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Abstract: Herein, we report a strategy to synthesize a highly efficient yellow light emitting Y.
xAlsO12: Cex (x = 0.03 to 0.3) based bulk as well as nano (rod shaped) phosphors which is the
main component of solid state white light emitting diodes (WLEDs). The as-synthesized
phosphors were well characterized by several experimental techniques related to material
characterization and spectroscopy. The bulk and nano phosphors are emitting with the maximum
photoluminescence intensity peaking at 549 and 530 nm, respectively upon 468 nm excitation
wavelength. These phosphors have exhibited higher photoluminescence intensity as compared to
commercially available bulk phosphor coated on WLEDs strips. Moreover, the integration of
commercially available InGaN blue LED strips with synthesized bulk and nano phosphors
demonstrates better CIE coordinates, low colour temperature with high brightness (>81%
quantum yield) as compared to commercially available WLEDs based strips, lantern and torch.
These highly efficient light emitting phosphors would be the more feasible and ultimate

candidate for their potential use in commercial WLED applications.
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1. Introduction

Solid state lighting (SSL) devices have become a paragon source of generating light due to their
rapidly improving efficiency with the huge energy saving offered by them as compared to
conventional high energy discharge lamp (e.g. metal halides and high pressure sodium) and
therefore, requires less input energy to deliver same amount of output power.'> Over the past
decades, a new generation of solid state lighting in the form of white light-emitting diodes
(WLEDs) have fascinated much attention in display and lighting because of their high efficiency,
compactness, good material stability, long operational lifetime (>100,000 h) and eco-
friendliness which gives them a leading edge over other lighting and display applications.l'7
Nowadays, the most general approach to generate white light from LEDs is the combination of
blue LEDs (emission at ~460 nm) or near-ultraviolet (N-UV) LEDs (~370—410 nm) with
complementary colour emitting phosphors.® Commercially, these are fabricated by combining
blue LED chips with yellow-emitting phosphor. The operating mechanism of WLEDs depends
upon the optical pumping of the integrated luminophors through emission from coloured LEDs.
The subsequent collection of photoluminescence obtained from phosphors preceded by electro-
luminescence of LEDs determines the properties of device.” To fully exploit WLEDs to their
potential, there are still numerous drawbacks which have to be overcome simultaneously to make
them feasible in real-life lighting applications. Among them, low colour rendering index (Ra <
80) due to deficiency of red colour in emission and different degradation rate of blue LED and
phosphor which causes chromatic aberration and poor colour stability are the most critical. '
Moreover, it emit cool white light having Commission International de I’Eclairage (CIE)
coordinates of (0.292, 0.325) and correlated colour temperature (CCT) of 7756 K which
aggravates the situation and restricts their use for versatile applications."'

Ever since, WLEDs are based on the combination of yellow phosphor with blue LEDs.
Numerous  phosphors  have  been  reported including  NaSry(BO3)3:Ce’" Mn?",
NaBay(BOs);:Ce>" Mn*", Sr;B,06:Ce*" Eu*’, LiSrBOs:Eu?", Sr3(ALOs)ClL:Eu ** and so on for
their application for the purpose of WLEDs. Most of them have claimed of their ability to
replace Y3Als012:Ce (YAG:Ce) in commercial applications but none of them have been

successful so far.'"” Till date, the combination of yellow phosphor YAG:Ce and InGaN based
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blue LED is still the most popular method to generate white light. 2° The strength of YAG:Ce lies
in its unique features such as strong absorption of blue light in range of 440 to 480 nm which
results due to dipole-allowed electronic transitions in activated Ce’" ions, subsequent broad
emission in yellow region, fast luminescence decay time( < 100 ns), high external quantum
efficiency (~ 75% under blue LED excitation) and remarkably high chemical and thermal
stability.”! However, there are still some critical problems associated with commercially used
YAG:Ce in WLEDs like harsh synthesis condition, temperature quenching of luminescence and
cool light (8500K).” Recently, many researchers are focusing on development of YAG:Ce
nanophosphors to tackle the problems associated with bulk YAG:Ce.”** In order to comprehend
these proceedings, we have done a comparative study between bulk and nano phosphors in this
manuscript. Now, our effort in this present investigation is to address all these issues by tailoring
as well as customizing the method for synthesis of both bulk and nano YAG:Ce phosphors.
Besides, till date all the recently published literature reports are only focused on the feasibility of
either bulk or nano phosphors ,not on both simultaneosly.”>® No one has focused their studies
on comparison between performance of WLEDs fabricated with bulk and nano phosphors
(especially nanorods) of YAG:Ce and their combined comparative study with the commercially
available products as per the best of our knowledge which has been accomplished in our present
work. Due to their unique structural properties, nanorods are very efficient in extracting light.
For efficient operation of WLEDs, larger effective surface area of phosphor with good brightness
and minimum lattice distortion are desirable. Nanorods possess both these features. Besides, they
have very high aspect ratio which eases the extraction of generated photons. Since, we are
utilizing hydrothermal method for preparation of nanorods, the temperature required for their
synthesis is also reduced due to higher effective surface area. This leads to a more efficient
method of their synthesis causing less power consumption which is further supported by the
reduced initial growth temperature for nucleation of the phosphor along with less annealing time.
Being light weight in nano form, the gravimetric mass of phosphor required for fabrication of
WLEDs is also less in amount. Despite these great advantages, the usages of nanorods based
phosphors for practical applications like fabrication of WLEDs are severely restricted because of
their lower luminous efficiency and photobleaching as compared to bulk phosphor. *’

Concisely, in this paper, we have synthesized bulk as well as nano Y3AlsO5:Cey (x =

0.03-0.3) phosphors and integrated them successfully with blue LEDs commercial strip.
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Moreover, the shape dependent structural/microstructural studies as well as their
photoluminescence properties of synthesized phosphors have been explored in details.
Furthermore, comparative studies focused on WLEDs fabricated with bulk and nano YAG:Ce
phosphors have been discussed in terms of their commercial use which is merely reported in
literature. Besides this, we have also compared in-house fabricated WLEDs strips with
commercial available Chinese WLEDs torch (Small Sun) and locally fabricated Lantern
(Ashirwad, India) in market. The obtained results significantly assert that our synthesized
phosphors can be a promising candidate for replacing existing phosphors utilized in commercial

LEDs.

2. Experimental Procedures

We have performed several experiments to synthesize bulk as well as nano YAG phosphor such
as solid state reaction, co-precipitation (CP), sol—gel (SG), auto-combustion and hydrothermal
methods. But, we got better results in terms of photoluminescent intensity in present
investigation (auto-combustion cum solid state diffusion method (for bulk) and hydrothermal
reaction (for nano)) as compared to other methods. Thus, we have chosen to explain our best

obtained synthesis methods and related results for synthesis of bulk and nano phosphors.

2.1 Preparation of bulk YAG:Ce : Bulk Y34Als0,,:Cex (x = 0.03—0.3) was prepared by an
integrated auto-combustion and solid state diffusion method. The starting materials including
Y203 (99.99%), Al,03 (99.99%) and Ce,03 (99.99%) were used without any further purification
unless otherwise stated. All the chemicals were purchased from Sigma Aldrich. Stoichometric
amount of Y,03, Al,O3 and Ce,0O3 were mixed with minimum quantity of DI water separately so
as to form a milky white paste. As it is a well known fact that oxides are insoluble in DI water
,<therefore, in order to form a transparent solution we have further added few drops of dilute
HNO;(69% GR) to each of the mixtures separately so as to form nitrates of respective
compounds followed by heating at 100°C for 2 hrs. under constant stirring. Urea (99.99%) was
added to the mixture of prepared metal nitrates solution in 20:1 volume ratio. The concentration

of cerium in Y3xAlsO1;: Cey is varied from x = 0.03 to 0.3; x = 0.15 (Y3xAl50,:Cey) was found
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to be optimum value for the synthesis of high quality nano phosphors with high brightness . A

typical doping concentration of Ce (x value) is 0.15(5 mol%).

The prepared solution was heated on electric coil heater (~ 400° C). Obtained yellow coloured
bulk mass was re-fired in order to get uniform diffusion of Ce in YAG host at 1400°C for 4 hrs in
presence of boric acid as flux under ambient conditions. The yield of the product obtained was
88% and it is highly reproducible which can be scaled-up in large quantity. The details about the
optimization of Ce concentration and synthesis temperature are well discussed in

photoluminescence section. The overall reaction can be summarized as below:

(3-x)Y(NOs3)3 + xCe(NO3)3 + 5 AI(NOs3); .9H,0 + 20NH,. CONH, —»Y;3,Als01, Ce,t+ 32N, +
49H,0+ 20CO,

For bulk YAG:Ce , we have used an organic cage of PVA (polyvinyl alcohol) to restrict the
agglomeration of particles which is well established in our previous studies for other phosphor

material.?®

This encapsulation got eliminated at high temperature in the form of CO; and H,O. In
case of nanophosphor, we have used cetyl trimethyl ammonium bromide (CTAB) as surfactant
which also gets removed from synthesized phosphor when sintered at high temperature. But, we
have not incorporated these encapsulants formulae in our main equation in order to maintain

discreetness.

2.2 Preparation of nano YAG:Ce : Nanorods of Y3;4Als0;2:Cey (x=0.15) was synthesized by
hydrothermal method. The starting materials including Y,03(99.99%), AI(NO3)3.9H,0 (99.99%)
and Ce(NOs); (99.99%) were used without any further purification unless otherwise stated. All
the chemicals were purchased from Sigma Aldrich. Stoichometric amount of Y;0s,
AI(NO3);.9H,0 and Ce(NO;3); were taken. The metal nitrates were dissolved in DI water to
form a transparent solution. As oxides are insoluble in DI water, we have further added dilute
HNO;(69% GR) into Y,0s paste prepared in DI water to form nitrates of the respective
compound. This step was followed by heating at 100°C for 2 hrs. under constant stirring till it
became a completely transparent solution. The doping concentration of Ce was kept same as in
the case of bulk Y3 Als02:Cex (x=0.15) to compare their responses for the same concentration..

CTAB (1M) was added to the mixture of metal nitrate solutions and then, kept for stirring for 1
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hr. which results in a transparent metal nitrate solution. Subsequently, NaOH was added drop
wise in the transparent metal nitrate solution without having any sediments and simultaneously
stirred vigorously. The pH at the end of this reaction was maintained at ~12. Once yellow
precipitate was formed, it floated on the solution and due to continuous stirring, the yellow
precipitate got deformed and mixed homogenously with the solution forming a semi dry gel
which avoids any kind of sedimentation in the solution. The final solution obtained was kept in a
hydrothermal bomb at 185°C for 10 hrs. The light weight fine yellowish- white powder obtained
after hydrothermal reaction was washed, dried and re-fired at 1400°C for 1 hr in presence of
boric acid as flux under ambient conditions. The yield of the product obtained in this case was

70% which can be scaled-up in large quantity for commercial purpose.

The synthesis protocols of bulk and nano phosphors are summarized in scheme 1(see supporting

information).

2.3 Fabrication of WLEDs strip: A solvent exchange process was developed to disperse the
bulk and nanorods phosphors of YAG:Ce in an epoxy resin (structural formula shown in Fig. S1;
see supporting information) with appropriate ratio. Epoxy resin has been preferred because of its
higher refractive index (1.5) so as to reduce the total internal reflection.”’ Initially, we have
dispersed YAG:Ce phosphor (in case of bulk YAG:Ce, we have taken approx. 500 mg and in
case of nano YAG:Ce, we have taken 10 mg of synthesized powder) in an epoxy solution which
is a mixture of epoxy resin and a curing agent (triethylene tetra amine, chemical structural
formula shown in Fig. S1; see supporting information) which acts as a hardener. A micro syringe
was used for dropping epoxy solution on LED chip The nozzle of syringe which we have used in
our experiment was of 0.5mm diameter having drop volume ~ 0.065 mm’.We have kept the
amount of epoxy solution used same for both bulk and nano phosphors. The ratio of epoxy resin
and hardener was taken to be 100:12.5 by volume. The above mixture was uniformly mixed to
make homogeneous mixture. After that, it was carefully dispensed in the empty space available
on commercially purchased blue LEDs (LED 60 strip, DC 12 V, SMD Model : 3528; non-
waterproof blue InGaN based ROHS, ISO 9001registered company fabricated, made in China) to
fill it properly as shown in scheme 2. Then, it was left without further treatment to get dried at

room temperature for few hours before testing. The fabrication protocol of WLEDs from
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synthesized bulk and nano phosphors by integrating them with blue LED strips is shown in

scheme 2 (see supporting information).

2.4 Characterization of bulk and nano phosphors: As-synthesized bulk and nano phosphors
were thoroughly characterized using a number of different techniques. Phase purity identification
as well as gross structural characterization of YAG:Ce (bulk and nano) phosphor was performed
by XRD technique (Rigaku: MiniFlex, CuKa; A=1.5404A) which utilizes the principle of Bragg
Brantano Geometry. The X-ray scan range starts from 20 to 75° at a scanning rate of 2° per
minute. Prior to the XRD measurement, calibration of the diffractometer was done with silicon
powder (di11=3.1353A). Accurate lattice parameters were obtained by a least square fitting
method using computer-based unit cell refinement software.’® Scanning electron microscopy
(SEM) was performed using Carl Zeiss EVO MA-10 equipment facility. The microstructural
characterizations were carried out by TEM and HRTEM (Technai, Model No. G20-twin, 200 kV
with super twin lenses having point and line resolutions of 0.144 nm and 0.232 nm, respectively)
equipped with energy dispersive X-ray analysis (EDAX) facilities for elemental studies. We
checked the chemical composition and presence of element by XPS spectroscopy. The
photoluminescence (PL) characterizations of bulk and nano phosphors were carried out using
photoluminescence spectrometer (Edinburgh, FLSP- 920) where Xenon flash lamp acts as source
of excitation. Time-resolved spectroscopy was performed by photoluminescence spectrometer
with EPL 375 nm picoseconds pulsed diode laser as a source of excitation. The PL mapping of
bulk and nano phosphors coated blue LEDs strip were performed by WITech alpha 300R+
Confocal PL microscope system (WITech GnBH, Ulm, Germeny), where 375 nm diode laser as
a source of excitation. To estimate the absolute luminescence quantum efficiency of our
synthesized phosphors, we have used an integrating sphere equipped with an Edinburgh
spectrometer (model F900) instrument and by measuring the integrated fraction of luminous flux
and radiant flux with the standard method, quantum efficiency has been evaluated. The colour
temperature, CIE colour coordinates and luminance of the bulk and nano phosphors based
WLEDs strips were compared with the commercially available WLEDs by the Colourimeter,
C1210, serial no. 1296104, as shown in Fig. S2 and Luminance meter series L1000 as Fig.
S3(see supporting information). These instruments facilities are basically part of optical standard
unit where national standardization measurement is being done at National Physical Laboratory,

New Delhi.
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3. Results and Discussions

In the typical synthesis procedure of Y;.xAlsO,:Cex (x = 0.03—0.3) phosphors, a customized SSR
and Hydrothermal method were used for bulk and nano phosphors, respectively. The main
purpose of the modification was to minimize the agglomeration of the bulk and nano particles.
We achieved the non-agglomerated phosphors which is the essential requirement for such
display applications. The versatility of this method is such that one can easily synthesize large

quantity of homogeneous rare-earth doped bulk and nano phosphors for commercial applications.

3.1 Gross structural characterization: The gross structural analyses of the samples were done
by powder X-ray diffraction (XRD). Figs. 1(a&b) show the XRD pattern of bulk as well as
nanorods of Y, gsAlsO01,Ceq 53+ (YAG:Ce ) powder. The XRD analysis is performed to examine
the phase purity of bulk and nano phosphors. The obtained experimental XRD patterns of bulk
and nano phosphors were well indexed with the Joint Committee on Powder Diffraction
Standards (JCPDS) Card No. 33-0040. No additional impurities as well as secondary phases
were observed in the XRD patterns. The crystal structural of YAG:Ce exhibited cubic phase with
lattice parameter a=b=c=(12.0218+0.0017)A (in case of bulk) and a=b=c=(11.9634+0.0076)A
(in case of nano) which belongs to la’d space group. The lattice parameters for YAG:Ce were
calculated from observed ‘d’ values through a least square fitting method using unitcell
refinement software.*® The diffraction peaks were clearly broadened in case of nano YAG:Ce as
shown in Fig.1 (b) which was expected according to Scherrer equation

p=

KA
TCcosfH

(1)

Where f is the line broadening at full width half maximum intensity (FWHM), after subtracting
the instrumental line broadening, in radians, zis the mean size of the crystallites, Kis a
dimensionless shape factor, which has value close to unity( ~0.9), 4 is the X-ray wavelength , 6 is
the Bragg angle. The left inset of Fig. 1(a) exhibits the proposed unit cell of Y 55Als01,Ceg 150
crystal. The right inset shows colour of as-synthesized bulk phosphor under room light. The inset
of Fig. 1(b) shows the colour of as-synthesized nano phosphor under room light. The XRD and

cell parameters of other variants of Y3.4Als0;,:Cex , x = 0.03 to 0.3 bulk phosphors are shown in
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Fig. S4 and table TS1 (see Supporting Information). It can be noticed that the cell parameters
and cell volume are increasing as the concentration of Ce increses up to x=0.15 and decreases
thereafter. Such characteristic has been previously obsrerved for other rare-earth oxides sytem in
our earlier publication.”® We have also performed Raman as well as FTIR for bulk and nano
phosphors as shown in Figs. S5-S8 (see supporting information). The results clearly
demonstrates the evidence of YAG:Ce bulk and nano phosphors.’’”? We have also done the
elemental analysis of as-synthesized bulk phosphor by XPS spectroscopy which clearly
demonstrated the presence of Al, Y, O and Ce and their valance states as shown in Fig. S9 (see

supporting information).

3.2 Surface morphology and microstructural characterizations: Prior to SEM and
TEM/HRTEM analysis, we have sonicated the bulk and nano powder samples in ethanol using
ultra-sonicator operating at 25 kHz frequency to avoid any kind of the agglomerations in the

sample consequently leading to better SEM and TEM/HRTEM image quality.

In order to explore the surface morphology of bulk and nano phosphors of
Y2.85A15012Ce0,153+, we performed scanning electron microscopy (SEM). Figs. 2(a &b)
represents the SEM images of bulk and nano YAG:Ce phosphors. Figs. 2(c &d) exhibit the
magnified version of the marked area in Figs. 2(a &b) by cross red circle. Fig. 2(a) shows the
randomly distributed particles having average size ~ 0.5um (shown by arrow) while nano
YAG:Ce has rod shaped structure with dimensions ~ 1 um in length and 20 nm in diameter
(shown by arrow). It is well-known from the concepts of carbon nanotubes from which nano rods
or nanotubes have evolved that a material having at least one dimension in nano regime which
exists till 100 nm will be recognized as nano materials only.*® The origin of nanorods is due to
higher pH maintained (pH~12) during hydrothermal reaction process which leads to conversion
of yttrium hydroxide to yttrium hexa-hydroxide having columnar structure. Once, the hexa-
hydroxide nanorods formed, this acts as a seed for the growth of oxide nanorods. To analyze the
microstructural analysis of synthesized phosphors and to examine their crystal quality, we
performed their transmission electron microscopy (TEM) as well as high resolution TEM
(HRTEM). Figs. 3 (a &b) shows TEM images of bulk and nano YAG:Ce. In case of bulk
YAG:Ce, we get agglomerates of particles having average size ~ 0.5 um. In case of nano
YAG:Ce ,we get nanorods having average diameter of ~ 20 nm which have good consistency

with our SEM data. Typical HRTEM images of the specified area marked by red cross circle in
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Figs. 3 (a &b) of bulk and nanorod phosphors respectively of isolated YAG:Ce®" are shown in
Figs. 3 (¢ &d). The precise observation of HRTEM images indicates that the both bulk and nano
samples exhibits lattice fringes with an estimated interspacing of 2.68 A which corresponds to
(420) plane. It can be easily noticed from Figs. 3(c &d) that both the samples (bulk and nano
phosphors) exhibit the distinct and continuous lattice fringes without having any distortion which

confirms the high crystal quality of synthesized phosphors.

3.3 Photoluminescence and time-resolved spectroscopy of YAG:Ce phosphors :

PL characterization of YAG:Ce bulk and nano phosphors were done using a
luminescence spectrometer with Xenon lamp as the source of excitation. The concentration of
cerium in Y3.4Als01,:Cey is varied from x = 0.03 to 0.3; x = 0.15 (Y,.85A15012Ce.15) was found
to be optimum value for the synthesis of high quality phosphors with high brightness (see details
in supporting information Fig. S10). Fig. S10 shows, initially, a steady increase in the PL
intensity with an increase in the Ce concentration up to x = 0.15, however, beyond this optimum
value, the PL intensity started to decrease rapidly. This may be due to luminescence quenching
owing to excess Ce’" ions. It is well known that the Ce doping concentration can affect the
distances between two Ce ions in the host lattice. When the Ce concentration is < 5 mol %, the
distance between two Ce ions is far apart and every one of the Ce ions can be regarded as an
isolated luminescent center, which independently emits light without any interference. On the
other hand, nearby Ce ions can mutually interact by an electric multipolar process due to the
shortened distances between two Ce ions in high doping concentration beyond 5 mol %. In the
latter case, the energy transfer rates of Ce ions easily exceed the radiative rates. Thus, the
absorbed photon energy rapidly migrates among Ce ions in the host lattice, which can decrease
the probabilities of the radiative transitions of Ce ions, and even quench the fluorescence if the
excited state gets trapped in an energy sink with a high non-radiative deactivation rate constant.
This is also known as concentration quenching of fluorosence®®. Therefore, it is very crucial to
choose an appropriate doping concentration in order to obtain highly efficient
photoluminescence when designing lanthanide doped poshosphor™*.

Once, optmization of concentration was achieved, we carried out experiments further for
optimization of growth temperature for perfect phase formation. Growth time and growth

temperature are other important parameters that improves the overall crystallinity of the bulk
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phosphor without much increase in the size of nanophosphor. To further improve the PL
intensity, Fig. S11 shows the dependence of the relative PL peak intensity (emission at 549 nm)
on varying growth temperatures as well as growth time. The relative peak intensity and the
brightness are increasing when the growth temperature is increased from 900 to 1400°C.
However, the PL intensity of the phosphors synthesized at temperatures above 1400 °C decrease
sharply as compared to bulk phosphor synthesized at 1400°C (optimum sample). This could be
due to the creation of other oxide secondary phases of yttrium and cerium at high temperatures or
improper diffusion and placement of Ce’" ions at the unfavorable sites of yttrium.*® The XRD
pattern of optimum sample (5 mol %) at high temperature (1500 degree centigrade) where
secondary phases of YAP (YAIO; having a perovskite structure) and YAM (YsAl,O9 having a
monoclinic structure) have been clearly observed as shown in Fig. S12. The other cause may be
that the number of radiative recombinations gradually decreases as compared to non-radiative
recombinations after optimum temperature, and the defects in materials form quenching centers,
which leads to non-radiative recombination resulting in luminescence quenching®’. Therefore,
the change in emission intensity should be mainly associated with the defects that come from the
surface states of phosphors after the recombination of electron—hole pairs. The crystallization of
the phosphor improved with the increase in growth temperature up to optimum temperature
(1400°C) and consequently defects decreased accordingly. Further increase in growth
temperature leads to increased defects.

Fig. 4(a) show the normalized excitation and emission spectra of bulk
Y2.5;5A15012:Ceo.153+ phosphor having emission wavelength at 549nm corresponding to 468 nm
excitation wavelength. The inset of Fig. 4(a) shows the body-colour of as- synthesized bulk
phosphor under ordinary light. Fig. 4(b) shows the normalized excitation and emission spectra of
nano Y, ssAlsO12:Cep g 53+ phosphor having emission wavelength at 530nm corresponding to 468
nm excitation wavelength. The inset of Fig. 4(b) shows the body-colour of as- synthesized nano
phosphor under ordinary light. Here, the emission of nanophosphors has exhibited a blue-shift
than that of bulk phosphor. This blue shift in the PL spectrum of nanophosphors can be
understood by the following explanation. Many literatures have reported that the emission and
absorption peaks of YAG:Ce phosphor vary with the synthesis method, size of the phosphor
particles, doping concentrations and other factors.>® This occurs due to extremely high sensitivity

of Ce ion transitions (4f -5d) to the host environment.” Besides this, it is also a well established
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fact that materials while entering into the nano regime exhibit the size dependent blue shift in
emission spectra for example ZnO quantum dots or Ag nanoparticles show a blue shift in their
emission depending upon their particle sizes. This phenomenon appears due to change in the
band-gap of the materials occurring due to quantization of energy levels in case of nano
materials as compared to energy bands present in the bulk materials. Here, in the present case,
Ce ion doped nanostructures also exhibits the same trend as explained above. In spite of the
shifting, both the emission spectra are well located within the yellow region (520nm—580nm)
which was desirable as it is complementary to the blue light emitted by blue LEDs to generate
white light. Fig. 4(c) shows the chromaticity diagram of CIE colour coordinates for bulk
phosphor which is equal to x=0.4753 and y= 0.4451. Fig. 4(d) shows the CIE colour coordinates
for nano phosphor which is equal to x=0.4613 and y= 0.4321.

The obtained excitation spectra of bulk YAG phosphor exhibit two peaks at 468nm and
341 nm wavelengths. The existence of these two excitation peaks can be candidly explained by
means of energy level diagram of YAG phosphor having Ce’" as its activator as shown in Fig. 5.
As we know that Ce is having electronic configuration of [Xe] 4f°6s. Trivalent Ce’" is described
by a single electron system having an electronic configuration of [Xe] 4f'. Due to hyperfine
splitting which occurs as a consequence of electronic spin and nuclear spin coupling, the ground
state of Ce®" (4f) splits into two energy levels corresponding to 2F 7, state and 2Fs), state having
an energy difference of about 2200 cm™ (0.28 ¢ V).*® The next higher state corresponds to 5d
state which splits into many levels under the influence of crystal field. The observed excitation
spectra is a consequence of 4f-5d dipole allowed transitions. These transitions are extremely
sensitive to local environment of Ce’" ion which is basically a substitutional defect®®. As a result,
there are more than one Ce®" absorption bands in the excitation spectrum but prominently there
are two bands corresponding to wavelengths 341 nm and 468nm. The excitation peak occurring
between 400 to 500 nm is the most intense and desirable. Because, this is the most essential
requirement of a yellow phosphor in order to absorb the emission from InGaN based blue LEDs
which lies in the region of 400 to 480 nm. The excitation spectra of YAG:Ce significantly
overlaps with the emission spectra of blue LEDs which makes them so functional in fabrication

of WLEDs.
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Figs. 6 (a &c) show the time-resolved photoluminescence of bulk and nano YAG:Ce
phosphors. Time-resolved PL (TRPL) is a non-destructive and powerful technique generally
used to determine the excitation lifetime of phosphors which resembles the quality of phosphors.
Excitation lifetime is a size dependent parameter. Smaller the size of the phosphor, the shorter
would be the excitation lifetime and higher would be its recombination rate.*” For both bulk and
nano YAG:Ce , the decay time is in the range of nanoseconds. However, bulk YAG:Ce has
larger decay time as compared to nano YAG:Ce .The difference in the decay time of bulk and
nano phosphor can be explained by localization of Ce®" ions near surface. Since in nanorods, the
surface to volume ratio increases drastically by nanosizing, so large number of Ce*" ions remain
localized near surface of nanorods as compared to bulk phosphor. These Ce’" ions act as highly
reactive sites due to their higher surface energy. So, there will be very high probability of Ce®*
ions oxidizing into Ce** state, thus reducing the absorption as well as optical efficiency of nano
phosphors. Besides this, there are large numbers of trap/defect sites available on suface of
nanorods which enhances the non-radiative recombinations. As the luminescence decay time ()
depends on both radiative as well as non-radiative recombinations according to formula (1/1 =
1/7 radiative T 1/T non-radiative ) Which implies that higher the non-radiative recombination rate, faster
will be the decay time. Figs. 6 (a &c) exhibits the time-resolved photoluminescence spectrum of
bulk and nano Y,gsAl 5012Ce3+0.15 phosphors respectively. Figs. 6 (b &d ) shows the fitting
curve and corresponding parameters for bulk and nano phosphor respectively The PL decay was
recorded for the Ce’* transitions for 549 nm and 530 nm emission corresponding to 375 nm
excitation wavelength for bulk and nanophosphor respectively. The lifetime data of Ce*"
transitions (549 nm for bulk &530 nm for nanorod) in Y;35Als012:Ceg 15 3 were very well fitted

to a double-exponential function as described by the equation below:

I(t) = Ajexp(-t/T)+ Azexp(-t/12) (1)

where t1; and 1, are the decay lifetimes of the luminescence, and A; and A, are the weighting
parameters. The parameters generated from the fitting are listed in figs. 6(b&d). The observed
lifetimes for bulk phosphor are t; ~ 8.26 ns and 1, ~ 53.26 ns. In case of nanophosphors , the
observed lifetimes t; ~ 4.56 ns and 1, ~ 12.39 ns. The obtained lifetime results have shown
second order exponential decay which have good consistency with earlier published paper on

YAG:Ce phosphor.® However, the value of the decay components depends upon the quality,
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composition, intrinsic and extrinsic parameters of the material. For double-exponential decay, the
average lifetime, T,y, is determined by the following equation.”****

Tay =(A1T 1+ AT ) (A1T14A LTy ) 2)

The average lifetime for bulk and nanophosphor are calculated to be t,, ~ 48.897 ns andrt,, ~
11.493 ns, respectively.

Fig. 7(a) exhibits comparative study of normalized PLE spectra of YAG:Ce bulk and
nano phosphors excited at 468nm wavelength. It is interesting to observe that bulk phosphor has
higher PL intensity as compared to nanophosphor at 1400 degree centigrade growth temperature
and 5 mol% concentration of cerium. The obtained results reveal that the bulk phosphor is more
suitable for LED application as compared to nano. But, nano has its own advantages due to less
gravimetric mass which compensate its lower intensity by using less incorporation (50 times less
than bulk sample) of nanomaterial for fabrication of LEDs. We also performed the photo-
beaching experiment of bulk and nano phosphors. The obtained results reveal that both phosphor
exhibits better stability of photoluminescence as shown in Figs. S(13&14). Keeping commercial
approach in view, the comparative study has been performed among the synthesized bulk and
nano phosphors with commercial YAG:Ce bulk phosphor (synthesized using solid state reaction)
obtained from uncoated white LED strips. Fig. 7(b) exhibits the comparison of normalized PL
(fixed at 468nm excitation wavelength) and PLE spectra (fixed at 549 nm emission wavelength)
of bulk, nano and commercial YAG:Ce bulk phosphor coated on WLED commercial strip(LED
60 strip, DC 12 V, SMD Model : 3528; non-waterproof blue InGaN based ROHS, ISO
9001registered company fabricated, made in China). In order to maintain the consistency, we
have compared the as-synthesized phosphor and in-house fabricated WLEDs with same
company based commercial YAG:Ce bulk phosphor which is coated on commercial WLED strip
and commercial WLED strip respectively. The PL emission intensity outcome of the
comparative study portraits the feasibility of synthesized phosphors (bulk and nano) for their
commercial use in white LEDs applications. Fig. 7(c) shows the comparison of CIE coordinates
of bulk and nano phosphor. Fig. 7(d) shows the comparison of CIE coordinates of bulk, nano

and commercially available YAG phosphor.
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3.4 Electroluminescence studies of phosphor converted WLEDs (pc-WLEDs) Strips (in-
house fabricated and commercially available):

In order to explore the electroluminescence (EL) studies of pc-WLEDs, in-house fabricated bulk
and nano phosphors converted white LEDs strips were compared with the commercial available
white LEDs strips at 12 volt DC power supply. For the precise measurement of EL, we placed
fabricated strips on PL holder keeping the other region covered by black paper except single
LED as shown in Fig. S15. The position of exposure of LED is also optimized by employing the
visible green emission 532 nm during experiment as shown in Fig. S15. As we know that the
LEDs emission intensity is quite high, we placed quartz diffuser in front of strips throughout
experiment to prevent the saturation of PMT detector.

Figs. 8 (a &b) represent the EL emission spectra of commercial blue LEDs strips
without phosphor coating at 12 volt DC (glowing mode). The EL emission spectra of Figs. 8 (a
&b) exhibit the emission wavelength at 460 nm upon 12 volt DC supply. The EL emission
spectra of blue LED significantly overlaps with excitation spectra of bulk and nano phosphor
powder based spectra as shown in Figs. 4(a &b) which implies that this excitation wavelength is
perfectly suitable for making device for white light generation through blue strips. The inset of
Figs. 8(a &b) represent the uncoated blue strips as well as bulk and nanophosphor coated blue
LED strips respectively. Figs. 8 (¢ &d) display the EL emission spectra of in-house fabricated
bulk and nano phosphors coated blue LED at 12 volt DC power supply respectively. The EL
emission spectra reveal the white light conversion from blue LEDs through yellow phosphors.
The right inset of Figs. 8(c &d) show the bulk and nano phosphor coated blue strips emitting
highly efficient white light. In order to examine the uniformity of phosphor coating on blue LED
strips, we have performed PL mapping. The obtained results confirm the highly efficient
photoluminescence intensity with uniform distribution throughout the surface as shown in left
inset of Figs. 8(c &d) along with the scale bar.

Finally, we demonstrate the comparative study on white light emission from bulk and
nano phosphors of YAG: Ce coated blue LED strips with commercial white LED strip as shown
in Fig. 9(a). It is evident from this EL emission spectra that indigenously made phosphor shows
encouraging results due to its high PL intensity as well as better CIE coordinates as compared to
commercial one which creates new hope for commercial applications. Fig. 9(b) represents a

comparison of CIE coordinates of bulk, nano phosphor coated WLEDs with commercial WLEDs
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strip. Figs. 9(c)-(i-i1) demonstrates the commercial available pristine blue LED without and with
12V DC power supply with alphabet NPL. (iii-iv) portraits the bulk yellow phosphor coated
blue LED without and with 12V DC power supply. The photographs elucidate the highly
efficient WLEDs strips after phosphor integration. Furthermore, we also compared the
performance of bulk and nano phosphors of YAG: Ce coated blue LED strips with commercially
available WLEDs strip, Lantern and Torch, for proposed commercialization of our products as
shown in table 1. In-house fabricated devices show the lower colour temperature with better CIE
coordinates and CRI as compared to commercial product available in market which represents

these phosphors have ultimate potential to replace commercially available phosphor.

4. Conclusions

In summary, we have successfully synthesized the bulk phosphor by integrated auto-combustion
cum solid state diffusion method. Nano phosphor (rod shaped) has been synthesized via
hydrothermal route. The choice of the host material ( i.e. YAG) as well as activator (Ce) is
adequately justified. The reaction conditions were simple and effective with more than 88% yield
of synthesis in case of bulk phosphor and 70% in case of nano phosphors, which can be easily
scaled-up in large quantities. These phosphors have exhibited higher photoluminescence
intensity with more than 81% estimated quantum yield for bulk and 72% for nano phosphors
which are higher than commercially available bulk phosphor. Furthermore, the commercially
available InGaN blue LED strips integrated with synthesized yellow bulk and nano phosphors
demonstrates better CIE coordinates(bulk~0.32,0.34;nan0~0.31,0.35), lower colour temperature
(CCT) (bulk~6085K,nano~6350K), higher luminous efficiency (1) (bulk~76.13 ImW™', nano
~69.60 ImW™) and better colour rendering index(Ra) (bulk~88; nano~82) with high brightness
as compared to commercially available WLEDs based strips, lantern and torch. The synthesis of
bulk and nano phosphor for WLEDs in this work offers a new paradigm shift in the engineering
of WLEDs for commercial applications. We envision that such accomplishments will be the key
to develop the high performance applications of bulk and nano phosphors based WLEDs instead
of commercially available WLEDs phosphors.
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Fig. 1: a) shows the XRD pattern of bulk Y;gsAl 5012Ce3+0.15 phosphor , XRD pattern is
indexed using JCPDS Card No.33-0040. Left inset shows the proposed unit cell of Ce doped
YAG crystal. Green, blue, whitish grey and red sites are occupied by yttrium, cerium, aluminium
and oxygen, respectively. All together, the unit cell composed of eight molecular units of
Ys g5Al 5012Ce3+0.15. Cerium atoms (blue colour) occupy yttrium sites substitutionally. Right
inset shows as-synthesized bulk phosphor. b) Fig. shows the XRD of nano Y;gsAl 5012Ce3 o1

phosphor. Inset shows the as-synthesized nano phosphor.
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Fig. 2
Fig. 2 : (a)SEM micrograph of bulk Y;ssAl 5012Ce3+0.15 phosphors. (b) SEM micrograph of
nano Y, gsAl 5012Ce3+0‘1 s phosphors. (¢) magnified view of Y2,85A15012Ce3+0,15 bulk phosphors.

(d) magnified view of nano Y;gsAl 5012Ce3+o,1 s phosphors.
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Fig. 3

Fig. 3: (a) TEM micrograph of bulk Y;gsAl 5012Ce3+0.15 phosphors (b) TEM micrograph of
nano Y,sgsAl sO12Ce’1s phosphors (¢) HRTEM image of bulk Y ssAl 5O :Ceo15  (d)
HRTEM image of nano Y;gsAl 50, Ce3%0s.
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Fig. 4: (a) Normalized excitation and emission spectra of bulk Yz.g5Al5012:Ceo.153+ phosphor.

Y255Al 501,Ce’" g 15 phosphors.
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Fig. 5: Proposed energy level diagram of Y3Als0;,:Ce’" .
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Fig. 6: (a) Time-resolved photoluminescence spectrum of bulk Y, gsAl 5012Ce3+0.1 5 phosphors
.(b) shows the fitting curve and corresponding parameters for bulk phosphor .(¢c) Time-resolved
photoluminescence spectrum of nano Y;gsAl 5012Ce3+0.15 phosphors. (d) shows the fitting

curve and generated parameters of nanophosphor.
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Fig. 8

Fig. 8 : (a&b) represents the EL emission spectra of commercial blue LEDs strips without

phosphor coated at 12 volt DC voltage (glowing mode) while inset show the blue LED without

and with bulk and nano phosphors coated strips respectively. (¢&d) display the white light EL

emission spectra of in-house fabricated bulk and nano phosphors coated blue LED at 12 volt DC

power supply while the right inset of (c&d) show the bulk and nano phosphor coated blue strips

emitting highly efficient white light. Left inset of (c&d) portraits PL. mapping image of bulk and

nano phosphor coated blue LEDs.
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Fig. 9: (a) Comparative studies between EL spectra of commercial and in-house developed white
LEDs to explore feasibility of as-synthesized bulk and nano phosphor. (b) Comparison of CIE
coordinates of bulk, nano phosphor coated WLEDs and commercial WLEDs strip (¢) (i-ii)
demonstrates the commercial available blue LED strip without and with 12V DC power supply.
(i11-1v) portraits the bulk yellow phosphor coated on blue LED strip without and with 12V DC
power supply.



RSC Advances

Page 30 of 30

R T )

Table 1: Performance comparison of as-synthesized bulk and nano phosphors of YAG: Ce

coated blue LED strips with commercially available WLEDs strip, Lantern and Torch for

proposed commercialization approach of our products.

Ideal white light 5500 K (0.33, 0.33)
Commercial LED 7181 K (0.32,0.31) 2.3 cd/m?
(YAG:Ce)
Synthesized Bulk 6350 K (0.32,0.34) 20 cd/m?

‘:: YAG:Ce

| Integrate with blue
LED strips
Synthesized Nano 6085 K (0.31, 0.35) 7.4 cd/m?
YAG:Ce
Integrate with blue
LED strips
Commercial Lantern 11500 K (0.28, 0.28) 1.4 x 104 cd/m?
Commercial Torch 8300 K (0.29, 0.27) 2.07 x 102 cd/m?2
Table 1



