent and fluorescent lamps [4-6]. An emerging route
of preparing WLEDs consists of utilizing ultraviolet
(UV) emission of InGaN chips to excite different
phosphors. A suitable mixing of three elementary
colors, i.e. red, green, and blue from proper UV-ex-
cited phosphors can generate the required white
color [7-10]. However, the poor efficiency of the red
part with respect to the blue and green counterpart is
a major disadvantage of this method. Thus, the
preparation of a suitable and efficient red phosphor
excited by UV light is still a major challenge in this
field.

Rare-earth (RE) ions doping as luminescent centers
in proper host material has always been the most
practiced way to obtain outstanding phosphor
materials [11-14]. Among various RE ions present,
trivalent europium (Eu®") ion is the most utilized one
regarding its characteristic red emission "Dy — “F,)
under UV excitation [15-18]. As the transfer of
absorbed energy from the host material to RE ions is
essential for realizing bright luminescence, wide
band gap, and low phonon losses from the host are
essential for excellent luminescence properties of the
phosphor [19, 20]. In this regard, alkaline earth alu-
minate materials have gathered significant attention
in the recent days [21-24]. Among them, SrAl,O, is a
widely studied material due to its stable structure,
chemical resistance, low toxicity, and excellent opti-
cal properties [25-29]. Owing to wide band gap
(~ 6.6 V) [30, 31], SrAl,O, does not absorb in the
entire visible spectra, which theoretically eliminates
the probability of re-absorption of the emitted lights
from the RE ions. The low phonon energy
(~ 470-480 cm™") [32] of the host also reduces the
chances of non-radiative losses.

From application point of view, the nanophosphors
can be coated on a substrate with considerably
greater homogeneity and controlled thickness than
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the bulk phosphor. Another well-recognized phe-
nomenon is that the photoluminescence (PL) inten-
sity of RE doped phosphors increases with increasing
dopant concentration up to a certain concentration
only [7]. Beyond this optimum concentration, some
impurity phases are created or concentration
quenching occurs. Thus, designing an efficient
phosphor with enhanced PL intensity within the
critical concentration is a difficult problem to solve.

In order to address the aforementioned demands,
co-doping monovalent alkali metal ions (Li*, Na™,
K*) with the RE doped phosphors has been studied
rigorously in recent years [33-35]. Although Eu®"
doped SrAl,O4 has been studied thoroughly, to the
author’s best knowledge, there is no report on Na*
co-doped SrAl,O,Eu*" nanophosphors synthesized
by sol-gel route. Herein, we have reported Na™ co-
doped SrAl,O4Eu* nanophosphors synthesized via
modified citrate-nitrate type sol-gel method. Exten-
sive study of the PL property of both SrAlLO,Eu®"
and Na' co-doped SrAl,O,Eu®" nanophosphors
over a range of Na™ concentration has shown more
than four times enhancement in PL intensity with
optimum Na™ co-doping. Thus, these results may
offer an attractive alternate for addressing the chal-
lenges regarding red LEDs in day-to-day solid-state
lighting applications.

2 Experimental sections

2.1 Synthesis of SrAl,O4.Eu®* and Na*
doped SrAl,O4Eu®* nanophosphors

The targeted SrAl,Oy: x% Eu’t (x =0, 1, 2, 3, 4) and
SrAlLOy: 3% Eu®t, y% Na' (y = 1, 2, 3) nanophos-
phors were prepared using a modified sol-gel
method [35]. The chemicals used were Sr(NO;),
Merck 99.9%), AIINO3); -9H,O (Merck, 99.9%),
Eu,O; (Sigma-Aldrich 99.99%), HNOj;, NaNO;
Merck 99.9%), citric acid (Merck 99.9%), and
ethylenediamine (Merck 99.9%). Eu(NOs); was pre-
pared by dissolving Eu,0O5; in HNOj3 in proper stoi-
chiometry. All chemicals were analytical grade and
used without further purification. For synthesis, sto-
ichiometric amount of Sr(NOs),, AIINO3); -9H,0,
Eu(NO3); and NaNO; were taken in 35 mL DI water
and the solution was magnetically stirred for 1 h.
Then, the aqueous citric acid solution was added
drop by drop to the above metal nitrate solution in
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molar ratio of Cit>~/(Sr** + AI’*) = 1. This solution
was magnetically stirred for 30 min to get a homo-
geneous and transparent solution. pH of this solution
was adjusted to 8 by ethylenediamine. The solution
was slowly evaporated using a hot water bath, which
converted the solution to a highly viscous colloidal
gel. In subsequent steps, the gel was dried in oven at
120 °C for overnight and then it was calcined at
500 °C for 4 h to get rid of the organics. Finally, the
obtained porous material was finely ground using
mortar pestle and the powder was annealed at
1000 °C for 3 h in a muffle furnace to get the ultrafine
Eu®" doped and Na' co-doped SrAlL,O, powders.
The Eu®" doped SrAl,O, nanophosphors were syn-
thesized following the same procedure, but NaNOj;
was not added this time.

2.2 Characterization

For crystal structure and phase detection, the syn-
thesized nanophosphors were analyzed using Bruker
D8 ADVANCED ECO diffractometer with
monochromatic Cu K, radiation (1 = 1.5406 A). The
generator power was 40 kV and current was 25 mA
for the experiment. The FTIR studies were performed
using a Shimadzu IRAffinity-1S FTIR spectropho-
tometer. The microstructural analysis was done by
HRTEM (FEG-TEM, JEOL-JEM 2100F). The photolu-
minescence properties were studied by Edinburgh
FLS 980 Spectrofluorometer with Xenon lamp as the
excitation source. CIE chromaticity coordinates of the
nanophosphors were determined using 1931 CIE
chromaticity theory.

3 Results and discussion

3.1 Structural, microstructural,
and compositional analysis

3.1.1 XRD analysis

The X-ray diffractogram of SrAl,O,:Eu®* and Na™ co-
doped SrAl,O4Eu’* nanophosphors are represented
in Fig. 1a and c, respectively. The diffraction patterns
reveal that all the obtained nanophosphors were
monoclinic with P2; space group (JCPDS card num-
ber 34-0379). Six major peaks of SrAl,O, were found
at 20 positions 20.06°, 22.81°, 28.56°, 29.32°, 29.73° and
35.09° corresponding (011), (120), (211), (220), (211)
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and (031), respectively. Doped Eu®* occupies the Sr**
sites in SrAl,O, structure. Substitution of smaller of
Eu®* (0.95 A) ion in Sr** (1.18 A) leads to the
shrinkage of the unit cell which is in accordance with
the observed higher angle shifting of the character-
istic peak near 26 = 20.06° as shown in Fig. 1b. There
was no trace of excess Eu>" in SrAL,O,:Eu’* up to 4%
Eu’* which indicates proper incorporation of Eu" in
the host. Due to comparable sizes of Sr*" and Na™
(1.18 and 1.02 A, respectively), Na™ also goes to Sr>*
sites in the SrAl,O, lattice.

As presented in Fig. 1c, XRD patterns of Na™ co-
doped SrAL,O,:Eu®* shows that there was no trace of
excess Na™ up to 3% Na™ addition. This co-doped
Na* occupies the vacant Sr** sites, which solves the
charge imbalance problem created by doping of Eu**
in Sr** sites. Initially, the co-doping of Na* leads to
increased crystallinity of the nanophosphor. But this
enhancement is only up to a certain Na™ concentra-
tion. Above this concentration, decrease in crys-
tallinity with increasing Na™ is observed due to
defects introduced by excess Na™ ions incorporated.

3.1.2  Microstructural Study

Figure 2 represents the TEM micrograph of the syn-
thesized Na* co-doped SrAl,O,:Eu®* nanophosphor.
As presented in Fig. 2a-b, an interconnected chain-
like morphology is observed for the synthesized
phosphors. Figure 2c shows that the average chain
diameter was found to be in the range of 100-150 nm.
Figure 2d clearly shows the array of atoms present in
the phosphor. A portion of the atoms belong to the
(011) plane with an interplanar spacing of 0.44 nm as
indicated in Fig. 2d.

3.1.3 FTIR study

As shown in Fig. 3, vibration stretching frequencies
between 700 and 1000 cm™" are related to Sr—-O-Al
and AI-O bond vibrations. Sr-O anti-symmetric
stretching vibrations are present in frequencies
between 500 and 650 cm™!. Thus, the formation of the
polyhedrons confirmed by the metal-oxide stretching
frequencies indicates the formation of SrAl,O, [27].

3.2 Spectroscopic analysis

The PL excitation and emission spectra of both
SrALO,: Eu’' and Na® co-doped SrAl,Oy Eu®*
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Fig. 1 a XRD patterns of synthesized SrALO4: xEu®™ (x = 0%,
1%, 2%, 3%, 4%) nanophosphors. b Higher angle peak shifting in
SrAl,0,4:Eu®" nanophosphors with increasing Eu®*concentration.

Fig. 2 a—¢ TEM micrographs of SrALO4: 3%Eu®", 2%Na™.
d HRTEM micrograph showing lattice fringes with interplanar
spacing

nanophosphors were studied. PL excitation spectra of
the 3% Eu®" doped SrAlL,O, and 3% Eu’*, 2% Na*
doped SrAl,O, nanophosphors are presented in
Fig. 4, which were recorded by monitoring the
emission of Eu®" at 616 nm.

As shown in Fig. 4, the excitation spectra have a
broad peak at 285 nm and other narrow peaks were
observed between 300 and 420 nm. In SrAl,O,, the 2p
orbitals of O*~ form the valence band and the con-
duction band is composed of 4d orbitals of Sr**
[26, 30]. The broad peak at 285 nm corresponds to the
charge transfer band (CTB) due to transfer of
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Fig. 3 FTIR spectra of SrAl,Oy4, StAl,O4: 3%Eu’t and SrALO,:
3%Eu’t, 2%Na™
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Fig. 4 PL excitation spectra of the SrAl,Ogs 3% Eu’™ and

SrAl,0y4. 3% Eu® +, 2% Na*t nanophosphors monitored at 616 nm
emission
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electrons from O*~ (2p) orbital to the empty states of
the 4f° orbital of Eu’* (Eu’"—O” transition). The
excitation spectra also contain some other transitions
between 300 and 420 nm arising from f-f transitions
of the Eu" ions in the host lattice. These peaks,
resulting from the direct excitation of the Eu’*"
ground state to the higher levels in the 4f° configu-
ration, can be assigned as "Fy — °Dy (361 nm),
Fo - °L, (382nm), ’‘Fy— °L¢ (394 nm), and
"Fy — °D; (413 nm) transitions. Among these sharp
peaks, the 394 nm wavelength peak exhibits the
highest peak intensity. From the excitation spectra, it
is also prominent that due to Na™ co-doping the
intensity of the excitation spectra increases, which in
turn enhances the intensity of PL emission. The
strong excitation peak at 394 nm would enable this
nanophosphor to be potentially used in UV-LEDs.
Room temperature PL emission spectra of SrAl,.
O4Eu’t and Na* co-doped SrAl,O4Eu" nanophos-
phors, excited by 394nm wavelength, are
represented in Fig. 5a and b, respectively. In this
configuration, the crystal field exerted by coordinat-
ing O~ splits the energy levels of Eu*. This splitting
leads to formation of sharp and intense emission lines
between 580 and 710 nm for both Eu** doped and
Eu®" doped, Na' co-doped samples. Four sharp
peaks present in the emission spectra at 587, 616, 649
and 701 nm occur due to the transitions D, — 7F]-,
j=12.34 of the Eu®" ions, respectively. The peak at
587 nm (°Dy — F;) is due to magnetic dipole tran-
sitions while the peak at 616 nm Dy — “F,) is due to
electric dipole transitions [34]. For Eu®* doped sam-
ples, quenching of PL intensity was observed after
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3% Eu’" doping. This can be ascribed to concentra-
tion quenching by interaction of the Eu®" ions with
each other [34]. As shown in Fig. 5a and b, for the
Eu’* doped samples, the sample with the highest PL
intensity is SrAl,04:3%Eu’" and for Na* co-doped
SrALO,:Eu®" phosphors, the sample with the highest
PL intensity is SrAl,O,:3%Eu’*,2% Na™. These two
samples are referred to optimized samples.

3.2.1 Photoluminescence mechanism

Figure 6 is a schematic representation of the energy
levels of Eu®" and possible mechanism for photolu-
minescence in the synthesized phosphor. In SrAl,O,,
O® ions form the valence band and Sr** ions form
the conduction band [30]. A charge transfer band
(CTB) is formed within the valence and conduction
band due to electronic charge transfer from the 2p
orbitals of O®~ ions to 4f orbitals of Eu”" ions. The
excitation process consists of two main pathways,
one is the direct transfer of valence band electrons to
the CTB and another is transferring the electrons to
higher energy levels of Eu®". The first process takes
place at 285 nm and the second one at 394 nm. In
both processes, the excited electrons quickly jump to
the lowest excited level (°Dy) of Eu®* via nonradiative
transition, and then it makes 4 transitions to the lower
energy levels. These four transitions give rise to four
emission lines in the emission spectra at 587 nm,
616 nm, 649 nm, and 701 nm.
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Fig. 5 Emission spectra of a SrAlL,O,: xEu®". b SrAl,O4: 3%Eu’", yNa™t
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Fig. 6 Schematic representation of the energy levels showing
possible luminescence mechanism in Eu®t doped SrAl,O, and
Na'co-doped SrAl,O4:Eu** nanophosphors

3.2.2  Effect of Na™ doping

Emission spectra for different concentrations of co-
doped Na' in SrAlL,O;3%Eu®' is presented in
Fig. 5b. There is no significant change in the position
of the emission peak, but the emission intensity has
increased significantly with increasing Na™* concen-
tration from 1 to 2% and the intensity is greatly
enhanced than that of 3% Eu®" doped SrAl,O4
nanophosphor. As shown in Fig. 5b, the lumines-
cence intensity increased gradually with the increase
in Na* concentration from 1 to 2% and then it
decreased. From Fig. 5b, it can be seen that for opti-
mum co-doped sample (2% Na*) the emission
intensity obtained was more than four times than the
highest emission of optimum Eu®* doped sample.
This can be ascribed to several reasons. Charge
compensation is most important among them. When
Eu®t is doped in SrAl,O, matrix, it substitutes the
Sr** and this creates an extra positive charge for each
substitution. To maintain the overall electroneutrality
of the crystal, incorporation of two Eu®* ions leads to
elimination of three Sr** ions and formation of one
Sr** vacancy as shown by Kréger-Vink notation:

3Srs; — 2Euy, + Ve, (1)

These cation vacancies reduce the luminescence
intensity due to increase in non-radiative transition
from Eu®" luminescence centre to these Sr*" vacan-
cies. This problem can be effectively overcome by
incorporating monovalent alkali metal ions by bal-
ancing the charge and number of sites simultane-
ously. Two Sr*™ sites are occupied by one Eu®" and
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one Na®. This can be represented by following
notation:

Eu’" +N a+2S_rS;

Eug, + Nag, (2)

But volume imbalance is created due to dissimilar
ionic radii of host (Sr**) ion and Na™ ion. Volume
imbalance problem is not very significant up to a
certain doping concentration of Na™ ion. Beyond 2%
Na™ lattice distortion takes place and subsequently
the luminescence intensity decreases due to decrease
in crystallinity. Another important parameter that
affects emission intensity SrAlL,OyEu®", Na*
nanophosphors is the formation of oxygen vacancies
which are created by the replacement of Sr*" by Na™*.
Nature of the surrounding ions strongly regulate CT
energy. As shown in the excitation spectra, broad
band in the range of 250-310 nm has been observed
due to the electron transfer from the filled 2p orbitals
of the O® ions to the empty 4f shell of the Eu*" ions
(charge transfer transition). The created oxygen
vacancies act as the sensitizer for the Eu®" ions and
cause a very efficient energy transfer to Eu>* ions. As
a result, emission intensity of Eu®* gets enhanced
due to effective energy transfer from host to activator.
However, the amount of oxygen vacancies in the
crystal becomes significant enough after 2% Na™. As
a result, the overall crystallinity decreases and the
Iuminescence intensity decrease. The electric dipole
transition at 616 nm maintains its dominance over
587 nm for both Eu®* doped and Eu®* doped Na* co-
doped sample because Sr** is located at a low sym-
metry site.

Figure 7 indicates the CIE plot of both SrAl,Oy:
3%Eu’t and SrAl,Oy: 3%Eu’", 2% Na™ for compari-
son. The co-ordinates for both cases are shown in
Table 1.

An increase in x coordinate with simultaneous
decrease in y coordinate in the chromaticity diagram
confirms the improved redness with addition of Na™
ions. This improvement in redness makes it more
suitable for its application in display and lighting
purposes.

3.2.3 Decay study
The room temperature decay profile for the 616 nm

emission of Eu®" excited at 394 nm UV radiation was
also studied as represented in Fig. 8.
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Fig. 7 CIE plot of a SrAl,04: 20 CIE 1931 520 CIE 1931
3%Eu’". b StALO,: 3%Eu®T, :
2% Na™
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Table 1 Color coordinates of the optimized samples Eq. 5 was used to determine the average decay time
) , of bi-exponential decay.
Sample x Coordinate  y Coordinate
A112 + Ay?
(1) StALOy,: 3%Eu*™ 0.61565 0.38388 Tayg = ————2. (5)
it n Aty + Ao
(2) SrAlLO4: 3%Eu’", 2% Na 0.61697 0.38256

The average decay time for 616 nm from 3% Eu®"
doped nanophosphor is found to be 396 ps and the
decay time for 3% Eu®', 2% Na'" co-doped
nanophosphor is found to be 559 ps. For the Eu’*
doped samples, the biexponential PL decay charac-
teristics in our system may be arising due to non-
uniform distribution of Eu®>" in the SrAlL,O, matrix
[36]. For co-doped samples, the single exponential
decay behaviour indicates that the coordination

<7L) (7L) environment of the Eu®" ion in SrAlL,O, matrix is
I(t) = Aje\ "/ + Aze\ 2/,

The decay curves of the Dy — ’F, transition for
Eu’" doped and Eu®*, Na* co-doped nanophosphors
were fitted into a bi-exponential and mono-expo-
nential function, respectively. The bi-exponential
decay equation (Eq. 3) and the monoexponential
decay equation (Eq. 4) are given below

(3) homogeneous [37]. Enhancement in decay time after
(=) Na™ codoping is an indication of reduction in the
I(t) = Ipe\ /. (4) o - .
surface defects and nonradiative centers in the
where Ij is the initial luminescence intensity, I(t) is phosphor system [34]. A microsecond order decay
the luminescence intensity at time ¢, 71, and 1, rep- time for all the samples confirms the suitability of the
resent components of luminescence decay time, A, materials for utilizing in lighting applications.

and A, are the weighting parameters. For mono-ex-
ponential function, t is the luminescence decay time.

Fig. 8 Photoluminescence
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4 Conclusions

In summary, a range of Eu’" doped SrAl,O, and
Eu’* doped, Na* co-doped SrAl,O, was successfully
synthesized via facile sol-gel method. These
nanophosphors have shown bright red emission
under 394 nm excitation due to °D, — 7Fj (G=1,2,3,
4) of Eu®*" substituted in the SrAlL,O, matrix. The
intensity of red emission from Eu*" doped SrAl,O4
was enhanced successfully via incorporation of Na*
ions as evident in the corresponding photolumines-
cence emission spectra. This enhancement is attrib-
uted to the charge compensation and increase in
crystallinity through addition Na® which subse-
quently reduces the amount of non-radiative centers
in SrAl,O, matrix. Photoluminescence decay study
showed that the Na™ co-doped sample has higher
decay time which also supports the reduction of
nonradiative centers in these phosphors. The amount
of Eu®" and Na' was optimized to be 3% and 2%,
respectively (i.e. SrAl,O.:3%Eu®t and SrAl,0,:3%-
Eu’t, 2%Na"). Finally, the addition of Na® was
found to be a successful method of improving the red
emission of Eu®" doped SrAl,O, which can be pos-
sibly utilized in solid-state lighting applications.
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