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Developing a single-phase white emitting nanophosphor with high quantum efficiency has become a
hotspot for scientific world. Herein, single-phase white-light emitting Zn,_,O:xDy** nanophosphors have
been synthesized via a sonochemical method. X-ray diffraction analysis and Raman spectroscopy-based
investigations confirmed the hexagonal wurtzite phase for an_XO:ny3+ nanophosphors with preferential
growth along the (101) plane. Scanning electron microscopy images showed the formation of a ribbon-
shaped morphology with a diameter of ~25 nm. The emission spectra of the Dy3+-activated ZnO nano-
phosphors exhibited three distinct peaks, namely blue (480 nm), yellow (572 nm), and red (635 nm) emis-
sions, under near-UV excitations related to the “Fg/» — ®H; (J = 15/2, 13/2, and 11/2) transitions of Dy>*
ions. The values of CIE chromaticity coordinates for the optimized phosphor (x = 0.329, y = 0.334) with
correlated color temperature (CCT) of 5657 K indicated cool white-light emission from the phosphor. The
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thermal stability of ZnO:Dy** nanophosphors was probed by temperature-dependent luminescence.
Quantitative evaluation of Judd—-Ofelt intensity parameters, radiative parameters, luminescence decay,
and quantum efficiency of an_XO:ny3+ using the J-O theory suggests that these nanophosphors are
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1. Introduction

As the hotspot in the solid-state lighting area, the development
of highly power efficient, sustainably devised solid-state light-
ing devices is a key concern for materials scientists and
researchers globally as the world is now experiencing an
energy crisis."® Solid-state lighting technology, especially
white light-emitting diodes (WLEDs), has completely revolutio-
nized the field of luminescence owing to its exceptional pro-
perties, which include low power consumption, high energy
efficacy, long lifetime, excellent lumen performance, and
environmental stewardship.'*™

Trivalent lanthanide (Ln**)-activated inorganic phosphors
have attracted considerable attention as next-generation light-
ing sources due to their superior physicochemical features
such as long-lived luminescence, narrow emission bands,
appropriate color rendering index (CRI) and correlated color
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promising luminescent media for commercial white LEDs and other display devices.

temperature (CCT) and low toxicity.>””” The intricate lumine-

scence properties of Ln** ions arise from their unique elec-
tronic structure that enables Ln*" ions in solids to efficiently
emit photons in the ultraviolet to visible or infrared (IR) spec-
tral regions.>” Among the various down-shifting lanthanide-
based activators, Dy*" ions are a potential candidate for produ-
cing white light owing to their inner-shell 4f-4f transitions,
especially “Fy/, — °Hysjp, magnetic and *Fo), — ®Hyg, electric
dipole transitions, resulting in blue and yellow emission,
respectively. The intensity of yellow emission is very sensitive
to the host matrix, and therefore, the suitable selection of the
host matrix for Dy*" is crucial, which affects the energy trans-
fer and emission characteristics of the phosphor.*”

In this context, zinc oxide (ZnO), an efficient oxide-based
semiconductor, has attracted much attention from the scienti-
fic fraternity because of its unique optoelectronic properties,
mainly its direct wide band gap (~3.37 eV), large exciton
binding energy (~60 meV) and broad absorption band in the
near-UV region at room temperature.®'° Moreover, ZnO exhi-
bits a broad emission spectrum from the UV to the red spectral
region. The emission band in the UV region originates from
free exciton recombination and the broad emission band in
the visible region originates from different kinds of inherent
defects such as oxygen vacancies (Vo), oxygen interstitials (Oi),
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oxygen antisites (ZnO), zinc vacancies (Vzn), zinc interstitials
(zni) and zinc antisites (0Zn)."'** Recent studies showed that
the luminescence efficiency and transition probabilities of
ZnO can be tuned by tailoring the band structure via elemental
doping."® The doping of suitable trivalent RE activators into
ZnO having various vacancies and defects offers enhanced
luminescence characteristics through the effective non-radia-
tive transition from ZnO to rare-earth dopants.'***

Moreover, doping of Dy’* ions into the ZnO lattice can
augment emission in the visible and near-infrared region due
to the excitation of charge carriers in the energy levels of Dy**
ions with the aid of resonant energy transfer from the ZnO
matrix.’ " Recently, Bindhu et al.'® reported the development
of a dual-emitting Dy**-activated Sr,NaMg,V;0;, phosphor for
multifunctional applications in solid-state lighting and optical
thermometry. Vasudevan et al'” studied the radiative
properties of green-synthesized ZnO:Dy** nanophosphors
by the Judd-Ofelt theory and reported the potential
application of these phosphors in bluish white light
NUV-LEDs. Yuan et al.'® reported the synthesis of a blue-light-
excited cyan phosphor by co-doping Bi** into Ce*"-activated
BaLu,Al,Ga,Si0;,. The synthesis of zero-dimensional
Cs3ScCly:Sby,(CSC:Sb*") nanocrystals with bright white-light
emission was reported by Samanta et al,"® which was a result
of the combination of the excessive blue and yellow emissions
of carbon dots and spin-forbidden electronic transitions of
Sb>" ions. Dutta et al.*® studied the luminescence and radiative
properties of Dy>-doped CaMoO, phosphors and reported the
suitability of this phosphor as an efficient luminescent
medium for light-emitting devices. Thus, it is time to compre-
hensively study the photoluminescence properties and emis-
sion tunability of Dy**-activated ZnO nanophosphors for multi-
functional applications.

In the present work, a series of Dy**-activated ZnO nano-
phosphors have been prepared by sonochemical method and
attempts were made to explore their potential as phosphors
for white LEDs by detailed photoluminescence and colori-
metric analysis. Also, attempts were made to estimate spectral
parameters, luminescence decay time, and quantum yields of
the Dy**-doped ZnO nanophosphors using Judd-Ofelt theory
from the excitation spectra. The stimulated-emission cross-sec-
tions along with the spectroscopic quality factors estimated
from emission spectra demonstrated the potential of this
phosphor for use in optical devices.

2. Experimental section
2.1 Synthesis

Materials used for synthesis were zinc nitrate hexahydrate (Zn
(NO3),-6H,0, 99.98%, Sigma-Aldrich), dysprosium trinitrate
hydrate (Dy(NO;);-xH,0, 99.9%, Sigma-Aldrich) and sodium
hydroxide (NaOH, 98%, Sigma-Aldrich).

ZnO:xDy*>* nanoparticles with varying concentrations of
Dy’ (x = 0, 0.04, 0.08, 0.12, 0.16, and 0.20 at%) were Syn-
thesized by the co-precipitation method assisted by ultrasound
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radiation. This method contains two steps. In the first step,
zinc nitrate hexahydrate and 0.04 at% Dy(NO;);-xH,O were sep-
arately dissolved in 20 mL and 5 mL of deionized water by
using a conventional ultrasound bath for 7 minutes. Next, 1.2
M of NaOH was dissolved in 20 mL of deionized water using
an ultrasound bath for 10 min. In the second step, the two
nitrate solutions were mixed under vigorous stirring at room
temperature for 10 minutes to ensure uniform mixing, and the
aqueous solution of NaOH was added slowly, yielding a white
precipitate. The reaction was allowed to proceed for 10 min
after the complete addition of NaOH. The resulting white sus-
pension was exposed to ultrasonic radiation for 30 minutes.
The resulting mixture was centrifuged to remove the solvent.
The obtained samples were washed thrice using distilled water
and ethanol to remove the by-products generated during the
synthesis process. Finally, the obtained powdery substances
were fully ground and then subjected to annealing in a muffle
furnace at 300 °C for 2 h to obtain ZnO:Dy”* nanoparticles.

2.2 Characterization

The structural and phase purity analysis of the ZnO:Dy*" nano-
phosphors were examined using an X-ray diffractometer
(Bruker D8 ADVANCE having Cu-Ka radiation, 4 = 1.5405 A) in
the angular range of 26 from 20 to 80°. The morphology deter-
mination, X-ray dot mapping imaging, and elemental analysis
were carried out using a Nova Nano SEM-450 Field Emission
Scanning Electron Microscope equipped with an XFlash detec-
tor 6/10 (Bruker) and using the software QUANTA X 200. The
elemental analysis was further carried out using Inductively
coupled Plasma Mass Spectrometry (Thermo Scientific iCAP
Qc ICP-MS). The vibrational analysis of the samples was per-
formed using a Horiba Jobin-Yvon LABRAM-HR800 confocal
laser micro-Raman spectrometer with an excitation radiation
of wavelength 514.5 nm from an argon ion laser and a Peltier-
cooled CCD detector. The chemical states of Dy in the samples
were identified using a Krato analytical photoelectron spectro-
meter with monochromatic Al Ka radiation (1486 eV) as the
excitation source. The diffuse reflectance (DRS) spectra of all
the samples were recorded using a JascoV550 UV-visible
spectrophotometer attached with an integrating sphere
(ISV-469) attachment for DRS measurement. Room tempera-
ture photoluminescence spectra were obtained with a
Spectrofluorimeter (Horiba Jobin Yvon Flourolog III) and the
lifetime measurements were recorded using a phosphorimeter
attached to the spectrofluorometer (Spex-Fluorolog DM-3000F).
The temperature-dependent photoluminescence measure-
ments in the 80-500 K range were carried out using an FLS
1000 spectrophotometer Edinburgh Instruments with an
Optistat cryostat by Oxford Instruments.

3. Results and discussion
3.1 Crystal structure, morphology, and composition analysis

The crystal structure and phase purity of Dy**-activated ZnO
nanostructures were analyzed using XRD patterns. Fig. 1 illus-
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Fig. 1 XRD patterns of ZnO:Dy** nanophosphors with Dy** doping
levels of (a) O, (b) 0.04, (c) 0.08, (d) 0.12 (e) 0.16 and (f) 0.2 at%.

trates the X-ray diffraction patterns of Zn,_,O:xDy*" (x = 0,
0.04, 0.08, 0.12, 0.16 and 0.2) nanophosphors, indexed to the
hexagonal wurtzite phase of ZnO (JCPDS Card No: 36-1451,
space group: P6smc, a = 3.2498 A, ¢ = 5.2066 A), with preferen-
tial growth along the (101) crystal plane. No other traces of
impurity or secondary phase of Dy** were detected, confirming
the single-phase nature of the ZnO:Dy*" nanostructure, and it
also indicates the incorporation of the Dy** ions into the Zn**
lattice sites by substitution rather than at interstitial positions.

The intensity of the diffraction peaks was found to decrease
and their full width at half maximum increase with Dy**
content, which indicates the replacement of Zn*" sites by the
Dy** ions." In addition, a small shift in the position of the
preferentially oriented crystal plane (101) towards the lower
angle (26) side was observed as a result of the incorporation of
Dy*" ions at the cation sites (Fig. S1f). Almessiere et al>'
reported a similar shift in the position of diffraction peaks
towards the lower angle side and suggested that the substi-
tution of Zn" sites by the Dy** dopant would cause a charge
compensation due to the valence difference between the
cation sites and the dopant, leading to a distortion in the
crystal and hence strain in the lattice. Moreover, the ionic radii
difference between Zn>" ions (CN = 4, 0.74 A) and Dy*" (CN =4,

View Article Online
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0.91 A) ions was 0.017 A, which is very close to the substitution
sites for Dy** dopant sites; these aspects clearly illustrate the
possibility of the substitutional incorporation of Dy** ions at
Zn*" sites of the ZnO lattice.”*?

The average crystallite size (D) of these nanostructures was
determined from the most prominent peaks (100), (101) and
(002) of XRD data using the Scherrer formula:>*

0.94

- p cos 0 (1)

where 4 is the wavelength (Cu Ka) of the X-ray radiation used, 6
is the Bragg angle and g is the fullwidth at half-maximum
(FWHM) corresponding to the most prominent peak (100)
(101) and (002) measured in radians.

A monotonic decrease in the crystallite size from 28 to
20 nm was observed with Dy>* content and is probably associ-
ated with the hindered growth of crystallites due to the substi-
tution of Dy** ions with a larger ionic radius than Zn** ions.”*
The study of the lattice parameters a and ¢ of the ZnO:Dy**
nanostructures indicates that the Dy’ ion incorporation pro-
motes the expansion of the lattice as evidenced by an increase
in the unit cell parameters (Table 1), which again confirmed
the possibility of incorporation of the Dy*" ions as a substitu-
ent at the Zn®" site in the hexagonal ZnO lattice.>>** The
observed slight peak shift towards the lower angle side, broad-
ening of the peaks, decrease in crystallite size, and larger
lattice constants as compared with those of pure ZnO indicate
the presence of micro-strain (¢) in the samples. The micro-
strain (g) associated with the ZnO:Dy’" nanostructures can be
calculated using the following relation:>®

pcos@

Micro-strain (¢) = YERE (2)

The observed slight increase of lattice strain on doping is
also considered to be a further indication of substitutional
incorporation.®

Fig. 2(a and b) shows typical FE-SEM images of ZnO and
Zn0:0.16Dy** nanophosphors and both samples exhibit a
ribbon-shaped morphology with an average diameter of about
24 nm for ZnO and 20 nm for Zn0:0.16Dy** nanophosphors,
respectively. Also, ZnO nanoribbons possess well-defined
boundaries with less agglomeration, whereas the incorpor-
ation of Dy into the ZnO lattice leads to the aggregation of

Table 1 Structural and optical properties of the synthesized ZnO:Dy** nanophosphors [for bulk ZnO a = b = 0.3249 nm, ¢ = 0.5206 nm (JCPDS

36-1451)]

Lattice parameter

Dy content (at%) FWHM (°) Crystallite size Dyjq (nm) a (nm) C (nm) Strain ¢ Band gap(eV)
0 0.2772 30 0.3252 0.5215 0.0177 3.25
0.04 0.2910 28 0.3255 0.5225 0.0192 3.26
0.08 0.3171 26 0.3258 0.5228 0.0201 3.27
0.12 0.3250 25 0.3261 0.5225 0.0261 3.29
0.16 0.4013 20 0.3265 0.5232 0.0307 3.31
0.20 0.3476 24 0.3257 0.5235 0.0338 3.30
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Fig.2 FE-SEM images of (a) ZnO and (b) ZnO:Dy** (0.16 at%)
nanophosphors.

nanoribbon structures. Zn0:0.16Dy*>" nanophosphors main-
tained the ribbon-shaped morphology, suggesting that Dy
doping had little influence on the alteration of the morphology
of the nanoparticles in the present case.

The elemental analysis of ZnO:Dy>* nanostructures was per-
formed using energy dispersive X-ray (EDX) spectroscopy and
is given in Fig. 3(e and f). The quantitative EDX and ICP-MS
analyses of the nanophosphors (Table 2) indicate that the con-
centrations of elements are identical to the theoretical stoi-
chiometry. The elemental X-ray dot mapping images (Fig. 3(a-
d)) showed that the constituent elements were uniformly dis-
persed in the samples.

Micro-Raman spectroscopy is an excellent tool for under-
standing the structural modification and surface-related

Fig. 3 (a—d) Elemental X-ray dot mapping images ZnO:Dy** nanopho-
sphors and (e-f) EDX spectra of ZnO and ZnO:Dy3+ (0.16 at%)
nanophosphors.

Table 2 Atomic percentage of elements obtained from EDX analysis

Elemental
composition from
EDX (at%)
Dy doping Dy content as per
concentration (at%)  Zn o Dy ICP-MS analysis (at%)
0 50 50 0 0
0.04 49. 49.98 0.032 0.036
98
0.08 49.97 49.96 0.074 0.078
0.12 49.95 49.95 0.10 0.11
0.16 49.94 49.93 0.13 0.14
0.20 49.92 49.92 0.16 0.18

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper

defects of the crystal. There are nine optical modes for the hex-
agonal wurtzite phase of ZnO with Cs, symmetry predicted by
factor group theory,>®° given by the following:

Foptical = A1(R,R) + 2By + E; (IR, R) + 2E;(R) (3)

A; and E, modes are polar and are active in both Raman and
IR regions and the B; modes are silent modes; the E, modes
are non-polar and Raman-active only.>”*® Due to the micro-
scopic electric field associated with the LO phonons, the A;
and E; modes split into transverse optical (A;r & E;p) and
longitudinal optical (A;&E;;) phonons with different frequen-
cies. Also, the E, mode was split into E, (high) and E, (low)
modes.””>°

Fig. 4 represents the Raman spectra of ZnO:Dy*>* nanopho-
sphors over the spectral range 50-1300 cm™'. The Raman
spectra of undoped and Dy-doped ZnO nanophosphors exhibi-
ted almost similar patterns. All the samples show an intense
Raman band at ~100 ecm™ ', corresponding to the E, (low)
mode, due to the vibration of the Zn sublattice. The appear-
ance of an intense peak at 438 cm™" corresponds to E, (high)
mode, due to the vibration of oxygen atoms. These two non-
polar modes are a characteristic feature of the wurtzite phase
of Zn0.”®?*° 1t is evident from the Raman spectra that Dy*" ion
doping significantly influences the different vibrational modes
of ZnO. The E, (high) mode shows a systematic shift to lower
wavenumbers (438 to 433 cm™") with Dy** content, indicating
the incorporation of Dy*" ions into Zn>" sites and the for-
mation of Dy**-induced defects in the ZnO lattice.?® In
addition, the intensity of the E; (LO) mode (~580 cm™") varies
with Dy doping, meaning that the introduction of Dy**
induces defects such as zinc interstitials, and oxygen vacancies
in the crystal without altering the crystal structure.’®?"
Moreover, the observed increase in the ratio of the intensity of
E, (high) mode to E; (LO) mode indicates the preservation of
the wurtzite phase with good crystalline nature.>'~**

The chemical configuration and bonding states of Dy*" in
ZnO:Dy*" nanophosphors were further explored with X-ray

Raman Intensity (arb. unit)

200 400 600 800 1000 1200
Raman Shift (cm™)

Fig. 4 Micro-Raman spectra of ZnO:Dy** nanophosphors with varying
Dy** doping levels: (a) O, (b) 0.04, (c) 0.08, (d) 0.12 (e) 0.16 and (f) 0.2
at%. [Inset: shift of the E2 (high) mode].
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Fig. 5 XPS spectra of ZnO:Dy** (0.16 at%) nanophosphors: (a) survey
scan spectrum; (b) Zn 2p; (c) O 1s and (d) Dy 3d.

photoelectron spectroscopy and are shown in Fig. 5(a and d).
The XPS survey scan clearly shows the core level of Zn (2p, 3p,
3d, and 3s), O (1s), Dy (3d), and C (1s), confirming the high
purity of the samples. The high-resolution XPS spectrum of Zn
2p is composed of two symmetric peaks corresponding to Zn
2ps» and Zn 2p,,, states with binding energies of 1018.6 and
1041.7 eV, respectively.’> The binding energy difference
between Zn 2ps,, and Zn 2p,,, is 23.1 eV, which is consistent
with the standard reference of 22.97 eV and can be due to the
spin-orbit splitting of the Zn>" valence state.>” The O 1s core
level spectrum displayed in Fig. 5(c) shows a broad spectrum
with a shoulder peak, centered at 527.6 and 530.4 eV,
suggesting the existence of two different kinds of O species in
the sample. The first peak at 527.6 eV can be attributed to O*~
ions that are surrounded by Zn atoms in the hexagonal struc-
ture of ZnO. The highly intense peak at 530.4 eV can be
assigned to O®~ ions that are in oxygen-deficient regions and
the surface hydroxyl groups.”>**>* The core level XPS spectrum
of Dy displayed a broad peak at around 1294 eV and can be
assigned to the Dy 3ds/, state, which is relatively close to the

values reported for Dy(m) oxides.*® 3373

3.2 Optical studies

3.2.1 Diffuse reflectance spectra and bandgap. The diffuse
reflectance spectra of ZnO:xDy*>" nanostructures (x =0, 0.04,
0.08, 0.12, 0.16, and 0.20 at%) are shown in Fig. 6. A broad
excitonic absorption band in the UV region (~378 nm) was
observed and attributed to the electron transition from the
valence band to the conduction band (O,, — Zn;q state). NIR
absorption bands at 753 and 804 nm were also observed due
to ®Hys;, — °Fs, and ®Hys, — °Fs), transitions of Dy* ions,
respectively.'®

The optical bandgaps of ZnO:Dy>* nanostructures were cal-
culated using the Kubelka-Munk method from the diffuse
reflectance spectra. The Kubelka-Munk function F(R,),

6238 | Dalton Trans., 2024, 53, 6234-6244
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Fig. 6 Diffuse reflectance spectra of ZnO:Dy** nanostructures with
BDy** doping levels (0.04-0.2 at%.).

absorption coefficient (K) and scattering coefficient (S) are
related by the following equation:**?°

(1 - Roo)z K

S

FRe) = ke

(4)

where F(R.) is the Kubelka-Munk function, Ry, = Rsample/
Rgtandara, 1S the diffuse reflectance of the sample with respect
to the BaSO, reference.

Since ZnO is a direct band gap material, the relation con-
necting the absorption coefficient (a) and band gap energy (E,)
can be written as follows:*’

a(hv) = B(hw — Eg)"/? (5)

where B is a constant. The band gap energies of the samples
were determined by plotting the variation of the Kubelka-
Munk function with photon energy according to the following
relation:

(F(Rw)hv)® oc (hv — Ey) (6)

From the (F(R.)hv)* versus photon energy (hv) plot, the
band gap energy was determined by extrapolating the linear
part of the (F(R.,)hv)* curve to zero (Fig. 7).** The observed sys-
tematic increase in optical band gap energy (Table 1) may be
due to the incorporation of Dy** ions into the ZnO lattice and
is attributed to the Brustein-Moss (BM) effect.*® The incorpor-
ation of Dy** ions improves the electron carrier concentration
within the conduction band, which causes the lifting of the
Fermi level in the conduction band and results in an increase
in the effective band gap.*®*° Amira et al.*" reported a similar
broadening of the band gap with Dy** doping and ascribed it
to the Burstein-Moss shift, which results from the filling of
the conduction band of n-type materials or the valence band
of p-type materials.

3.2.2 Photoluminescence properties of Zn,_,0:xDy** nano-
phosphors. The photoluminescence excitation spectra of

This journal is © The Royal Society of Chemistry 2024
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Fig. 7 Kubelka—Munk plots of ZnO:Dy** nanophosphors with varying
Dy** doping levels (0-0.2 at%).

Zn,_0:xDy** (x = 0, 0.04, 0.08, 0.12, 0.16, and 0.20 at%) nano-
phosphors monitored with the emission wavelength of 572 nm
are given in Fig. 8. The peaks observed in the spectra arise
from the electronic transitions, °Hys;, — P35 (318 nm) °Hys),
— %Py, (352 nm), “Hys;, = °Ps;p (366 nm), °Hysp = ‘Tz
(388 nm), ®Hy5, — *Gyyp (427 nm), ®Hysn — *Lisp (452 nm)
and ®Hs5, — *Fo, (476 nm) of Dy®" ions. The spectra revealed
that these phosphors can be excited at 366, 388, and
450 n]:1.1'34,41—43

The emission spectra of Dy**-activated ZnO nanophosphors
under 388 nm excitation (Fig. 9) exhibit three distinct peaks at
480, 572 and 635 nm and are related to the f — f electronic
transitions of Dy*" ions, *Fo/, — ®Hys/, *Fon — °Hizjp and *Fo,
— ®Hyy,, respectively.** The blue emission peak at ~480 nm
can be assigned to the magnetic dipole (MD) allowed tran-
sition, which is less sensitive to the local site symmetry,
whereas the yellow emission peak at ~572 nm can be attribu-
ted to the electric dipole (ED) allowed transition and is hyper-

~ Zn, O:x Dy

A =575nm & g X=0.04

0 P ——X=0.08

3x10° | ::2 ! —X=0.12
&

2x10°

1x10°

PL Intensity (arb.unit)

300 350 400 450 500
Wavelength (nm)

Fig. 8 The PLE spectra of ZnO:Dy** nanophosphors with varying Dy
content (0.04-0.2 at%) monitored under an emission of 574 nm.
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Fig. 9 Emission spectra of ZnO:Dy** nanophosphors prepared with
different Dy** doping levels (0.04-0.2 at%) (Inset shows emission
spectra of ZnO).

sensitive to the local site symmetry or site preference of Dy’
ions in the crystal lattice.’®** The observed dominance of elec-
tric dipole transitions over magnetic dipole transitions
suggests that Dy*" ions are located in a highly distorted
environment with minimal crystal field symmetry. The asym-
metric ratio of ZnO:Dy*" nanophosphors was evaluated to
understand the site symmetry or distortion of the crystal site
around the Dy*" ions and was found to increase with Dy’*
content up to 0.16 at% and then decrease. From Table 4, the
observed high value of the asymmetric ratio indicates that the
Dy’ ions prefer to occupy a low symmetry site without an
inversion center.*>** Apart from intense blue and yellow
bands, a kenspeckle red emission band was also present at
~635 nm due to the *Fg, — °H,y), transition. The inset of
Fig. 9 shows the emission spectra of ZnO nanoparticles due to
near-UV excitation (388 nm) and it exhibits a broad visible
emission centered at ~582 nm, due to the presence of oxygen
interstitials located at 2.14 eV below the conduction band.”™"
A schematic illustration of the main transitions of ZnO:Dy*"
nanophosphors is shown in the energy level diagram (Fig. 10).
It was observed that the integrated emission intensity was
enhanced and the asymmetric ratio increased from 1.06 to
1.37 for optimum Dy*" content (0.16 at%) in the present work
(Fig. S2t); beyond that, luminescence quenching occurs. The
observed quenching of emission intensity at higher concen-
trations can be attributed to non-radiative energy transfer
between activator ions due to the shortened interionic distance
between Dy** ions. The critical distance, R., for effective
energy transfer between Dy** ions is given by Blasse:**

Rczz{ i }1/3 7)

ATNX.

where V is the unit cell volume (49.9 A® for ZnO), N is the
number of cation sites in the unit cell (N = 4 for hexagonal
ZnO) and X, is the critical ion concentration. Earlier studies
proposed that two energy transfer mechanisms were respon-
sible for the concentration quenching, namely, the exchange
interaction (for R. < 5 A), and multipole interactions (for R >
5 A). The calculated R. value was 15.5 A, which effectively rules
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Fig. 10 A schematic model corresponding to emissions from ZnO:Dy**
nanophosphors.

out the possibility of electrostatic multipolar interactions for
the observed concentration quenching?*>°

3.2.3 Luminescence decay curve analysis. To gain more
insight into the nature of the occupancy of Dy*" ions and the
energy transfer mechanism in the ZnO lattice, photo-
luminescence lifetime studies were performed. The lumine-
scence decay curves corresponding to the *Fo/, — ®H,/, tran-
sition of Dy** ions with emission at 572 nm and excitation at
388 nm of Zn,_,0:xDy*" (x = 0.04, 0.08, 0.12, 0.16, 0.2) nano-
phosphors are shown in Fig. 11(a-e). The decay curve was
found to be best fitted with a single-exponential function:

I(t) = Iy exp (— ;) (8)

where 7 is the lifetime of the activator ion and I, is the initial
emission intensity at ¢ = 0 s.*” The fitting by a single-exponen-
tial function marks the single-site occupancy of Dy** ions. The
fitted lifetime values are given in Table 5. The lifetime was
found to increase with the increase in Dy*" content up to x =
0.16 at%, beyond that, a slight decrease was observed and is
attributed to the nonradiative transitions between activator
ions due to the shortened interionic distance between Dy**
ions. This was also evidenced by the decrease in emission
intensity at higher concentrations. The observed long decay
time is attributed to the dopant ions entrenched at the core of
the crystallite site.

3.2.4 CIE chromaticity coordinates. The color coordinates
of ZnO:Dy** nanophosphors were evaluated using the 1931
CIE chromaticity coordinates function from the emission
spectra observed with 388 nm excitation,*®*” and the corres-
ponding CIE diagram is displayed in Fig. 12.
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Fig. 11 Photoluminescence decay curves corresponding to the *Fg/, —
®H,3/, transition (lem = 572 NM, lex = 388 nm) of Dy** ions of ZnO:xDy>*
phosphors with different Dy** concentrations: (a) 0, (b) 0.04, (c) 0.08,
(d) 0.12 (e) 0.16 and (f) 0.2 at%.
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Fig. 12 CIE chromaticity diagram of ZnO:Dy** nanophosphors with
varying Dy** content (0.04-0.2 at%).

The CIE chromaticity coordinates and correlated color
temperature of ZnO:Dy*>" nanophosphors under excitation (e
= 388 nm) for different Dy’ ion concentrations are given in
Table 3. The table indicates that ZnO:Dy®" nanophosphors
exhibit superior white luminescence coordinates that are extre-
mely close to the National Television System Committee
(NTSC) white-light emission and commercial pc-LED having
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Table 3 Chromaticity coordinates and the correlated color tempera-
ture ZnO:Dy** nanophosphors under 388 nm excitation

CIE coordinates

Dy doping

level (at %) x y CCT (Kelvin)
Standard 0.333 0.333 5471

0.04 0.321 £ 0.0085 0.339 + 0.0042 6028 + 393.8
0.08 0.32 + 0.0092 0.347 +£ 0.0099 6047 + 407.2
0.12 0.325 = 0.0056 0.332 = 0.0007 5854 +270.8
0.16 0.329 + 0.00283 0.334 + 0.0007 5657 +131.5
0.2 0.325 + 0.0056 0.331 £ 0.0014 5856 +272.2

(0.310, 0.316) and (0.32, 0.32), respectively.*® The calculated
CCT values for Dy** ion-doped ZnO phosphors were found to
vary between 5471 and 6047 K and fall in the cool-white region
of the chromaticity diagram, which signifies the possibility of
the application of the phosphor in WLEDs for outdoor illumi-
nation.*® The higher value of CCT indicates better visual acuity
and greater brightness perception as compared to lower
values.*®*° These results indicate that the ZnO:Dy*" nanopho-
sphor can be considered a possible candidate for the fabrica-
tion of WLEDs based on NUV chips as the excitation source.

3.2.5 Temperature-dependent photoluminescence. The
thermal stability of the phosphor materials is one of the key
conditions for solid-state lighting applications. To understand
the thermal behavior of the phosphors, the emission intensity
of the phosphor with the optimum concentration,
Zn0:0.16Dy*>* was monitored under 388 nm excitation at
various temperatures from 80 K to 500 K (Fig. 13).

The emission spectra showed a slight variation in intensity
with temperature in the range of 80-320 K. However, a fast
decrease in intensity with the increase in temperature was
observed above 320 K. The decrease in emission intensity can be
ascribed to thermal quenching due to the increase in non-radia-
tive transitions at elevated temperatures. Also, no change in the
luminescence profile was noted at higher temperatures. The

Intensity (arb. units)

80 K

AN .
~———r ) VA
LT~ 7/
—~————
L L 1 =500 K
450 500 550 600 650

Wavelength (nm)

Fig. 13 Temperature-dependent emission spectra of ZnO: 0.16 Dy**
nanophosphors at an excitation of 388 nm.
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thermal stability of the phosphor was evaluated by calculating the

activation energy based on the Arrhenius equation:>*>!
Iy
=7 T Ae AE/kT ©)

where I, and I are luminescence intensities at room tempera-
ture and a temperature T; k = 8.617 x 107> eV; K * is the
Boltzmann constant; A is a constant, and AE is the activation
energy. The thermal activation energy of the phosphor can be

1 I
obtained from the T vs. In (I_O — 1) plot and was found to be
T

0.26 eV (Fig. 14). The obtained higher thermal activation
energy indicates better thermal stability for the phosphors.

3.3 Judd Ofelt analysis and radiative properties of ZnO:xDy>*
nanophosphors

Judd-Ofelt (J-O) analysis is a widely used theory to understand
the spectroscopic and luminescence dynamics of lanthanide
ions in crystals.>>* The three J-O parameters £, (4 = 2, 4, and
6) are evaluated empirically from the absorption spectra and
provide information about the structural environment and
bonding between rare earth ions in the host lattice. ]-O para-
meters are determined by fitting experimental line strength
data with the theoretical value by utilizing the proportionality
between the absorption and excitation spectra. The radiative
parameters such as the spontaneous emission probabilities,
the oscillator strength, and the radiative branching ratios
between J-multiplets of RE ions can be easily estimated using
J-O parameters.’>** Luo et al.>® developed a new method for
evaluating the JO parameters of nanomaterials with low RE
dopant concentration based on excitation spectra. Zhang
et al.>® proposed another method for calculating the J-O para-
meters of RE**-doped powder based on the diffuse-reflection
spectrum. In this route, the absorption cross-section spectrum
was derived from the diffuse-reflection spectrum by taking the
Kubelka-Munk function into account and by using the con-
nection between the absorption cross section and the radiative

@ Experimental data
Linear Fitting

2k

In(1,/1,-1)

AE=0.26 eV
4| Adj.R’=0.99

20 40 60 8 100 120 140 160
/KT (eV")

Fig. 14 Linear fit of the Arrhenius equation of of ZnO:0.16Dy>*
nanophosphors.
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transition rate. Luo et al.>” proposed a new method for evaluat-
ing J-O parameters and radiative parameters of trivalent rare
earth ion-doped materials of any form, and in this route, the
relation between the fluorescence decay values and the radia-
tive transition rates was utilized. In this work, the J-O intensity
parameters of ZnO:Dy*" nanophosphors are determined from
excitation spectra by adopting the method proposed by Luo
et al.”® The oscillator strength of absorption from an initial
state (J) to the final state (J') is given by the following:

8m’mcy
) (*epSep + XMpSmp)  (10)

S = oo +huv= 55

where m is the mass of the electron, % is Planck’s constant, v is
the frequency of the excitation spectra, ygp and yup are the
correction factors of the refractive index of the medium in
which the ion is embedded for ED and MD transitions, and
are evaluated using ygp, = "("2,%”2 and yyp = n°.>%%8

The excitation line strength for an electric dipole transition
can be expressed in terms of 2, , ¢ as follows:

sl =¢ S Qi | U ) (11)

1=2,4,6

where |(1//]||U’l||y/j)|2 represents the squared reduced matrix
element of the irreducible tensor operator. The values of these
matrix elements for Dy*" are independent of the host material
and have been reported by Carnell et al.*® U" is related to the
spin coupling and electron repulsion. The measured line
strength can be determined from the observed excitation spec-
trum as follows:

gMeas _ 3he(2] +1) 9n
P 8e2m3 ANy (n? + 2)°

Iox (12)

where 1 is the mean wavelength of the excitation spectra and
N, is the concentration of Dy** ions. The refractive index (n) of
this nanophosphor was determined by the reflection ellipso-
metry technique to be 2.24. The J-O parameters £2,, £,, and
Q¢ are determined by least squares fitting of the experimental
line strength data S$3 with the calculated line strength data
Syeas. The root mean square deviation of experimental and cal-
culated line strength values is determined as follows:

(Smeas - SCal)2

(N-3)

-

=1

ASims = (13)
where N is the number of experimental spectral lines involved
in the calculation. The J-O parameters 2,, £, and £ calcu-
lated using the above relations are given in Table 4. From the
table, the value of Q, value increases with the Dy3+ ion concen-
tration and it accounts for the increase in the asymmetry of
the local environment of the luminescent ions. The observed
trend of Q, > 2, > £, indicates the stronger covalent nature of
the bonding of Dy’* ions and more asymmetry around the
Dy’" ions in the ZnO matrix. The obtained J-O parameters can
be used to evaluate the radiative properties of the nanopho-
sphor from the emission spectra.
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Table 4 Judd-Ofelt intensity parameters (2,, 24, and Q¢) and AS,ms
for ZnO:xDy>* (x = 0.04, 0.08, 0.12, 0.16, 0.20) nanophosphors

92 Q4 'QB ASrms
(x10™°  (x107*°  (x107*°  (x107*! Asymmetric
Sample cm?) cm?) cm?) cm? ratio
ZDg .04 0.81 0.124 0.0065 3.15 1.06
ZDpos  0.97 0.218 0.0104  2.23 1.16
ZDo1,  1.61 0.471 0.0532  2.15 1.25
ZDp1e  2.38 0.803 0.0564  1.47 1.37
ZDg 1.97 0.689 0.0106 9.13 1.10

The electric dipole transition rate of *Fo;, — °Hj, (J = 15/2,
13/2) is given by,

AQ/ZH] =

6an*®  ,n(n?®+2)° . D116 \|?
32 +1)° 9 ;QlK Fora [0 Hf>‘

(14)

The rate of the magnetic dipole transition, Ag/,_.15/2, can be
evaluated by taking the ratio of the integrated emission inten-
sity, which is directly proportional to the transition rate of
each energy level:

[loppy  _ Aspy
f19/2ﬂ15/2 B Agjr 152 .

(15)

Total radiative transition probability Ay is the sum of all
electric and magnetic dipole transition probabilities.

AR = Agpry (16)
J

where J = 15/2, 13/2 and 11/2.°° The radiative lifetime z,,q of
the emitting state “Fy, is related to the spontaneous emission
probabilities for all transitions from this state to the low-lying
°H; states:

. (17)
Trad - <. -
2 ARG —)
J
Quantum efficiency () is another important parameter and
is defined as the ratio of the observed lifetime (zops) to the
radiative lifetime (74q4) and is given by

Tobs
= 18
n=- (18)

The fluorescence branching ratio, which is a measure of the
relative contribution of each transition from the excited state
to a lower state, is determined as follows:

A9/2H]

2 19
%: Aoy (19)

/39/2—J =

where J = 15/2, 13/2 and 11/2. The stimulated emission cross-
section for the transition *Fo, — °H; is related to the radiative
transition probability:

2A

P92y
6, =——— 20
P 8ren? Adesr ( )
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Table 5 Transition rates (Ag, Anr and Aq), lifetimes (1.9 and 7ops),
quantum efficiency (7), branching ratios (8) and stimulated emission
cross sections (s) of the transitions *Fg/;» — ®His/2, “Fg/ — ®Hizsp, and
4Fo/2 = ®Hy/» for ZnO:xDy** nanophosphors

Radiative parameter ZDy.04 ZDy.08 ZDo 12 ZDo 16 ZDy.»

Ag (s 1974 2190 2375 2210 2580
Axg (s7Y) 1038 659 264 165 353
A (s 3012 2849 2639 2375 2933
Traq (MS) 0.506 0.456  0.421 0.452 0.388
Tobs (MS) 0.332 0.351 0.379  0.421 0.341
1 (%) 66 77 90 93 87
Porz—issz (%) 6.12 5.54 5.86 6.23 5.98
Porn—13/2 (%) 73.15 74.23 75.03 76.12 73.92
Porn—11/2 (%) 16.32 16.01 15.94 15.74 15.82
Goppsn (1072 cm?®)  4.09 4.16 4.32 5.58 5.33
Gop1zz (X107 ecm?)  3.23 3.42 3.67 3.91 3.44
Gop11ja (1072 cm?)  5.42 5.57 6.18 7.43 6.61

where 1, is the wavelength of the emission peak and Al.g is
the effective line width of the emission band. The obtained
values of radiative parameters are summarized in Table 5.

The quantum efficiency and lifetime values were found to
increase with an increase in Dy’" concentration, which
suggests that Dy*" incorporation reduces the non-radiative
relaxation mechanism. Also, the highest quantum efficiency of
93% was obtained for ZnO:Dy*" nanophosphors with optimum
Dy*" content (0.16 at%). The high value of the branching ratio
and stimulated emission cross-section the for *Fo;, — °Hjz/n
transition indicates that the yellow emission band is the
efficient transition in this ZnO:Dy*" nanophosphor and has
the potential to be used for the fabrication of WLED’s.

4. Conclusions

Single-phase white-light emitting ZnO:Dy** nanophosphors
with varying Dy content (0.04-0.2 at%) were successfully syn-
thesized via a sonochemical method. X-ray diffraction and
Raman spectroscopic analysis indicated the formation of hex-
agonal wurtzite-structured ZnO with preferential growth along
the (101) crystal plane. Scanning electron micrographs indi-
cated the formation of ribbon-shaped nanostructures. The
X-ray photoelectron spectra revealed the existence of only triva-
lent dysprosium ions in the ZnO lattice. Strong yellow
(572 nm), blue (480 nm), and red (635 nm) emission bands
were observed in the visible region upon efficient excitation by
near-UV light of wavelength 388 nm. The optimum incorpor-
ation of Dy*" (0.16 at%) in the ZnO:Dy’* nanophosphor
enhanced the intensity of emission along with an increase in
the asymmetric ratio from 1 to 1.37. The single-exponential
nature of the luminescence decay curves indicated the substi-
tution of the Dy*" ions at unique crystallite sites. The thermal
activation energy of 0.26 eV obtained for optimum ZnO:Dy**
nanophosphors suggests substantial stability against thermal
quenching due to the cross-over process. The Judd-Ofelt inten-
sity parameters were evaluated from the excitation spectra of
the ZnO:Dy>" nanophosphor. The radiative properties of these
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nanophosphors were quantitatively evaluated and a maximum
quantum efficiency of 93% was obtained in the optimum case.
The high values of emission cross-section and branching ratio
for the *Fo/, = ®Hy3), transition indicated that the yellow emis-
sion band is the efficient transition in this ZnO:Dy** nanopho-
sphor. All the results indicate that the ZnO:Dy** nanophosphor
could be used as a practical potential luminescent material for
NUV-based W-LED applications.
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