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Abstract

This paper reports the spectroscopic investigation of Ba;Zr,0, phosphors. A series of Ba;Zr,0,: Eu’* with the different
molar concentrations (0—4 mol.%) of europium (Eu**) ion is synthesized by the solution combustion method. The synthesized
powders are characterized systematically using X-ray diffraction, X-ray photoelectron spectroscopy, photoluminescence
spectroscopy, and ultraviolet—visible spectroscopy. X-ray diffraction results indicate that the synthesized powder has a
tetragonal crystal structure. X-ray photoelectron spectroscopy is used to study the elemental composition of the synthesized
phosphor. Field emission scanning electron microscopy result reveals that non-uniform morphology is formed. Photolumi-
nescence spectroscopy result shows several emission peaks due to electronic transitions of Eu** ion, and the dominant peak
is observed at 613 nm due to electric dipole transition Dy — 'F,. CIE coordinates of Eu**-activated Ba;Zr,0, phosphor is
found to be (x=0.64, y=0.36) which gives bright red emission. The optical band gap of the phosphors is obtained from the

diffuse reflectance spectrum and found in the range of 4.62—4.83 eV.
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1 Introduction

In the last couple of years, the usage of inorganic phosphor
materials has been perceived to have potential application
in the area of photonic devices such as in lighting and dis-
play devices, solid-state lasers, fiber optic telecommuni-
cation [1-3]. In general, a phosphor is made up of a host
and an activator. A host is of transparent microcrystalline
material, and a luminescent activator is doped in the host
lattice to create a luminescence center [4]. Usually, the rare-
earth ions [5] and the divalent transition metal ions [6] are
used as an activator that gives stable emission due to f-f
and d-d electronic transitions, respectively, in the host lat-
tice. Recently, the environment-friendly white light-emitting
diodes (WLEDs) are obtained by doping the rare-earth ions
in a suitable host which has a significant influence to pro-
duce luminescence features in the host lattice [7]. WLEDs
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are largely in usage because of their low energy consump-
tion, long lifetime, and high efficiency [8—10]. Among the
various rare-earth ions Tb>* [11], Eu** [12], and Dy** [13]
are widely used as the dopant activator to give blue-green,
red, and yellow/blue light phosphors, respectively. The Eu>*
ion is the most important rare-earth dopant because of an
excellent red emitter in many inorganic host lattices. The
Eu’* doped material gave several emission peaks having
transitions °Dy— 'F; =0, 1,2, 3,4, 5, 6).

A variety of host materials such as aluminates [14], borates
[15], phosphates [16], vanadates [17], and zirconates [18] acti-
vated with rare-earth ions are synthesized by different synthe-
sis methods for the luminescent applications. In the zirconate
family, alkaline-earth zirconate materials such as BaZrO;,
S1Zr0O;, and CaZrO; belonging to the perovskite structure have
fascinated many research workers because of their structural
diversity and physical properties [19]. The perovskite-type
compounds having general formula ABO; (where A=Ba,
Ca, Sr, Pb, Fe; B=Zr, Hf, Ti) are called an inorganic chame-
leon because of their huge structure flexibility, i.e., these com-
pounds show phase transition from the mother cubic structure
to the tetragonal or orthorhombic structure [20, 21]. These
perovskite oxide materials have a wide variety of potential

@ Springer


http://orcid.org/0000-0001-8075-1872
http://crossmark.crossref.org/dialog/?doi=10.1007/s00339-021-04956-1&domain=pdf

807 Page2of12

P. Khajuria et al.

applications in luminescent materials [22], ferroelectric mate-
rials [23], and dielectric materials [24], etc.

Among the various host materials, the lanthanide ion-
activated alkaline-earth perovskite oxide materials are inter-
esting candidates as a phosphor especially for field emission
and electroluminescent displays [25]. The theoretical study
shows that barium zirconate exists in three phases as BaZrO;,
Ba,ZrO,, and Ba;Zr,0,. Among them, Ba;Zr,0; has the most
distorted structure and the distorted structure has more impact
on the electrical and optical properties of the material which
results in fulfilling the demands of electro-optic applications
[21, 25]. Ba;Zr,0,belongs to the Ruddlesden-Popper (RP)
type structural family which is derived from the perovskite
oxide. The general formula for the RP family is A, B 05,
where n is the number of perovskite layers. For n=1 the per-
ovskite layers are interleaved with AO layers along the crys-
tallographic c-axis, and for n=2 the double perovskite layers
are interleaved with AO layers [26]. These structures form the
tetragonal crystal structure for n=1, 2, 3, and for n= oo the
compounds form cubic structure [21].

In the literature, several reports are available for
BaZrO;-activated with various lanthanide-ions (Eu, Sm, Tb,
etc.) which are synthesized via different synthesis routes.
Gupta et al. have synthesized the Sm** and Eu®* doped
BaZrO; using a self-assisted gel-combustion route and found
that the resultant phosphor can be used in future white LEDs
[27]. Kunti et al. have reported the local structure and spectro-
scopic properties of Eu** doped BaZrO;. They have synthe-
sized the phosphor via a solid-state reaction method, and the
internal quantum efficiency, lifetime, and photometric studies
show that the phosphor may be a good candidate for red light-
emitting device applications [27]. Mar1” et al. have synthe-
sized ZrO,: Tb>* and BaZrO;: Tb** via a solution combustion
method and studied morphology and luminescent properties
of the synthesized phosphors [28]. To the best of our knowl-
edge, there is no report available for the Eu** doped Ba;Zr,0,
that belongs to the Ruddlesden-Popper structure family for the
solid-state lighting application. Therefore, in the present work,
we have synthesized Ba,Zr,0,: Eu®* via a combustion method
as this method is a fast process, low cost, and energy-saving.
The structural, surface, luminescent, and optical properties
of the synthesized samples are studied using various spec-
troscopic techniques such as X-ray diffraction (XRD), X-ray
photoelectron spectroscopy (XPS), Field emission scanning
electron microscopy (FESEM), Photoluminescence (PL), and
UV-Vis spectroscopy (UV-Vis).

2 Experimental
Polycrystalline europium-activated Ba;Zr,0, phosphors

are obtained by taking Barium nitrate (Ba(NO;),; CDH;
99.0%), Zirconyl nitrate (ZrO(NO;),; Loba Chemie;
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99.5%), Europium oxide (Eu,05; Himedia; 99.99%), and
Urea (CO(NH,),; Himedia; 99.5%) as starting reagents.
The phosphors are synthesized for different doping con-
centrations of Eu’* ions by employing the solution com-
bustion method. In this synthesis method, metal nitrates
are used as an oxidizer and urea as a fuel to trigger or acti-
vate the reaction propagation. Also, the oxidizer/ fuel ratio
should be unity to complete the reaction. The flowchart for
the preparation of Ba,Zr,0,: Eu’* is shown in Fig. 1. The
precursors are weighed according to the balanced chemical
Eq. (1) and are mixed by adding a few drops of distilled
water in an agate mortar.

9(1 — x)Ba(NO3), + 6ZrO(NO;), + 25CO(NH,),
+ ngu203 — 3Bay(_, Zr,Eu;,0,

+25C0, + 40N, + 50H,0 )

The mixture is ground in a mortar with the help of a
pestle to obtain a thick paste. The paste is transferred into
the alumina crucible and placed in the preheated muf-
fle furnace at 660 °C. The combustion process of metal
nitrate—fuel mixture involves dehydration, decomposi-
tion, swelling, and burning of the paste [29]. The reaction
completes in 3—4 min by forming a white foamy prod-
uct. Thereafter, the foamy product is milled in an agate
mortar to obtain a fine powder, and further, the powder is
annealed at 1150 °C for 4 h to get complete crystallinity.

Stoichiometry

Mixed for 30-40 Min.
| |

]

Grind into Powder |‘

L)

Fig. 1 Flowchart for the preparation of Ba,Zr,0,:Eu**
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2.1 Sample characterization

The crystallinity and phase identification of the synthesized
sample are accomplished by XRD measurement using a
standard diffractometer (Bruker D8 advance) with CuKa
radiation (A=1.5406 A). The X-ray photoelectron spectros-
copy analysis is performed by an Omicron energy analyzer
(EA-125) with AlKa (1486.6 eV) as an X-ray source to
study the elemental composition of the synthesized mate-
rial. FESEM analysis is carried out by Hitachi, Japan having
model SU 8010 series. The photoluminescent excitation and
emission spectra are measured using a Cary-Eclipse Spec-
trofluorometer having a xenon lamp as an excitation source
with a slit width of 5 nm. The data are recorded in phospho-
rescence mode. The color coordinates are calculated using
the Commission Internationale de I’eclairage (CIE) calcula-
tion program. The Shimadzu UV-2600 double beam spectro-
photometer in the range of 190-1400 nm is used to record
the diffuse reflectance spectrum of the synthesized samples.

3 Results and discussion
3.1 X-ray diffraction

The XRD pattern of Ba;Zr,0,:Eu** phosphor along its
JCPDS stick pattern is shown in Fig. 2. All the diffracted
peaks of the sample are well-matched with the standard card
no. 24-0131 data file having a tetragonal crystal system
which belongs to space group 14/mmm (139) of Ba;Zr,0,.
In the XRD pattern, various diffraction peaks are observed
at 20=21.4°,24.4°,30.1°,41.5°,43.2°, 53.2°,62.7°, 70.9°,
78.6°, and 86.0°. These peaks are indexed to (1 0 1), (1 03),
(110),(0010),(200),(215),(219),(305),(1017),
and (3 1 10) planes, respectively. The minimal intensity peak

3+
BagZr,04:Eu

(110)

Intensity (arb.units)

JCPDS Card no. 24-0131

10 20 30 40 50
20 (degree)

Fig.2 XRD pattern of BayZr,0, and Ba;Zr,0,: Eu** (2 mol.%) along
with their JCPDS cards

(marked with an asterisk) may be caused by the precursors
that do not react completely during the combustion process
[30]. The crystallite size of Eu**-activated Ba,Zr,0; and
Ba;Zr,0; is found to be ~27 and ~ 38 nm, respectively which
is obtained from the most intense peaks using the Debye
Scherrer formula [31] given in Eq. (2)

_Ka
“7 Bcosb @

where D, is the crystallite size of the particle, 4 is the wave-
length of CuKa (1.5406 A), K is the shape factor having a
value close to unity (0.9), f (in radians) is the full width at
half maxima (FWHM), and 6 is the Bragg angle.

The other structural parameter such as lattice parameters
(a and c), and volume (V) are determined by the following
relation. The lattice parameters a and c are given by Eq. (3)

1 (P +k P
2~ \a )Te ®)
where (hk[) are miller indices and d is interplanar spacing.

The volume V of the unit cell of a tetragonal crystal struc-
ture is given by Eq. (4)

V =d?c @

All the calculated values are listed in Table 1.

The calculated lattice parameter is slightly increased as
compared to the standard value because of the different ionic
radii of Eu®* (0.1087 nm) and Ba®* (0.143 nm).

4 Surface analysis
4.1 X-ray photoelectron spectroscopy

The chemical composition of the synthesized phosphor
is determined by X-ray photoelectron spectroscopy. XPS
survey scan of Ba;Zr,0;: Eu** phosphor in the binding
energy range of 0—1400 eV is shown in Fig. 3. The spec-
trum shows that the elements Ba, Zr, O, Eu, and C are
present at the surface of the synthesized material. The
C I s peak is observed due to the carbon present in the

Table 1 The lattice parameter of Ba;Zr,0, and Ba,Zr,0,: Eu** phos-
phor

Lattice parameter Doped Undoped Standard
JCPDS
(24-0131)
a(A) 4.35 4.18 4.18
c(A) 21.7 225 21.72
V(A% 410.61 393.12 380.99
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atmosphere and is considered as a calibrating element dur-
ing the XPS measurement. The XPS sharp photoelectron
peaks of the elements located at 89.8, 177.0, 285.8, 529.3,
779.8-793.9, 900.1, 975.8, 1060.9, 1134.05 eV correspond
toBa4d,Zr 3d,C 15,0 1s,Ba3d, Ba(MNN), O (KLL),
Ba 3p, and Eu 3d, respectively. The detailed scan pho-
toemission spectra are also examined for Ba 3d, Zr 3d,
O I s, and Eu 3d to confirm the oxidation state of the
elements.

The fitted narrow scan spectra of Ba 3d, Zr 3d, O 1 s,
and Eu 3d are shown in Fig. 4a. The spectrum of Ba 3d
is de-convoluted into two peaks of barium doublets 3d;,,
and 3d;,, arising due to the spin—orbit splitting at binding
energy 780.8 and 795.9 eV, respectively, consistent with
2 + state of Ba. The binding energy difference of these
doublets is found to be 15.1 eV which is approximately
equal to the literature value [32]. Figure 4b depicts the
narrow scan spectrum of O [ s. The fitted peak at 530.2 eV
corresponds to O [ s core level, and the spectrum is de-
convoluted into three peaks positioned at energy 531.20,
530.07, and 528.41 eV. These peaks arise due to the bond-
ing of oxygen with barium, zirconium, and europium, i.e.,
Ba-0, ZrO,, and Eu-O [32, 33], respectively.

Figure 4c depicts the narrow scan spectrum of Zr 3d
core level. The spectrum is fitted with a single broad peak
positioned at 181.9 eV corresponding to Zr 3ds,, which
exhibits a 4 + oxidation state [34]. Figure 4d depicts the
narrow scan spectrum of Eu 3d core level. The spectrum
consists of a single fitted peak positioned at binding energy
1132.5 eV corresponding to Eu 3ds,,, suggesting that the
Eu ions are present in the 3 + oxidation state in Ba;Zr,0;:
Eu* phosphor [35].

Survey Scan Ba Zr,0.: Eu™
w
=
c
E]
-]
[
s
)
‘®
c
8
£
-—— 777
1400 1200 1000 800 600 400 200 0

Binding energy (eV)

Fig.3 XPS survey scan of Ba;Zr,0,: Eu**
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4.2 Field emission scanning electron microscopy

Figure 5 shows the FESEM image of Ba;Zr,0;: Eu**
(2 mol.%) phosphor at different magnifications. It can be
seen from Fig. 5a and b, there may be a mixed (spheri-
cal + plates) morphology of the non-uniform particles with
some voids, because of the emission of many gases dur-
ing the synthesis process. In higher magnification, it has
been observed that the particles are agglomerated with each
other as the sample is annealed at a higher temperature. The
average size of the particles is found from the particle size
distribution histogram as shown in Fig. 5c, and the obtained
value of particle size is 72 nm for Ba;Zr,0,: Eu** (2 mol.%).

5 Luminescent studies
5.1 Photoluminescence

The PL excitation and emission spectrum of Ba;Zr,0,:Eu®*
(2 mol.%) at room temperature having a wavelength range
of 200-750 nm are shown in Fig. 6. The excitation spectrum
is examined at 613 nm emission wavelength of Eu®* ion
in the range of 200-500 nm. The broad band is observed
in the region 200-350 nm due to the charge transfer band
(CTB) from O?~ 2p filled orbital to the partially filled 4f
orbital of Eu** ion (ligands to rare-earth ions) in the host
matrix (Ba;Zr,05), and several sharp peaks are observed in
the region 360—500 nm having a prominent peak at 392 nm.
These excitation bands arise because of 4f—4f transitions of
Eu’* ion. The excitation peaks at 361, 380, 392, 412, and
462 nm correspond to the transition from ground state 'F,
to the excited state °D, L,, °Ly, °D;, and °D, of Eu*" ion,
respectively [36].

The emission spectrum is recorded using an excitation
wavelength of 257 and 392 nm in the region 500-750 nm.
Several emission bands are observed in the visible region
positioned at 592, 613, 652, and 704 nm are ascribed to the
electronic transition from an excited state °Dj, to the ground
state 7F1, 7F2, 7F3, and 7F4 of Eu** ion, respectively. In all the
emission peaks of Ba;Zr,0,: Eu*", the transition Dy, — 'F,
(592 nm) is the purely magnetic dipole transition (MDT)
with the selection rule AJ= + 1 and the transition °Dy— 'F,
(613 nm) is a purely electric dipole transition (EDT) with the
selection rule AJ = +2 being the most prominent peak. This
prominent peak gives intense red emission. Some other weak
emission peaks are also observed having transition *D,— 'F;
(652 nm) and Dy — "F, (704 nm) of Eu** ion [37]. In this
study, the hypersensitive electric dipole transition is domi-
nant in the emission spectrum, which indicates that the
Eu* ion is located at a low symmetry site in the host lat-
tice. Moreover, the fine splitting of emission peaks of Eu**
(5D0—7F1, 2.3, 4) ion can be seen in the emission spectrum
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Fig.4 a XPS Ba3d core level spectrum of Ba,Zr,0;: Eu*" in the
range 800-775 eV b XPS O [ s core level spectrum of Ba;Zr,0;:
Eu’* in the range 536-524 eV ¢ XPS Zr 3d core level spectrum of

profile which indicates that the samples synthesized by the
combustion route have been well crystallized [26].

5.2 Concentration quenching

The emission spectra of Ba;Zr,0,: Eu’" at a different molar
concentration of Eu3* (0.5,1,1.5,2,2.5,3,3.5, and 4 mol.%)
ion are shown in Fig. 7. The spectra are monitored at an exci-
tation wavelength of 392 nm in the region 500750 nm. It is
observed that the peak profile of all the different concentra-
tions of Eu** ions is same but the phosphorescence intensities
are changing with the increase in the concentration of Eu**
ion in the host lattice. This variation in the PL intensity with
the increase in Eu* ion concentration is shown in the inset
of Fig. 7. The maximum emission intensity of the prominent
peak (613 nm) is observed at 2 mol.% afterward, the emission
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Ba,Zr,0,: Eu®* in the range 186-177 eV d XPS Eu 3d core level
spectrum of Ba;Zr,0,: Eu** in the range 1138-1126 eV

intensity starts declining with the increase in the concentration
of Eu** ion due to the concentration quenching effect [38]. In
this phenomenon, the cross-relaxation process occurs with the
increase in the Eu*"concentration when the distance between
Eu’™—Eu®* ions is less than the critical value and the non-
radiative transition takes place when the excitation energy is
lost to the killer sites.

To know the exact reason for the concentration quench-
ing phenomenon, Dexter [39] has given an Eq. (5) to find
the interaction between the activator (Eu**-Eu’*) ions in
the host lattice.

L= K1+ pel T

- §)
where [ is the intensity, K and f are constants, x is the
value of activator (Eu®*) ion concentration greater than
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Fig.5 aand b FESEM image of Ba,Zr,0,: Eu** (2 mol.%) phosphor and ¢ Particle size distribution histogram of Ba,Zr,0,: Eu** (2 mol.%)
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Fig.6 PL excitation and emission of Ba;Zr,0,: Eu** (2 mol.%) in the
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Fig.7 PL emission spectra of Ba;Zr,0,: Eu®* at different Eu** con-
centration (0.5, 1, 1.5, 2, 2.5, 3, 3.5, and 4 mol.%) and inset shows the

variation of PL intensity with Eu** concentration

the optimum molar concentration, and Q is the multipolar

interaction. The value of Q illustrate the type of interaction,
i.e., 3 (exchange interaction), 6 (dipole—dipole interaction),

@ Springer

8 (dipole-quadrupole), and 10 (quadrupole—quadrupole
interaction). Figure 8 shows the plot between Log(X) on the
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x-axis and Log (I/X) on the y-axis of Ba;Zr,0,: Eu** phos-
phor at emission intensity of wavelength 613 nm. The graph
is fitted by a straight line that has a slope of -1.82919, and
the obtained value of Q is 5.5 which is close to 6. This value
of Q reveals that the dipole—dipole interaction is respon-
sible for the concentration quenching phenomenon in the
Ba,Zr,0,: Eu** phosphor.

5.3 Photometric studies

The colorimetric performance is important to know that
the synthesized material is a good phosphor. So, in the
photometric study, the Commission International de
I’Eclairage (CIE) coordinates and Correlated Color Tem-
perature (CCT) are evaluated. The chromaticity coordinates
of Ba;Zr,0,: Eu** (0.5-4 mol.%) phosphor are calculated
based on the PL spectra and are shown in Fig. 9. The CIE
calculated software [40] is used to obtain the chromaticity
coordinates of the synthesized phosphor. Alexander et al.
[41] have reported the structural and spectroscopic investi-
gations of europium oxalate nanocrystals, and the obtained
CIE coordinates of the crystals are (0.66, 0.31) at 394 nm
excitation. Ramteke et al. [42] have studied the photolumi-
nescence properties of Eu**-activated Ba,Mg(PO,), phos-
phor, and they have observed that the CIE coordinates of
the phosphor at wavelength 592 nm are (0.586, 0.412) and
for wavelength 615 nm are (0.680, 0.319) under 396 nm
excitation. Gupta et al. [43] have studied the photolumi-
nescence properties of Nd,Zr,0,: Eu** phosphor, and the
obtained CIE coordinates are (0.614, 0.312) which gives
intense red emission. In this work, the obtained CIE coordi-
nates of Ba;Zr,0;: Eu>*(0.5-4 mol.%) phosphor are shown
in Table 2 and the values are in close agreement with the

3.4
BajZry07: Eu + B Raw data
u —— Fitted data
3.3 4
3.24
x
é'l’ 344 Slope = -1.82919
3.0 4
|
29 T T T T T T T T T
-1.60 -1.55 -1.50 -1.45 -1.40

Log(X)

Fig.8 A plot between Log(X) and Log (I/X) of Ba;Zr,0,: Eu** phos-
phor at emission intensity of wavelength 613 nm

reported values. These calculated values fall in the red color
region of the color gamut. Therefore, it is a good red emitter.

The CCT is calculated using McCamy empirical formula
[44] given in Eq. (6).

CCT = —437n% + 3601n* — 6861n + 5514.32 (6)
(x—x,)

n =
(y - ye)

where 7 is the inverse of slope line, x, and y, are the chro-
maticity epicenter, and x and y are CIE coordinates of the
sample. The value of chromaticity epicenter is x, = 0.3320,
and y, = 0.1858. In the present study, the CCT values of
Ba;Zr,0,: Eu**(0.5-4 mol.%) are shown in Table 2 and
found that the values are less than 5000 K. Usually, if the
CCT value is less than 5000 K then it is warm white light
used in home appliances and if the CCT value is greater than
5000 K then it is cold white light which is used for commer-
cial lighting purpose.

This PL result reveals that the synthesized material has
potential application as a promising red phosphor under near
UV excitation for white light-emitting diodes (WLEDs). It
can be used as warm white light in bedrooms, living rooms,
hallways, etc.

6 Optical studies
6.1 Diffuse reflectance study

The diffuse reflectance spectra (DRS) of the synthesized
series of Eu** (0—4 mol.%)-activated Ba;Zr,0, phosphor
are shown in Fig. 10. BaSO, is used as a standard reference
throughout measuring the data for all the samples, and the
spectra are recorded in the region 190-1400 nm. In the UV
region of wavelength range 190-290 nm, a sharp band is
obtained due to the charge transfer band from ligands (0™)
to the rare-earth (Eu®*) in the host lattice. At 254 nm the
intense band is observed which shows that at this region
the light is absorbed and corresponds to the bandgap of the
material [45]. In the wavelength region 430—480 nm feebly
absorption band is observed because of the 4f—4f transition
of Eu®* ion. The DRS is a standard method to obtain the
bandgap of the powder samples.

6.2 Bandgap determination
The bandgap of the synthesized materials is obtained from

diffuse reflectance spectra (DRS) using the Kubelka—Munk
theory [46] given in Eq. (7)

@ Springer
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Fig.9 CIE coordinates of Ba;Zr,0;: Eu?t 0.5,1,1.5,2,2.5,3,3.5,4mol.%)

(1—R)2=K

2R s

F(R) = S

(N

where R is the diffuse reflectance, K is the molar absorption
coefficient, and S is the scattering coefficient. This theory
converts the diffused reflectance spectrum into the absorb-
ance spectrum and using Tauc relation [47] an optical band-
gap of the material can be obtained.

(ahv)* = A(hv — E,) ®)

@ Springer

where a is a linear absorption coefficient of a material, Av
= (1239.7/ A(nm)) is the energy of a photon in eV, E, is the
bandgap of material, and A is the constant of proportional-
ity. By replacing o by F(R) in the above equation, we get a
modified equation as:

[F(RwI* = A(hv — E,) ©)

As a result, the bandgap of the material is obtained by
extrapolating the linear fitted region on the horizontal axis,
i.e., the x-axis ([F(R)hv]2 = 0).
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Table2 CIE coordinates and CCT values of BayZr,0,: Eu**
(0.5-4 mol.%)

Concentration of Eu** jon CIEx,y CCT (K)
(mol.%)
0.5 0.64,0.34 2695.27
1 0.64, 0.35 2434.50
1.5 0.62,0.35 2206.04
2 0.64, 0.36 2222.33
2.5 0.63,0.37 1988.87
3 0.64, 0.35 2434.50
35 0.65, 0.35 2523.66
4 0.64, 0.36 2222.33
110
100 Ba Zr,0.: Eu®
90
—~ 80 undoped
2 ——0.5mol.%
o 70 — 1 mol.%
2 ~———1.5mol.%
8 60 ——2mol.%
3] ——2.5mol.%
..% 50 ——3 mol.%
& ——3.5mol.%
40 ——4 mol.%
30 0%~ Eu®
1 —
200 400 600 800 1000 1200 1400

Wavelength (nm)

Fig. 10 Diffuse reflectance of Ba;Zr,0;: Eu** (0—4 mol.%) in the
range 190-1400 nm

The bandgap of the synthesized series Eu’*
(0—4 mol.%)-activated Ba;Zr,0, phosphor is shown in
Fig. 11. In this study, the obtained value of bandgap for all
the molar concentrations is in the range of 4.62-4.83 eV.
It is observed that with the increase in the molar concen-
tration of Eu®* ion in the host lattice, the bandgap of the
material increases up to 2 mol.% because of the Burstein-
Moss effect [48]. Thereafter, the bandgap decreases with
the increase in the concentration of Eu** ion in the host
lattice due to the band narrowing effect [49]. This is may
be due to the formation of sub-levels between the con-
duction and valence band. Also, a hump-like feature is
observed in the energy range 3.5-4.5 eV. The feature may
be appeared due to the presence of a secondary phase in
the host and doped samples which is also confirmed from
the XRD result, i.e., the minimal intensity peak has been
observed in the XRD pattern.

6.3 Refractive index and metallization criterion

Refractive index and metallization criterion are also impor-
tant parameters to study the optical property of the material.
The variation in the bandgap, refractive index, and metal-
lization criterion is shown in Fig. 12. The relation between
the refractive index and optical bandgap [50] is given by
Eq. (10)

n—1 1 (Eg)l/z
n2+2 (012

(10)

where n is the refractive index of the material, and Eg is the
bandgap of the material.

Metallization criterion is given by Dimitrov and Sakka
[51]. It is used to study the nature of the material, i.e., metal-
lic or insulating. The calculation of this parameter is based
on the refractive index and the bandgap of the material
which is given by Eq. (11)

n?—1 (Eg)l/2
T 242 (20)1/2

M=1 11
where M is the metallization criterion. Generally, when the
value of M is less than 1 (M < 1), then the material is non-
metallic, and when the value of M is greater than 1 (M > 1),
then the material is metallic. In this study, for all the sam-
ples the value of M is less than 1 which indicates the non-
metallic nature of the samples. The variation in values of
bandgap, refractive index, and metallization criterion for all
the synthesized samples are listed in Table 3.

7 Conclusion

The present study shows that Ba;Zr,0;: Eu’* phosphors
are successfully synthesized via the solution combustion
method. XRD result confirmed the tetragonal crystal sys-
tem with space group 14/mmm (139), and the lattice param-
eters found to be a=4.35 (A) and c=21.7 (A) are well-
matched with the standard JCPDS card. XPS results affirmed
the presence of Ba, Zr, O, and Eu having a charge state of
24,4+, 2-, and 3+, respectively. FESEM result shows
the mixed morphology comprised of some spheres and
plates. The four PL emission bands are obtained at 591 nm
(Dy—F)), 613 nm (°D,— F,), 655 nm (°D,— 'F;), and
704 nm (°D,— 'F,) under 392 nm excitation. The CIE
chromaticity coordinates of optimum molar concentration
(2 mol.%) are found to be (0.64, 0.36) which exhibit intense
red emission and the phosphor may be used for white light-
emitting diodes (WLEDs) under near UV excitation. The
values of optical bandgap, refractive index, and metallization

@ Springer
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Table 3 Variation in the bandgap, refractive index, and metallization
criterion of Eu**-activated Ba;Zr,0, phosphor

Concentration of Bandgap E,(eV)  Refractive ~ Metallization
Eu** jon (mol.%) index N criterion M
0 4.63 2.057 0.4811

0.5 4.68 2.049 0.4837

1 4.70 2.046 0.4847

1.5 4.76 2.037 0.4878

2 4.83 2.025 0.4914

2.5 4.77 2.035 0.4883

3 4.67 2.051 0.4832

35 4.64 2.056 0.4816

4 4.62 2.059 0.4806

criterion of Ba,Zr,0,: Eu*™ (0—4 mol.%) are obtained in the
range of 4.62-4.83 eV, 2.025-2.059, and 0.4806-0.4914,
respectively.
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