Inorganic Chemistry

pubs.acs.org/IC

New Perspective in Garnet Phosphor: Low Temperature Synthesis,
Nanostructures, and Observation of Multimodal Luminescence

Kavita Mishra,” Sunil Kumar Singh,*’;t Akhilesh Kumar Singh,'*-’# Monika Rai, Bipin Kumar Gupta,§

and Shyam Bahadur Rai'

"Department of Physics, Banaras Hindu University, Varanasi-221005, India

*Department of Physics, Indian Institute of Technology (Banaras Hindu University), Varanasi-221005, India
$National Physical Laboratory (CSIR), Dr K § Krishnan Road, New Delhi-110012, India

© Supporting Information

ABSTRACT: Herein, we report a new concept for garnet materials
in terms of the synthesis of nanocrystalline structure at low
temperatures and its multimodal luminescence processes. Terbium-
and ytterbium-ion-codoped yttrium gallium garnet nanophosphors
have been synthesized via solution combustion technique; nearly
pure phase nanophosphor samples were obtained. The synthesized
nanophosphor shows efficient multimodal upconversion (UC),
downshifting (DS), and quantum cutting (QC)/downconversion
(DC) luminescence, which is a new paradigm in garnet material.
The garnet nanophosphor shows strong green emission through DS
and UC processes both. Furthermore, cooperative energy transfer
(CET) has been described in detail, and a possible mechanism for

the QC process is also proposed. A UV/blue photon absorbed by Tb** ion splits into two near-infrared photons (wavelength
range 900—1040 nm), emitted by a Yb®" ion pair, with an efficiency of more than 100%. The Yb** concentration dependent ET
from Tb®" to Yb*>" has been verified using time domain analysis. An ET efficiency as high as 28% and a corresponding QC
efficiency of about 128% (for 15 mol % of Yb®" concentration) have been attained. Such a multimode emitting nanophosphor
could be very useful in display devices and for enhancing the conversion efficiency of next generation solar cells via spectral

modification etc.

1. INTRODUCTION

High thermal stability, hardness, optical isotropy, good thermal
conductivity, etc. make garnets a useful host for various optical
applications, particularly for lasing and solid state lighting
applications.'~” Garnets are basically a combination of Ln,O,
(rare earth oxide) and M,0O; (metal oxide), where Ln = Y, Gd
and M = Al, Ga. Garnets can be described by the
{A};[B1,(C);0,, formula, where A (Y**) is a dodecahedrally
coordinated site with point group D, (without inversion
center), while B (AI**) and C (AI’*) are octahedrally and
tetrahedrally coordinated sites with Cy; (with inversion center)
and S, point groups, respectively.” Because of similar ionic radii
and chemical properties, Y>*/Gd*" ions can easily be replaced
by other lanthanide ions (e.g, Eu**, Nd*', Tm**, Er’*, Tb’") in
the crystal lattice, making garnets optically active material.*’
The synthesis of garnets is usually accomplished through a
conventional solid state reaction method at a high temperature
(above 1300 °C) which causes heterogeneity in the material.”~®
Furthermore, such a high temperature synthesis causes
coarsening of the grains and leads to the development of
micron sized particles, which pertains to constraints in utilizing
the garnet material for modern optical applications, particularly
triggered due to advancement in nanotechnology, such as in
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biophotonics, energy harvesting, etc.'"®! In this context, the
solution combustion method is a simple, economically viable,
and convenient synthesis technique and shows advantages of
synthesis at low temperature, homogeneous composition
throughout, fine grains on the order of nano sized etc. when
compared to the solid state reaction method. In fact, the
synthesis of a few hosts from the garnet family such as yttrium
aluminum garnet (YAG), yttrium iron garnet (YIG),
gadolinium gallium garnet (GGG), yttrium gallium garnet
(YGG), etc. is already attempted through combustion syn-
thesis,">™'> and it needs further attention to extend the use of
this technique to synthesize other important materials of this
family also.

Excellent optical features of the garnets are derived from
lanthanide ions doped in them. Lanthanide ions possess ladder
like energy levels and hence multimode emission processes, i.e.,
downshifting (a normal photoluminescence process which
involves transformation of one absorbed high-energy photon
into one lower-energy photon), upconversion (a nonlinear
process in which low energy photons are used to generate high
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energy photons, usually infrared excitation source), and
quantum cutting (a process which transforms the energy of
one higher energy photon into two (or more) lower energy
photons), are possible in certain lanthanide doped materials.
Multimodal emission is quite promising for many different
applications including bioimaging and energy harvesting (solar
cell) and was recently reported in fluoride, oxide, and a few
other hosts.'™'® Remarkably, UC and QC both are best
achieved in a low phonon frequency host so fluorides are widely
explored. However, multimodal emission is not well reported in
garnet phosphor, except the YAG host of this family. There are
several articles which report DS and UC independently in
garnets.“’s’g’g’lg_21 However, only a few reports are available for
QC; moreover, all of them have been carried out in a YAG
host.*2° To the best of our knowledge, QC is not investigated
in the yttrium gallium garnet (YGG) host, which produces a
new insight for this subject to explore in details. Particularly, the
QC process which can convert one short wavelength radiation
(ultraviolet/visible) into two or more near-infrared (NIR)
emissions around 1000 nm is of great interest, since the
conversion efficiency of ¢-Si solar cells is paramount in the
950—1100 nm spectral region, while it is very poor in the
ultraviolet/visible region.”’

In light of the above requirements, the present work aims to
explore a new perspective (i.e, low temperature synthesis,
development of nanostructure, and ability to exhibit multimode
luminescence) in garnets. For this purpose, we have
synthesized Tb** and Yb*" codoped YGG phosphor using a
low temperature solution combustion technique, which is
unique in the sense that we have explored the different
outcome of this low temperature synthesis technique such as
removal of fluorescence quenching entities, the presence of a
minor secondary phase, existence of minor secondary phase
even up to 1400 °C post annealing temperature, etc. The
terbium(II1) ion has been selected as an activator because of its
capability to emit through all three processes (in the presence
of Yb%*), ie,, UC, QC, and DS. In addition to this, the QC
mechanism (Tb* — Yb**) would be favorable in the case of
crystalline silicon solar cells.

The strategy of spectral conversion for multimodal emission
(with representative partial energy level scheme) for the
present YGG phosphor is shown in Figure 1. There is a broad
excitation range, from 250 to 500 nm, arising due to both host
and dopant ions, and the discrete emission is obtained in the
entire visible region (blue, green, and red) through DS and QC
processes. NIR photons are converted to visible photons via a

Figure 1. Schematic illustration to achieve multimodal luminescence
through upconversion (UC), downshifting (DS), and quantum cutting
(QC) processes in Tb**/Yb** codoped YGG phosphor. NIR stands for
near-infrared.

frequency UC process. The ytterbium(III) ion acts as a
sensitizer for the terbium emission during the UC process. The
present studies reveal that the garnet phosphor could be very
useful in display devices, enhancing the conversion efficiency of
next generation solar cells etc.

2. EXPERIMENTAL SECTION

2.1. Materials and Synthesis. Analytical reagent (AR) grade
yttrium nitrate (Y(NO;);-6H,0, 99.9%, Molychem), gallium nitrate
(Ga(NO,;);-H,0, 99.99%, Alfa Aeasar), terbium oxide (Tb,0,, 99.9%,
Alfa Aeasar), ytterbium oxide (Yb,03 99.9%, Loba Chemie), nitric
acid (99.9%, Merck), and urea (Loba Chemie) were used for synthesis
of the material. YGG phosphors were synthesized according to
Y;_,,Tb,Yb,GasOy, (x = 0.000, 0.003, 0.008, 0.01, 0.012, 0.015 and y
= 0.00, 0.03, 0.0S, 0.10, 0.15) compositional formula.

The phosphor was prepared using a solution combustion
technique.”® This synthesis process involves an exothermic reaction
in which metal nitrate acts as an oxidizing agent while urea acts as an
organic fuel (reducing agent). The mixture of nitrates and urea was
stirred in a beaker for 2 h to get a homogeneous solution. The solution
was then heated at 60 °C to evaporate water. As the water content in
the solution is decreased, the solution changes to a transparent gel.
The gel was then transferred into a platinum crucible and kept in a
closed furnace maintained at 650 °C. Auto-ignition takes place within a
few minutes, which results in a voluminous and foamy product.
Further, the obtained product was grinded in an agate mortar to get
fine powders. The synthesized sample was then post annealed at 800
°C for 4 h to improve crystallinity and to reduce luminescence
quenching centers from as-synthesized phosphor, as is clear in Fourier
transform infrared (FTIR) measurement.

2.2. Characterization. FTIR spectroscopic measurements were
carried out on a Thermo Scientific FTIR spectrometer (model:
NICOLET 6700). Spectra were collected at a resolution of 2 cm™,
and each spectrum was an average of 32 scans. Phase identification was
carried out using an 18 kW Cu rotating anode based high resolution
Rigaku X-ray powder diffractometer (XRD) fitted with a curved crystal
monochromator in a diffracted beam. Data were obtained from 26 =
10° to 80° at a scanning speed of 3°/min. Phosphor was investigated
by high resolution transmission electron microscopy (HRTEM,
Technai, Model: G20-twin, 200 kV) to explore microstructural
information as well as for the demonstration of lattice fringes to
evaluate the quality of crystals. For HRTEM, a powder sample was
dispersed in ethanol by sonication, and a drop of liquid was placed
over a copper grid and was left undisturbed until it became dry.

For UC measurement, 976 nm radiation from a diode laser (2W,
continuous mode, power tunable, Model-III980, Chengchun New
Industries optoelectronics tech. Co. Ltd.) was used to excite the
samples, while an iHR320 (Horiba Jobin Yvon) monochoromator
equipped with a photomultiplier tube (PMT, R928) was used to
disperse and detect the signal. Photoluminescence excitation (PLE)
and emission (PL) measurements were performed using a Fluorolog-3
spectrofluorometer (Model: FL3—11, Horiba Jobin Yvon) equipped
with 450 W xenon flash lamp. To estimate the absolute luminescence
quantum efficiency of the QC phosphors, an integrating sphere
equipped with an Edinburgh spectrometer (model F900) instrument
has been used, and then by measuring the integrated fraction of
luminous flux and radiant flux with the standard method, quantum
efficiency has been evaluated. The lifetime measurements were
performed using a pulsed xenon lamp (25 W) attached with the
Fluorolog-3 spectrofluorometer. The PMT used in the spectrofluor-
ometer has its higher detection limit at 850 nm. Therefore, the 266 nm
excitation wavelength of a Nd:YAG laser (Innolas, Spitlight 600) and
CCD (charged coupled device) detector (Ocean Optics, QE 65000)
was used for QC measurement.

3. RESULTS AND DISCUSSION

3.1. Fourier Transform Infrared (FTIR) Measurement.
The use of organic material (urea) as fuel during the synthesis
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of phosphor makes it imperative to search for the presence of
high vibrational bands responsible for fluorescence quench-
ing.”® FTIR spectra of the as-synthesized sample and the
sample annealed at 800 °C for 4 h are shown in Figure 2. The
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Figure 2. Fourier transform infrared (FTIR) spectra of

Y,.06Tbg0,Yb03GasO,, phosphor, as-synthesized and annealed at
800 °C/4 h.

spectrum of as-synthesized phosphor sample shows character-
istic bands corresponding to OH, NO, NO;~, and CO,>"
groups. A broad peak centered at 3442 cm™' is due to
symmetric stretching vibrations of the hydroxyl group (voy).
Another broad peak near 1638 cm™" is also due to the bending
modes of the hydroxyl group (So;1).” A broad peak due to the
stretching vibration of NO (vyo) appears around 1384 cm™.
The surface adsorbed NO;~ group is responsible for this
quenching entity.”” The intensity of these peaks decreases
significantly as the sample is post annealed at higher
temperature. The other vibration bands, due to the
inorganic/metallic bonds of host lattice (Y—O, Ga—O
vibrations), are observed in the 400—700 cm™ range.30 Since
the luminescence quenching centers are reduced significantly in
annealed powder (at 800 °C for 4 h), further studies were
carried out on an annealed sample.

3.2. Structural Characterization: X-ray Diffraction, Le
Bail Refinement, and Transmission Electron Microscopy.
X-ray diffraction patterns of pure and lanthanide doped garnet
phosphors were recorded to identify the phase composition and
crystal structure (see Supporting Information, Figure S1). The
XRD peaks in pure and lanthanide doped YGG phosphors are
found to be almost identical, which suggests that Tb* ions
replaced Y** ions in the lattice effectively. There are few
additional low intensity peaks in the X-ray diffraction pattern of
the YGG phosphor which could not be indexed using Ia3d
space group of the cubic cell which is a well-known structure of
YGG phosphor (see inset of Figure 3a).>' The low intensity
peaks occur due to another secondary minor phase of Y;GaOg
(~7% in total) which is formed because of the deficiency of
gallium in the sample. As it is well-known that during the
combustion synthesis process, the flame temperature reaches
up to 1400 + 100 °C,”” we believe that some of the gallium is
evaporated during the combustion synthesis process. In order
to index the low intensity XRD peaks, we determine the space
group and unit cell parameters of the Y;GaOg phase by Le Bail
fitting of the XRD data using the “FULLPROF” refinement
program.

9563

@ reee
o
¢’ e

Intensity (a.u.)

FUEERREEE FEERRRE FL FE i

I|II III:IIH IIIIII (LR L LLIURIRRILLTEL B BRI

L

20 30 40 50 60 70 80
20 (degree)

Figure 3. (a) Observed (dots), calculated (continuous line), and
difference (bottom line) profiles obtained after Le Bail fit for YGG
phosphor using Ia3d space group (of cubic cell) for Y;GasO,, and
Cmc2, space group (of orthorhombic cell) for Y;GaO phases. Vertical
tick marks above the difference plot show the positions of the Bragg
peaks. The inset shows the crystal structure of YGG, blue balls are for
Ga, red for Y, and green balls are for O. (b) Transmission electron
microscopy (TEM) image of YGG phosphor. The inset shows the
lattice fringes, indicating a high crystal quality with minimal lattice
fringe distortions.

The refinement was carried out using a two phase model; for
Y;Gas0;, and Y;GaOg phases, the peak profiles were defined
by Pseudo-Voigt function, and the background was described in
terms of a six coefficient polynomial. A very good fit is observed
by considering the Ia3d space group (cubic cell) for Y;Ga;O,,
and Cmc2, space group (orthorhombic cell) for Y;Ga;Oy,
phases with the lattice parameter a = b = ¢ = 12.2705(5) A,
and a = 9.0443(2), b 11.2726(5), ¢ = 5.4637(3) A,
respectively (see Figure 3a), confirm the Cmc2, space group
of Y;GaOg phase. In order to get phase pure YGG phosphors,
we annealed the samples at different temperatures (XRD
pattern shown in Figure 4). But even at 1400 °C annealing,
there was no change in the XRD patterns. A similar observation
is also made by Krsmanovic et al. for GGG (gadolinium gallium
garnet) material synthesized by solution combustion route.'*
The microstructure analysis has also been done by using TEM
measurement (see Figure 3b). TEM clearly depicts the
formation of nanocrystals of average diameter lying in the
range of 20—30 nm. The shape of the particles is less
homogeneous; however, most of the particles are nearly
spherical. Some of the particles are lacking in clear grain
boundary and show an agglomerated type of structure. In the
inset of Figure 3b, clear and damage-free lattice fringes are
easily observed which reveal a good crystal quality with minimal
lattice fringe distortion.
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Figure 4. X-ray diffraction patterns of Y, ¢4Tbg ¢ Ybg3GasO,
phosphors: (a) as-synthesized, (b) annealed at 800 °C/4 h, (c)
annealed at 1000 °C/4 h, (d) 1200 °C/4 h, and (e) annealed at 1400
°C/4 h.

3.3. Multimodal Luminescence Process. Trivalent
lanthanide ions are well-known to exhibit efficient visible
emission by DS, QC, and UC processes. Each process has
certain typical requirements, and so, until now, there are few
rare reports which cover all the luminescence mechanisms in a
single host matrix until date. Recently, the subject has emerged
as a hot research topic in lanthanide based phosphors owing to
their multifunctional behavior, besides the well established lamp
and display applications, viz., for multimodal imaging,
fluorescence labeling, and in the enhancement of the
conversion efficiency of silicon solar cells etc.*”**

3.3.1. Upconversion (UC): Infrared to Green UC Emission
through Cooperative Sensitization of Yb>* lons. UC study of
YGG has been done with IR radiation (976 nm). The D, level
of the Tb*" ion lies at ~20 400 cm™, which is ~14 000 cm™!
above to the uppermost ground multiplet, i.e., ’F,. There is no
level of Tb*" ion in between. Thus, under the 976 nm (~10 000
cm™) excitation, the possibility for UC solely due to Tb*" is
not feasible. Consequently, Tb** doped YGG samples do not
emit any radiation on 976 nm excitation. However, Yb*, a well-
known efficient absorber of 976 nm radiation, can give a
cooperative emission (~20000 cm™) by the involvement of
the Yb**—Yb*" ion pair.** This energy may be transferred to the
’D, level of Tb*, which could open the possibility for UC
emission from the Tb** ion. Therefore, Y, 39Tbg 0 Yb,GasOy,
phosphors (where y = 0.03, 0.05, 0.10, 0.15) were synthesized
to achieve the UC emission. It is clear from the right inset to
Figure Sa that maximum UC is at 10 mol % of Yb3*, and
beyond this concentration, UC begins to decrease due to the
concentration quenching effect at higher concentrations. Figure
Sa shows the room temperature UC emission spectrum of the
Y, 40Tbg 0, Yby10GasO, phosphor on excitation with 976 nm.
The UC emission spectrum shows characteristic peaks of the
Tb* ion peaking at 485, 489, 544, 592, 626, 656, and 676 nm
owing to the electronic transitions D, — "Fq, °D, — "Fs, *D,
— "F,,°D, — "F;, °D, — "F,, and °D, — "F, respectively. The
D, — ’F transition (at 544 nm) appears with maximum
intensity, and thus the overall emission appears with a green
tinge. Few weak transitions in the ultraviolet (UV)/blue region,
i.e. at 408, 419, and 437 nm, correspond to D3 — "Fg, °D; —
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Figure S. (a) Room temperature upconversion spectrum of
Y,.89Tb01Ybg 10GasO,, phosphor in the range 400—700 nm on
excitation with 976 nm radiation. Left inset shows the enlarged portion
of the emission spectrum in the 400—450 nm range, and inset ii shows
the integrated intensity of green emission with respect to different
concentrations of Yb**. (b) Effect of laser input power on the emission
intensity of different transitions in Y, g9Thg,Yby10GasO;, phosphor
under 976 nm excitation. The slope of the plot gives the involvements
of a number of photons in the particular upconversion transition.

’Fs, and *D; — 7F, transitions, respectively also appear, see left
inset to Figure Sa.

In the low power regime, the UC phenomenon follows the
nonlinear relationship: Ij;c & P", where Iy is the UC emission
intensity, P is the excitation power, and n is the number of
photons needed to produce the fluorescence; however, this
relation is not always true, and this relation changes at high
pump power.>>*® Thus, by getting the value of n, one can
support the UC mechanism proposed. Power dependence
study of the upconverted emissions from Tb>* ions are shown
in Figure Sb. This study shows the quadratic dependence of the
intensity of blue, green, and red emissions on the pump power.
This means that two photons of 976 nm are required for the
population buildup in the *D, level. This study further confirms
the proposed mechanism for the different upconverted
emissions from Y, ¢oTb o, Yby0GasO;, phosphor.

The complete UC mechanism involved in the process is
shown schematically in Figure 6 (partial energy level diagram).
The cooperatively excited Tb** ions in the *D, level, due to the
involvement of Yb** ion pair through CET (cooperative energy
transfer), give upconverted strong green and relatively weak
blue and red emissions. Further, the D, level can be populated
when few Tb* ions in the *D, level reabsorb the incident 976
nm photons and are promoted to higher lying excited states
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Figure 6. Schematic energy level diagram of Tb* and Yb** showing
the mechanism involved in various upconversion (UC) transitions,
downshifting, and quantum cutting (QC). CET stands for cooperative
energy transfer.

(°D,) through a process known as excited state absorption
(ESA). Another pathway to populate this level is the
nonradiative energy transfer from one excited Yb3* jon. Then,
after, the °Dj level is populated through a nonradiative process,
and emissions in UV/blue are observed.’”

3.3.2. Downshifting (DS): Photoluminescence Excitation
(PLE), Emission (PL), and Decay Dynamics. The excitation
spectra of Tb*>" doped YGG (Y,09Tby,GasO;,) phosphor were
obtained by monitoring the emission of Tb*" for the °D, — "Fy
(at 541 nm) and D, — “F (at 487 nm) transitions, shown in
Figure 7a. It is evident from the excitation spectra that there are
two important regions. Both the excitation spectra consist of a
few broad bands, toward the shorter wavelength side, and
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Figure 7. (a) Excitation spectra of Y,4Tby,GasO,, phosphor
observed by monitoring the emission at 541 and 487 nm
corresponding to D, — “Fs and *D, — "F¢ transitions of Tb>* ion.
(b) Room temperature photoluminescence spectra of
Y,09Tbg0;GasO;, phosphor (annealed at 800 °C/4 h) on excitation
with 379 nm radiation. (c) CIE chromaticity diagram showing the
color coordinates for green color perception of the emission in
Y, 99Tbg01GasO,, phosphor and the inset shows the digital photograph
of the green emission. (d) Decay curve showing a monoexponential
fitting (in red) for 541 nm emission corresponding to “D, — "F
transition under 379 nm excitation.
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several sharp excitation peaks on the other side of the spectrum.
Two broad peaks are observed with a maximum at 283 and 310
nm in the 250—330 nm regime, which could be assigned due to
the absorption band of the YGG host (ie., host absorption
band).>® The f—d transitions of Tb>* ions are also known to
appear in this region. Since, f—d transitions are allowed
transitions; they are expected to arise with higher intensity
compared to the f—f transition of Tb** ion. However, here, f—f
transitions of Tb**, appearing mostly in 325—500 nm, are more
intense than broad bands. From this, we conclude that, in the
YGG host, the broad bands are arising due to the contribution
of both the absorption band of the host as well as the f—d
transition of Tb** ion. Similar result has been reported in GGG
phosphor by Rodriguez et al.*

The prominent sharp peaks due to f—f transitions appear at
352, 379, and 486 nm, which are well-known due to the
characteristic transitions of Tb>, i.e. from ground state "Fy4 to
SD,, °Ds, and D, levels, respectively.35 The absorption band of
the host also overlaps with the f—d transitions of the Tb** ion.
Thus, from the excitation spectra, we conclude that the
emission of the Tb** ion in this host can be achieved both
through direct excitations into f—f bands of the active ion as
well as through excitation into f—d transition and the
absorption band of the host matrix. The important feature is
that the phosphor can be excited by almost all the wavelengths
lying in the region of 250—500 nm. This wide excitation
feasibility makes this garnet material quite useful for many
optical applications, especially for solid state lighting and energy
harvesting.

Figure 7b shows the emission spectrum of Y, g9Tb,,GasOy,
phosphor (A = 379 nm). The spectrum contains different
emissions at 487, 541, 590, 624, 665, and 685 nm
corresponding to °D, — ’F, °D, — 'F;, °D, — 'F,, °D, —
’F;, °D, = 'F,, and °D, — ’F, transitions, respectively. The
green emission due to D, — ’Fj transition of the Tb*" ion is
the dominant one among all the emissions. Excitation at 379
nm directly populates the D, level of the Tb** ion. The excited
ions relax to the °D, level through nonradiative channels.
Finally, the radiative emissions in blue, green, and red regions
are observed from the 3D, level. Excitation with other suitable
wavelengths (e.g, 310 nm) also gives a similar result, except a
variation in the emission intensity of different bands (see
Supporting Information Figure S2).

In order to study the effect of Tb* ion concentrations on
luminescence intensity, we synthesized Y;_,Tb,Ga;O,, phos-
phor for x = 0.00S, 0.008, 0.01, 0.012, and 0.015. It was found
that luminescence for green emission is optimum at 1.0 mol %
Tb** (Y599Tbo01GasOy,), and it is shown in Supporting
Information Figure S2. Comparison has been made by taking
the integrated intensity of the dominant green emission for all
the samples. In our case, luminescence from a higher excited
5Dy state is very weak, showing that almost all the population is
being accumulated in the *D, level, thereby giving dominant
green emission. Concentration quenching can be explained on
the basis of energy migration among the activator ions. In this
process, the excitation energy will be lost at a killer or
quenching site, resulting in the decrease in emission intensity.

The color perception corresponding to luminescence from
different samples was also estimated. Color perception is a
psychophysical property of the human eye, and this response
can mathematically be expressed well in terms of CIE
coordinates given by the International Commission for
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Ilumination (CIE, Commission Internationale de I'Eclair-
age).”® Tt involves parameters x and y to specify the
chromaticity, which covers the properties hue and saturation
on a two-dimensional curve, known as chromaticity diagram.
The chromaticity coordinates were calculated for
Y,99Tbg,GasO;, sample at 379 and 310 nm excitation
wavelengths, shown in Figure 7c. The coordinates obtained
are (0.37, 0.56) and (0.34, 0.47), respectively which are
reasonably good for different optical applications.

The decay curve of the emission wavelength at 541 nm was
recorded under the 379 nm excitation wavelength to have an
idea about the lifetime of the level involved in green transition.
The lifetime associated with a transition from higher level to a
lower level is defined as the time duration in which the
population of the higher level reduces by 1/e times of its initial
population. Thus, the measured lifetime of a particular level is
determined by taking first e-folding time of the decay curve. So
the data for decay curve was fitted to the following equation

t
I=1, exp(—;) W)

where 7 is the lifetime of the emitting level. Figure 7d shows the
room temperature decay curve for °D, — ’F transition. The
curve fitting of the decay profile was found to be single
exponential, and the decay time thus obtained for the D,
excited state is 7 ~ 3.99 ms. This is consistent with the data
reported earlier for this transition.>

Interestingly, the PL and PLE spectra show a decrease in
emission intensity with a variation in the Yb*" concentration.
This was also clear in the absolute luminescence quantum
efficiency (an) measurement of the DS emission with a
variation in Yb>* concentration. Maximum efficiency is obtained
for the Yb** undoped sample (Y, 99Tb g Yby00GasO12), i.e., Mgz
=71 + 1.6%, and then a gradual decrease is observed for 3 mol
% (nqp = 64 £ 1.9%), S mol % (e = 61 + 1.7%), 10 mol %
(Mqe = 54 £ 1.5%), and 1S mol % (nqz = 43 + 1.4% %).
However, on the other hand, a structured emission peaking in
the range 900—1040 nm is observed (see Figure 8), which
shows an increase in intensity with increasing concentration of
Yb*". This was not possible to explain by simple downshifting
emission of Tb**, as it does not have any level to give emission
in the near-infrared regime (first excited state lies above 20 000
cm™"). Moreover to that, the codoped Yb** ions are also not
being excited directly by a UV radiation (379 nm in this case)
source, as the uppermost excited state for Yb** lies ~10 000
cm™" only. So, the only possibility seems to be the quantum
cutting (QC) emission of Yb*" ions. This is further explored in
the next section.

3.3.3. Quantum Cutting (QC). The phenomenon of QC
generates two or more low energy (visible/IR) photons after
the absorption of a high energy photon (VUV (vacuum
ultraviolet) /UV/visible) by the luminescent materials. QC was
first observed in Pr**:YF; during the 1970s. Nowadays, research
is focused on the observation of QC process based on the
concept of the dual ions doped materials, one acting as donor
and the other as acceptor. The energy transfer assisted relation
to obtain QC is also known as DC (contrary to the UC
phenomenon), which is further divided into two categories
based on the type of energy transfer involved. First order DC is
based on the resonant energy transfer, which requires a good
overlap between the emission spectrum of the donor and the
excitation spectrum of the acceptor ion. While the second order
DC phenomenon accounts for the nonresonant energy transfer
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Figure 8. (a) Room temperature photoluminescence excitation spectra
(Aem = 541 nm for D, —"F; transition) and (b) emission spectra (1,
=379 nm) of the Tb*" ion at different concentrations of the Yb>* ion.
Inset shows the NIR emission spectrum of the Yb** ion through the
QC process.

due to a mismatch between emission and excitation spectra of
donor and acceptor ions. Unlike the first order DC, in this case
the donor excites two acceptor ions simultaneously (cooper-
ative sensitization). QC have been studied mostly in fluoride
hosts as they possess wide gap and low phonon energy suitable
for this purpose. However, chemical instability and high toxicity
limit their applications, and so oxides are preferred. Oxides
show many distinguished characters such as high stability, high
VUV absorption cross-section, easy fabrication, economic, etc.
Recently, researchers are looking forward to utilize these
phosphors for energy harvesting, e.g. in solar cell research. The
conventional solar cells based on crystalline Si (Eg = 1.1 eV)
shows significant energy loss due to the thermalization of
electron—hole pairs (generated by the absorption of high
energy photons).** The lacunae can be resolved to an extent by
using these QC phosphors.

Keeping this idea in mind, authors tried to check the QC
phenomenon in the present system. Figure 8 shows the
emission spectra of Y(;g9_,)Tboo;Yb,GasO1, (y = 0.00, 0.03,
0.05, 0.10, 0.15) phosphor (A, = 379 nm). The spectra contain
the characteristic visible emissions with a gradual decrease in
visible emission intensity with an increase in the concentration
of Yb**. However, there is an increase in NIR emission intensity
with maximum for Y, ggTb,Ybg19GasO,,. But the emission in
the NIR region does not belong to the Tb*" ion because there
is no energy level corresponding to the NIR region (the
difference between the uppermost level of ground multiplet and
the first excited state for Tb*" is almost 14000 cm™), so the
NIR transition cannot be explained due to the Tb*" ion. The
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UC discussed earlier is obtained by the second order CET from
two Yb*" ions to one Tb*" ion on the basis of the energy match
relationship. In the same way, a CET from Tb*" to two Yb*"
ions is also plausible (see Figure 6), ie.

Tb3+(5D4) - 2Yb3+(2F5/2)

Thus, the emission in the NIR region (900—1040 nm) is
assigned to the transitions of Yb*" from the different Stark
levels of °F;;, multiplet to the different Stark levels of °F,,
multiplet. The resonant energy transfer from one Tb** to one
Yb** is not possible because the Yb*>* ion has only one excited
multiplet (*Fs/,) ~ 10000 cm™" and there is no energy level of
Tb* ion situated in this energy region. This trend suggests the
possibility of transfer of excitation energy of the Tb>* ion to
Yb3* ions, which results in the observed NIR emission. It is to
be mentioned here that NIR emission due to the Yb*" ion
(°Fs), — °F;/,) was monitored with 266 nm a from Nd:YAG
laser and CCD detector (with detection limit ~1060 nm) since
the PMT attached with the spectrofluorometer is limited to 850
nm detection. The decrease in NIR emission beyond 10 mol %
of Yb** may be due to concentration quenching or energy
migration among nearby Yb’* ions at higher concentration.
Thus, with increasing concentration of Yb**, a decrease in the
intensity of the peaks of Tb®* ion and, contrary to this, an
increase in the intensity of the emission peak of Yb* clearly
supports an energy transfer from Tb** to Yb**, which is possible
via a QC process. Strek et al. have also verified a simultaneous
energy transfer mechanism from one Tb*" to two different Yb*"
ions in KYb(WO,), matrix.*'

Thus, the complete mechanism is as follows: as discussed in
section 3.3.1, the bands in 250—330 are assigned to the host
absorption and f—d transitions of Tb**. Therefore, authors have
proposed one mechanism that, when Y,¢sTbggYbg3GasO;,
phosphor is exposed with UV (266 nm) light, the absorption
band of the host matrix is excited. Further, this excitation
energy is transferred to the Tb*" ion through nonradiative
relaxation, and finally the *D; and °D, levels are populated. The
D, and ’D, levels are populated also due to f—d excitation and
usual relaxation processes. The different emissions from excited
’D; and °D, (Tb**) to 7Fj (i=6,5,4,3,2,1) are observed in
the near UV and visible regions. This type of host sensitized
energy transfer to lanthanide ions is obtained in other hosts
also.” However, a part of °D, population is transferred to two
different Yb*" ions simultaneously, and as a result NIR
emissions are obtained from the Yb*" ion through a cooperative
QC process.

In order to further verify the QC process, the decay curve
analysis for the samples doped with varying concentrations of
Yb** has been carried out. Figure 9 presents the decay curve
behavior of Tb* ion for the °D, — ’Fs transition at different
concentrations of Yb** (well fitted to eq 1). Data clearly show
the continuous decrease in the lifetime of the Tb** ion with an
increase in concentration of Yb**. It decreases from 3.99 ms (0
mol % Yb) to 2.91 ms (1S mol % Yb). Also, the
photoluminescence measurement shows the same trend.
Therefore, the CET from Tb*" to Yb** is proposed, and the
energy transfer efficiency can be calculated from the eq:

)

where 7, and 7, are the fluorescence lifetime of Tb>*/Yb** and
singly Tb** doped phosphors, respectively. The value of 77y
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estimated for different concentrations of Yb** using the above
relation is given in Table 1. It is obvious from the data in Table

Table 1. Estimated Values of Energy Transfer Efficiency
(11gr) and Internal Quantum Efficiency (77qg) of Tb*":YGG
Phosphors with Varying Concentration of Yb*"

sample 7 (ms) ner (%) Nae (%)
Y599 Tb 01 Yb.00GasO1, 3.99 0 100
Y506 Tbo.01Ybo,03GasO1, 3.60 10 110
Y5.04Tb 01 Ybg,05sGasO1, 3.40 15 115
Y.50Tbo.01Ybo.10GasO1, 3.30 18 118
Y584Tbg 01 Ybg15GasO1, 291 28 128

1 that ET efficiency increases with increasing the Yb**
concentration, and reaches to a maximum of 28% for 15 mol
% of Yb** concentration. The internal quantum efficiency (QE)
of the phosphor samples, can be calculated by

g = Nep(1 = Mgp) + 211y (3)

The first term in the relation belongs to the visible photons
emitted by Tb*" ions, and the second term refers to the NIR
photons emitted by Yb** ions. Here, 7y, represents the
quantum efficiency of the emission of Tb** ions. Ignoring the
nonradiative transitions (i.e., 7, = 1), the highest possible QE
is 128% for Y,g,Tbyo,Ybo 5GasO,, phosphor. This means
absorption of each 100 photons (of 266 nm radition) produces
a total of 128 photons (NIR and visible both), out of which 56
photons are emitted in 900—1040 nm (NIR) while the rest of
the 72 photons are emitted in visible region. The calculated
value of the internal QE is increased notably with increment of
the Yb®" concentration (see Table 1). This is the first report on
QC in a YGG host to the best of our knowledge. Thus, this
garnet phosphor can be a promising material in many
applications including its application in increasing the
conversion efficiency of solar cells.
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4. CONCLUSION

In conclusion, Tb*/Yb®> codoped yttrium gallium garnet
(YGG) nanophosphors have been successfully synthesized by
the solution combustion method. The method shows the
advantages of synthesis at low temperature, homogeneous
composition, development of fine grains of the order of
nanosize, etc. when compared to the solid state reaction
method. Structural characterization reveals the formation of
Y;Ga;0;, (major) and Y;GaOg (minor, secondary) phases.
Material shows a wide excitation feature ranging from 250 to
500 nm and emits in the green region through DS and UC
processes, while NIR emission of ~1000 nm is observed
through a QC (Tb*" — Yb**) process. These excitation and
emission characteristics are highly favorable for phosphor
coated c¢-Si solar cell applications. The energy transfer from
Tb** to Yb** has been verified with efficiency as high as 28%,
and corresponding quantum efliciency of QC are calculated to
be 128%. This confirms the first time observed multimodal
emission behavior of yttrium gallium garnet phosphor, which
legitimates many potential applications of this material.
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X-ray diffraction patterns of pure and lanthanide-doped YGG
phosphors (Figure S1). Room temperature photoluminescence
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