
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
Se

pt
em

be
r 

20
17

. D
ow

nl
oa

de
d 

on
 4

/4
/2

02
6 

7:
14

:4
1 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Blue to magenta
aCrystal Growth and Nano-Science Rese

Government College (A), Rajamahendrav

E-mail: drkrcr@gmail.com
bDepartment of Physics, Adikavi Nannaya U

Pradesh, India
cConn Center for Renewable Energy Researc
dDepartment of Engineering Physics, Andhra
eDepartment Physics, Andhra Layola College

† Electronic supplementary informa
10.1039/c7ra08864g

Cite this: RSC Adv., 2017, 7, 44915

Received 10th August 2017
Accepted 7th September 2017

DOI: 10.1039/c7ra08864g

rsc.li/rsc-advances

This journal is © The Royal Society of C
tunable luminescence from
LaGaO3: Bi

3+, Cr3+ doped phosphors for field
emission display applications†

Ch. Satya Kamal,ab T. K. Visweswara Rao,a T. Samuel,a P. V. S. S. S. N. Reddy,a

Jacek B. Jasinski,c Y. Ramakrishna,d M. C. Raoe and K. Ramachandra Rao *ac

A series of blue to magenta emitting color-tunable LaGaO3: Bi3+/Cr3+ phosphors were prepared by

chemical routes, and their phase structure, morphology and photoluminescence (PL) properties were

investigated in detail. Luminescence studies indicated that the optimum concentrations of Bi3+ and Cr3+

in LaGaO3 were found to be 1 at% and 3 at%. Co-doping with Bi3+ ions resulted in increased Cr3+

emission intensity and gradual reduction in Bi3+ emission intensity, confirming the presence of a Bi3+–

Cr3+ energy transfer. The energy transfer (ET) mechanism from the host lattice to the Bi3+ and Cr3+ ions

in the LaGaO3: Bi
3+/Cr3+ phosphor has been explained. The ET efficiency has been calculated and found

to be 55%. The critical ET distance has been calculated by the concentration-quenching method. The

enhanced intensity and tuned luminous color of LaGaO3: Bi3+/Cr3+ phosphors provided a promising

material for field emission display devices.
Introduction

Currently, oxide-based perovskite phosphors are strategic
components for display applications, described by the general
chemical formula ABO3. Research on these materials opens
a variety of new possibilities in the eld of at panel display
devices, which can be integrated into various types of displays
such as plasma display panels (PDPs), vacuum uorescent
displays (VFDs), electro-luminescent displays (EDs) and eld
emission displays (FEDs).1–7 In comparison to conventional
phosphors for cathode ray tubes (CRT), it is important to
develop phosphors for display devices that show high efficiency
and good stability at low-voltage electron excitation and high
current density.5–9 Therefore, selection of suitable phosphors
material is considered to be one of the most critical and urgent
challenges in the lighting eld. It is well known that besides
from its luminescence applications, LaGaO3 perovskite have
been promising material as an electrolyte for solid fuel cells.10,11

The lanthanum gallate (LaGaO3) crystal has an orthorhombi-
cally distorted centrosymmetric GdFeO3 type perovskite-like
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structure with space group Pbnm.12 Indeed, LaGaO3 is a rela-
tively simple matrix, which consists three dimensional sub-
lattice of corner connected GaO6 octahedra and the La3+ is in
eight-fold coordination with oxygen ions, and is potentially act
as a host material in phosphor applications. LaGaO3 doped with
several rare earth (RE) ions (RE ¼ Eu, Tb, Dy/Eu, Sm/Tb etc.)
were extensively studied for their luminescence properties,
color rendering properties and superior stability under electron
bombardment.13–15 The luminescent properties of Bi3+ doped
LaGaO3 were studied by B. Jacquier et al.16 reported that Bi3+ was
a good activator of luminescence for lanthanide compounds
having its transitions between the ground state 1S0 and the
excited levels 3P1 and 1P1. Alok M. Srivastava et al.17 reported
thermal quenching of Bi3+ luminescence in LaGaO3 and
explained the energy transfer mechanism between Bi3+ ions to
host lattice-quenching centers. Research reports also show that
along with Eu2+, Ce3+; Bi3+ could be used as sensitizer ion to
produce abundant and tunable emission colors including white
via adjusting doped ion concentrations.18–22 Trivalent chro-
mium (Cr3+) is widely used as a luminescent dopant in various
materials. Chromium is a low-cost activator, which can provide
deep red color and bright luminescence. On this account, Cr3+

is the subject of numerous optical spectroscopic, vivo imaging,
energy saving and luminescence applications.23–26 Recently,
signicant efforts have been devoted by several research groups
on the synthesis and characterization of various Cr3+ doped
host materials.

Our present studies have paid more attention to investigate
NIR photoluminescence of Cr3+ ions doped LaGaO3 phosphors
and also including the enhancement in intensity of Cr3+ ions on
RSC Adv., 2017, 7, 44915–44922 | 44915
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co-doping with Bi3+ ions in detail. To the best of author's
knowledge, no accurate information is available on the energy
transfer (ET) mechanism and efficiency from Bi3+ to Cr3+ in
LaGaO3 compound. From CIE color coordinates, it is demon-
strated that, by carefully selecting Bi3+ and Cr3+ contents, the
relative intensity of the different emissions can be changed
producing an overall emission colour that can be tuned from
blue to magenta.
Experimental details
Preparation of the nanoparticles

The LaGaO3 undoped, LaGaO3: (0.1, 0.5, 1, 2 at%) Bi3+, LaGaO3:
(0.5, 1, 3, 5 at%) Cr3+ and LaGaO3: (1 at%) Bi3+, (0.5, 1, 3, 5 at%)
Cr3+ phosphors were all prepared by the polyol mediated
method. Stoichiometric amounts of La(NO3)3$6H2O (Sigma-
Aldrich, 99.99%), Ga(NO3)3$H2O (Sigma-Aldrich, 99.99%),
Bi(NO3)3$5H2O (Sigma-Aldrich, 99.99%), Cr(NO3)3$9H2O (Alfa
Aesar 98.5%) are used as precursors. Ethylene glycol (MERCK,
99.99%) was used as a solvent and stabilizing ligand. For
preparing the undoped lanthanum gallate (LaGaO3), initially
stoichiometric amounts of La(NO3)3$6H2O and Ga(NO3)3$H2O
was transferred into a two-necked RB ask containing solution
of 20 ml ethylene glycol. The solution was kept under magnetic
stirring and continuous heating. When the temperature was at
100 �C, around 2 gram urea was added and temperature was
raised further to 120 �C and kept up at this temperature for 2
hours. The formed precipitate was cooled, centrifuged, washed
thrice with methanol, twice with acetone and allowed to dry
overnight at room temperature. Then the samples were sintered
in a muffle furnace at a temperature of 1000 �C for 5 h. Finally,
the samples are naturally cooled down to room temperature and
fully ground for further investigations. The above procedure
was repeated for the preparation of Cr and Bi/Cr, doped LaGaO3

samples by dissolving required amount of Cr(NO3)3$9H2O, and
Bi(NO3)3$5H2O salts in ethylene glycol.
Fig. 1 (a) XRD patterns of LaGaO3, LaGaO3: Bi3+, LaGaO3: Cr3+,
LaGaO3: Bi

3+, Cr3+ samples (b) 3D crystal structure of LaGaO3 and (c)
FE-SEM image of LaGaO3: (1 at%) Bi3+, (3 at%) Cr3+ sample.
Characterization

X-ray diffraction (XRD) studies were carried out using a Philips
powder X-ray diffractometer (model PW 1071) with Ni ltered
Cu-Ka radiation. For calibration purpose, diffraction peak cor-
responding to the (111) plane of Si at a 2q value of 28.442� was
employed. The lattice parameters were obtained from rene-
ment of the XRD patterns using POWDERX soware. All steady-
state luminescence and lifetimemeasurements were carried out
at room temperature using an Edinburgh Instrument (FLSP 920
system) having a 450 W Xe lamp. A microsecond ash lamp and
a nanosecond hydrogen ash lamp were used for lifetime
measurements. All emission and excitation measurements were
carried out with a resolution of 3 nm. Emission spectra were
corrected for the detector response and excitation spectra for
the lamp prole. The fundamental structural morphologies of
the samples and the elemental composition investigation has
been done by utilizing a eld emission scanning electron
microscope FE-SEM Supra 55 (Carl Zeiss, Germany). An
44916 | RSC Adv., 2017, 7, 44915–44922
accelerating voltage of 20 kV and magnication of 10k� was
used for recording the micrographs.
Results & discussion
Phase formation and microstructure

Fig. 1(a) shows the XRD patterns of undoped LaGaO3, LaGaO3: 1
at% Bi3+, LaGaO3: 3 at% Cr3+ and LaGaO3: 1 at% Bi3+, 3 at% Cr3+
This journal is © The Royal Society of Chemistry 2017
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phosphors. From Fig. 1(a), all the diffraction peaks are in good
agreement with the reported orthorhombic phase of LaGaO3

(PCPDF89-7946)19 and no second phase was detected indicating
that the Bi3+ and Cr3+ completely dissolved in the LaGaO3 host
lattice. Table 1 shows lattice parameters and unit cell volume
calculated from the peak position of XRD patterns from the
Table 1 Lattice parameters of LaGaO3, LaGaO3: 1 at% Bi3+, LaGaO3: 3
at% Cr3+ and LaGaO3: 1 at% Bi3+: 3 at% Cr3+ phosphors

Compositions a (�A) b (�A) c (�A) V3 (�A)

LaGaO3 5.478 5.594 7.659 234.70
LaGaO3: 1 at% Bi3+ 5.468 5.552 7.691 233.48
LaGaO3: 3 at% Cr3+ 5.483 5.617 7.652 235.66
LaGaO3: 1 at% Bi3+, 3 at% Cr3+ 5.473 5.563 7.644 232.73

Fig. 2 Emission spectra and excitation (inset) of LaGaO3 phosphor.

Fig. 3 (a) Emission spectra and excitation (inset) spectra of LaGaO3: Bi
3+

and monitored at 374 nm.

This journal is © The Royal Society of Chemistry 2017
undoped and doped LaGaO3 samples whereas average particle
size where calculated from the peak width (i.e. FWHM) of the
most intense peak (110) at 2q ¼ 32.49� from the XRD pattern
using Scherrer's equation (D ¼ 0.9l/b cos q, where D is the
average particle size, l is the wavelength of X-rays and b is the
corrected full width at half maximum (FWHM) of an observed
peak). The average crystallite size (D) of pure LaGaO3, doped
and co-doped LaGaO3 particles which are annealed at 1000 �C
are estimated in the range of 70–80 nm. LaGaO3 structure
shown in Fig. 1(b) consists of slightly distorted and tilted GaO6

octahedra are linked to each other by corner sharing to form
three-dimension network and the La3+ is in eight-fold coordi-
nation with oxygen ions. The average bond length of Ga–O in
GaO6 is 1.975 �A; while La3+ is 8-coordinated by O atoms with
average bond length of 2.62 �A for La–O. The minor changes in
lattice parameters of single doped Bi3+, Cr3+ and co-doped in
LaGaO3 when compared with undoped LaGaO3 depends on
ionic radii.22 The radius of Bi3+ (r ¼ 1.03 �A, coordination
number, CN ¼ 6) is similar to that of La3+ (r ¼ 1.16�A, CN ¼ 8),
while the radius of Cr3+ (r ¼ 0.61 �A, CN ¼ 6) is comparable to
that of Ga3+ (r ¼ 0.47 �A, CN ¼ 6),27 thus in Bi3+–Cr3+ co-doped
LaGaO3, Bi

3+ mostly likes to take La site and Cr3+ likes to take
Ga site. SEM image of the selected LaGaO3: 1 at% Bi3+, 3 at%
Cr3++ phosphor is presented in Fig. 1(c). It is clearly seen that
the sample is composed of aggregated particles with size
ranging from 60 to 90 nm. The approximate spherical
morphology and particles size conrms that these phosphors
can be used potentially in the future eld emission display
device applications.
Photoluminescence and energy transfer (ET) mechanism of
the samples

Excitation (inset) and emission spectra of host LaGaO3 at room
temperature shown in Fig. 2, with excitation at 250 nm, host
LaGaO3 gives a wide band from 300 to 600 nm with a maximum
peak at 428 nm, which is attributed to the transition of self-
phosphor (b) decay curve for LaGaO3: Bi
3+ phosphor excited at 309 nm

RSC Adv., 2017, 7, 44915–44922 | 44917
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Fig. 4 (a) Emission spectra (inset: PL intensity dependence on Cr3+

content) (b) excitation spectra of LaGaO3: Cr
3+ phosphor excited at

453 nm and monitored at 740 nm. (c) Schematic diagram of the
photoluminescence showing the excitation, electron transitions of
Cr3+ in LaGaO3: Cr

3+ phosphor.
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activated optical center corresponding to groups in the host
lattice GaO6.28 Monitored at 428 nm (inset), the corresponding
excitation spectra in the range of 200–300 nm is observed with
maximum peak position at 428 nm.

The excitation (inset) and emission spectra of a samples
LaGaO3: (0.1, 0.5, 1, 2) at% Bi3+ is shown in Fig. 3(a), it is
observed that the emission band centred at �374 nm which is
attributed to 3P1–

1S0 transition of Bi3+ ion on excitation with
309 nm.

With increasing Bi3+ concentration, the intensity of the
374 nm emission band increases and reaches a maximum at
1 at% and decreases when Bi3+ content is further increased due
to concentration quenching effect. Hence, multiphonon relax-
ation and the cross relaxation between neighboring Bi3+ ions,
substantially quench the photoluminescence.29 Hence, the
optimized Bi3+ content is at x ¼ 1 at%. This is also conrmed
from the corresponding bi-exponential lifetime decay values
(152.52 ns, 168.26 ns, 201.12 ns, 142.03 ns) and curves of Bi3+

ions in LaGaO3 which is shown in Fig. 3(b)30 (procedure for
calculation of decay values shown in preceding sections).

The excitation spectra shows weak band around 255 nm due
to the charge transfer (CT) transition of 2p orbital of O2�to the
empty 4s orbital of Ga3+ because the 3d orbital is completely
lled31 and another is at 309 nm due to 1S0–

3P1 electron tran-
sition of Bi3+ ion respectively. And overlapping of the absorption
band of 1S0–

1P1 state of Bi
3+ ions and the (O–Ga) CT transition is

also observed.16 Emission band of host LaGaO3 is found to
overlap with excitation band of LaGaO3: 1 at% Bi3+ phosphor in
the range of 275–350 nm, so, energy transfer (ET) between Bi3+

ion and GaO6 group may be formed shown in Fig. 1S.† In
addition, it is worth to note that LaGaO3: 1 at% Bi3+ phosphor
with excitation around 309 nm does not show host emission
band assigned to Ga3+–O2� transition because the excited
electrons in GaO6 group directly transfer the energy from the
conduction band level of GaO6 to higher excited level of Bi3+ ion
by energy transfer process.

Fig. 4(a and b) shows the emission and excitation spectra of
LaGaO3: (0.5, 1, 3, and 5 at%) Cr3+ phosphor. Under excitation at
453 nm, the sample exhibits a broadening 2E / 4A2 emission
peaking at 740 nm ranging from �650 to 800 nm. The broad-
ening of the 2E / 4A2 emission is possibly caused by the
electron-phonon coupling in the host lattice. The excitation
spectrum shown in Fig. 4(b) monitored at 740 nm covers a very
broad spectra ranging from 200 to 700 nm and consists of three
excitation bands originating from the d–d inner transitions of
Cr3+, i.e., 262 nm band originating from the 4A2 / 4T1 (te2)
transition, the 453 nm band originating from the 4A2/

4T1 (t
2e)

transition and the 617 nm band originating from the 4A2 /
4T2

(t2e/2E) transition.32,33 In addition to this, (Fig. 4(a) inset) shows
the variation in the Cr3+ concentration-dependent PL intensi-
ties, and the optimum doping concentration was found at y ¼ 3
at%.

Aer that, the PL intensity begins to reduce owing to the
concentration quenching effect of Cr3+ ions. Furthermore,
a schematic diagram of the related energy levels for LaGaO3:
Cr3+ phosphors is depicted in energy level diagram Fig. 4(c). As
for the photoluminescence process, under light excitation
44918 | RSC Adv., 2017, 7, 44915–44922 This journal is © The Royal Society of Chemistry 2017
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corresponding to different wavelength, such as 261 nm, the
ground-state electrons of Cr3+ ions are promoted to the 4T1 (te

2)
level. The excited electrons will relax to the 2E energy level, and
shows the near Infra-Red emission via the 2E / 4A2 transition.
The corresponding bi-exponential average lifetime decay values
and curves of Cr3+ ions (1.48 ms, 3.26 ms, 3.91 ms, 2.14 ms) in
LaGaO3 which is shown in Fig. 5. The efficient ET needs to have
a signicant spectral overlap between the emission bands of
undoped and Bi3+ doped LaGaO3, Fig. 2S† to excitation bands of
LaGaO3: 3 at % Cr3+ nanophosphor, in the range of 250–800 nm.
Thus it can be speculated that in the co-doped LaGaO3, the
energy transfer from GaO6 to Cr3+ and Bi3+ to Cr3+ may occur.

In Fig. 6(a), it is observed that the emission spectrum of
LaGaO3: 1 at% Bi3+, (0.5, 1, 3, 5 at%) Cr3+ contains both Bi3+

emission and Cr3+ emission when excited at 309 nm. When Bi3+

concentration was xed at 1 at%, and varying the Cr3+ concen-
tration, the emission intensity of Cr3+ reaches maximum upto 3
at% and then notably decrease of Cr3+ emissions is observed on
increasing further concentration, which can be rationalized as
concentration quenching. From the excitation spectra (inset)
(monitored at 740 nm) Fig. 6(a), broad band ranging from (200–
400 nm) peak maximum at�309 nm is observed which is due to
Bi3+ ion absorption and peaks around (weak) �260 nm, (broad)
�453 nm are due to d–d transitions of Cr3+ ions. Meanwhile,
Bi3+ emission decreases gradually, and this phenomenon
ascribed to energy transfer happened between Bi3+–Cr3+ in this
system. The relative emission intensities of Cr3+ ions at 740 nm
and Bi3+ ions at 374 nm as a function of Cr3+ concentration were
shown in Fig. 6(b). In addition it is observed that on excitation
with 309 nm along with Bi3+, Cr3+ characteristic emissions there
is weak host emission around �450 nm which is due to GaO6

transitions, which is overlapped with Bi3+ ion emission as
shown in (Fig. 6(a)). Since the emission band of the LaGaO3 host
overlaps with the excitation band of Bi3+, Cr3+ ions, the excited
electron gets transfer their energy from GaO6 group directly to
Fig. 5 Average Life time decay curve and values for LaGaO3: Cr
3+

phosphor excited at 453 nm and monitored at 740 nm.

Fig. 6 (a) Emission and excitation (inset) spectra of LaGaO3: 1 at% Bi3+,
3 at% Cr3+ phosphor (b) intensity variation of Bi3+ as a function of Cr3+

concentration (c) intensity enhancement of Cr3+ ions on Bi3+ co-
doping via energy transfer between Bi3+–Cr3+.

This journal is © The Royal Society of Chemistry 2017 RSC Adv., 2017, 7, 44915–44922 | 44919
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Table 2 Energy transfer efficiency (hT) of the LaGaO3: 1 at% Bi3+, 3 at%
Cr3+ phosphor

Concentration (x) h (%)

0.5 11
1 24
3 37
5 55
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Cr3+ and Bi3+ ions. Later, the excited electrons in Bi3+ ion then
relaxes where some part of energy has been released in the form
of 374 nm light and the other part was contributed by the energy
transfer process from Bi3+ to the Cr3+.

At the same time, we also illustrated the emission proles
(lex ¼ 453 nm) of Cr3+ ion with and without Bi3+ ion presence in
host for verifying the intensity enhancement in Cr3+ emissions
due to Bi3+–Cr3+ energy transfer shown in Fig. 6(c). The energy
transfer from Bi3+ to Cr3+, results in the improvement of Cr3+

emission, which is also strongly supported by the decrease in
the decay behaviour of the Bi3+ emission in co-doped samples.

Decay curves of Bi3+ with various Cr3+ content for the system
LaGaO3: 1 at% Bi3+, (0.5, 1, 3, 5 at%) Cr3+ are illustrated in
Fig. 7(a and b). The decay curves were well tted with a double-
exponential rule according to the following equation:

I ¼ A1 exp

��t
s1

�
þ A2 exp

��t
s2

�
(1)

where, I is the luminescence intensity at the time t, s1 and s2 are
two components of the decay time, A1 and A2 are constants.
According to these parameters, the average decay times of
LaGaO3: 1 at% Bi3+, (0.5, 1, 3, 5 at%) Cr3+ nanophosphors can be
calculated according to the following formula:34

s ¼
�
A1s21 þ A2s22

�
A1s1 þ A2s2

(2)

Decay times (s) of Bi3+ calculated are about 180.12, 153.25,
127.21 and 90.72 ns for Fig. 7(a) LaGaO3: Bi

3+ (1 at%), (0.5, 1, 3, 5
at%) Cr3+ and corresponding to decay times of 2.27, 3.75, 5.48
and 2.55 ms respectively for varying contents of Cr3+ Fig. 7(b).

The increase of Cr3+ content leads to faster decay of Bi3+

emission, which is attributed to ET from Bi3+ to Cr3+. The ET
efficiency hT of Bi3+–Cr3+ can be calculated using the following
equation35
Fig. 7 (a) Decay curve for Bi3+ ions in LaGaO3: 1 at% Bi3+, (0.5, 1,3,5 at%)
curve for Cr3+ ions in LaGaO3: 1 at% Bi3+, (0.5, 1,3,5 at%) Cr3+ phosphor

44920 | RSC Adv., 2017, 7, 44915–44922
hT ¼ 1� sS
sS0

(3)

where sS and sS0 represent the lifetime values of sensitizer Bi3+

in the presence and absence of Cr3+. The energy-transfer effi-
ciency hT values from Bi3+ to Cr3+ for LaGaO3 are tabulated in
Table 2. With increasing Cr3+ doping concentrations, the
energy-transfer efficiency hT reaches approximately 55%, indi-
cating that the ET from Bi3+ to Cr3+ is efficient (Table 2).
However, it is well-know that the impurities can affect the
luminescence properties, but it has the minute inuence.
Therefore, the interaction type between sensitizers or between
sensitizer and activator can be calculated by the following
equation36

I

x
¼ K

h
1þ bðxÞq=3

i�1
(4)

where x is the concentration of the activator ions (Bi3+ and Cr3+

ions), I is the emission intensity, K and b are constants for the
same excitation condition for a given host lattice, and q is
a function of multipole–multipole interaction. When the value
of q is 6, 8, or 10, the interaction types correspond to dipole–
dipole (d–d), dipole–quadrupole (d–q), and quadrupole– quad-
rupole (q–q) interactions, respectively. The dependence of log(I/
x) on log(x) was found to be relatively linear, and it yields
a straight line with a slope equal to q/3, so we can obtain the q
Cr3+ phosphor excited at 309 nm and monitored at 374 nm (b) decay
excited at 309 nm and monitored at 740 nm.

This journal is © The Royal Society of Chemistry 2017
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Fig. 9 CIE chromaticity diagram.
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value to study the energy-transfer process between Bi3+ and Cr3+

in LaGaO3 host. As shown in Fig. 8 the slope of the straight line
is �q/3 ¼ �1.72 based on the PL data of this series of LaGaO3: 1
at% Bi3+, (0.5, 1, 3, 5 at%) Cr3+ samples. The calculated value of
q is 5.16, which is close to six, meaning that the dipole–dipole
interaction is the dominant mechanism for the interaction of
Bi3+ and Cr3+ in the LaGaO3 phosphors.

Moreover, the critical distance of Bi3+ and Cr3+ is also an
essential parameter if we consider the concentration quenching
effect in this system. We can approximately estimate the critical
distance from the report of Blasse, the critical distance (Rc) can
be calculated as follows36

Rc z 2

�
3V

4pXcZ

�1=3

(5)

where V is the volume of the unit cell, Z represents the number
of the activator ions in the unit cell, Xc is about 0.04 from the
total concentration of Cr3+ (the concentration of 0.03) and Bi3+

(the concentration of 0.01). For the LaGaO3 host, the crystallo-
graphic parameters are (V ¼ 244.77 �A, Z ¼ 2). The Rc critical
transfer distance is determined to be 11.34 �A. This value is
much longer than 5 �A, indicating the possibility of energy
transfer via the multipolar interaction mechanism, viz, dipole–
dipole interaction as mentioned above.

It is worthwhile to notice that the emission band of Bi3+ ions
is in blue region and the emission band of Cr3+ ions is in red
region. Combining both of them, magenta light emission may
be achieved. Therefore, the luminescent colors of LaGaO3: Bi

3+

(1 at%), (0.5, 1, 3, 5 at%) Cr3+ phosphors excited by 311 nm are
characterized by Commission International de I'Eclairage (CIE)
chromaticity diagram and shown in Fig. 9. The Bi3+, Cr3+ co-
doped samples generates the color tunability from blue to
magenta due to an efficient energy transfer from Bi3+ to Cr3+.
The CIE chromaticity coordinate of LaGaO3: Bi

3+ 1 at%, 3 at%
Cr3+ sample is calculated to be (0.45, 0.24), i.e. magenta color is
obtained from LaGaO3: Bi

3+ 1 at%, 3 at% Cr3+ sample. The
Fig. 8 The fitting line of log (I/x) vs. log(x) in LaGaO3: 1 at% Bi3+, 3 at%
Cr3+ phosphors beyond the quenching concentration.

This journal is © The Royal Society of Chemistry 2017
results indicate that Bi3+, Cr3+ co-doped phosphors may nd
potential application in eld emission display applications.
Conclusions

In this study, Bi3+ and Cr3+ co-doped LaGaO3 phosphors were
prepared by chemical route. XRD proved the orthorhombic
phase of LaGaO3: Bi

3+, Cr3+ phosphors annealed at 1000 �C. The
recorded FE-SEM micrograph showed that LaGaO3: Bi

3+, Cr3+

phosphors were composed of agglomerated and spherical sha-
ped particles. The photoluminescence properties, life time
studies and energy transfer process were investigated in detail.
The energy transfer from Bi3+ to Cr3+ was clearly observed and
the maximum efficiency found to be 55% from lifetime values.
Furthermore, the CIE diagram showed that the colors can be
tuned from blue to magenta, indicating that the developed
phosphor may potentially be used as a single phase phosphor
for eld emission display devices.
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