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ABSTRACT

This work presents the influence of host defect centers on the photoluminescence characteristics of Mg;_,Er,Al,O4 (x = 0.005, 0.01, and
0.03) nanocrystals under UV and near-infrared (NIR) excitations. The spinel-structured nanocrystals are synthesized through the combus-
tion method. The Rietveld refinement and nuclear magnetic resonance analyses estimated the Er*" ion occupancy at octahedral and other
random sites of the MgAl, Oy lattice, and the existence of various lattice defects. Diffuse reflectance spectra showed broad bands attributed
to oxygen vacancies as well as antisite defects and sharp peaks attributed to f-f transitions of Er** ions. The upconversion luminescence
spectra consisted of sharp emission lines, ascribed to Er** ions, in the green and red wavelength regions, which overlapped over the broad
curve attributed to intrinsic defects. Further, the UV excited downconversion luminescence spectra showed two broad emission bands in
blue-violet and red-NIR regions with a very weak Er’" ion emission feature. This up- and downconversion emission revealed energy trans-
fer between host and Er*" ions via intrinsic defects. As a result, the emission color changes from bluish purple to white by varying the exci-
tation wavelength from UV to NIR. This rare earth activated luminescence from MgAl, O, nanocrystals would exhibit potential applications
in display devices and solid-state lighting.
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I. INTRODUCTION NIR (at 1.5um) and visible light (in green and red regions) emis-
sion because of its favorable electronic energy level structure with
equally spaced long-lived excited states. Additionally, the Er’"
doped systems can be easily pumped by a low-cost and high-power
NIR diode laser and find applications in various photonic

Recently, trivalent rare earth (RE) doped nanocrystals have
evoked enormous interest owing to their unique luminescence
properties, such as sharp emission bandwidths, large Stokes shifts,
low auto-fluorescence, long emission lifetimes, high signal-to-noise devices.”**~'? Further, the fluoride based upconversion nanoparti-
ratio, as well as low light scattering under near-infrared (NIR) cles have gained more interest in recent years due to their low
excitation.'™ Their NIR triggered upconversion and UV/Vis/NIR phonon energy. The important luminescent fluoride host is NaYF,.

triggered downconversion photolu12n4inescence exhibited prgl(nising However, the poor chemical stability may result in environmental
applications in solid-state lighting,™" optical thermometry,™ fiber issues due to toxicity. Thus, oxide-based hosts are preferred over
lasers,’ bioimaging,8 etc. Considering the luminescence properties, fluorides due to their high mechanigal strength, low-cost, high
the erbium (Er*") ion acts as an outstanding activator for chemical, and temperature stability.'”™"”
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The MgALO, spinel may exhibit compositional deviation
from the standard stoichiometry attributed to the presence of struc-
tural vacancies and cation disorder. Thus, it can provides room for
the doping of RE ions.'®™'® The high thermal and chemical stabil-
ity, wide energy bandgap, and easy and low-temperature synthesis
make it a suitable matrix to tailor its optical properties with RE ion
doping."” Moreover, the comparatively lower phonon frequency of
the MgAl,O, host (~670 cm™!) than other oxide-based phosphors
will lead to efficient up- and downconversion photoluminescence
with reduced non-radiative relaxation probability.”” The Er** ion
with a large ionic radius can either substitute the octahedral
(M)/tetrahedral (T) sites occupied by Al**/Mg?" ions or free lattice
interstices by inducing lattice strain and distortion in the host
lattice. Van den Hoven et al. reported that 70% of the Er reside on
displaced, free octahedral sites, while some at tetrahedral and
random sites of the a-Al,O3 crystal.21 The octahedral site of the
Er’* ion was the dominant luminescent site. Similar occupancy of
Er’" ion at the displaced Li octahedral site is reported by Rebouta
et al. for LiNbO; crystals.”” According to the available research
analysis, it is found that there is no prior research of the host’s
influence on the Er’* dopant emission in the MgAl, O, matrix.
Thus, Er*" substitution is expected to influence the inversion
parameter, cation disorder, and native defects of the MgAl, O, host.
In this research, the impact of Er** doping concentration and exci-
tation wavelength on energy transfer between host and dopant ions
and, hence, the up- and downconversion photoluminescence from
the Er’* doped MgAL, O, host are studied.

Il. EXPERIMENTAL SECTION

The nanocrystals of Mg;_,Er,ALOs (x=0.005 0.01, and
0.03) were synthesized through the solution combustion method
using the precursors, magnesium nitrate hexahydrate [Mg(NO;);-
6H,0, Loba Chemie; 99%], aluminum nitrate nonahydrate
[AI(NO;3)3-9H,0, Sigma Aldrich; >98%)] and erbium nitrate penta-
hydrate [Er(NO3);-5H,0, Sigma Aldrich; 99%], and monoethanol-
amine (C;H;NO, Sigma Aldrich; >99%) as a fuel. The amount of
the precursors was calculated from the stoichiometric substitution
of Mg(NOs),-6H,0O with Er(NOs);-5H,0. The synthesized nano-
crystals with the Er** doping concentrations of 0.5, 1 and 3 mol. %
were labeled as E0.5, E1, and E3, respectively. The combustion of
the redox mixture occurred at 500°C in a muffle furnace and
annealing of the obtained powder was done at 900 °C for an hour.
The detailed description of the procedure followed for the combus-
tion reaction is given in earlier work.”’

The structural-phase analysis was performed by x-ray diffrac-
tion data measured from PANalytical X’pert PRO x-ray diffractom-
eter using Cu Ky (4 = 1.5406 A) radiation source in the 26 range
of 10°-90°. The morphological features were studied from high res-
olution transmission electron microscopy (HR-TEM) (Hitachi
H-7500 TEM, Japan). The Fourier transform infrared (FTIR)
spectra were obtained using Agilent Cary 630 FTIR spectrometer in
400-1800 cm~!. The ¥ Al solid-state nuclear magnetic resonance
(NMR) spectra were recorded at a photon frequency of 400 MHz
and a magnetic field strength of 9.389 T using a JEOL ECX400
NMR spectrometer. The diffuse reflectance spectra (DRS) were
recorded on an UV-VIS-NIR spectrophotometer (SHIMADZU
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UV-2600) in the 200-1000 nm wavelength range. The electron spin
resonance (ESR) spectra were recorded on a JES-FA200 ESR spec-
trometer (JEOL, Japan) with X-band frequency (9.44 GHz) at room
temperature. The upconversion (UC) emission spectra were
recorded using a 976 nm diode laser on a micro-Raman spectrome-
ter (LabRAM HR, Horiba Scientific, France). The down-shifted
(DC) emission spectra measurements were carried out with a
modular RI PL spectroflourometer equipped with a 280 nm LED.
Thermoluminescence (TL) study was done after irradiating the pre-
annealed samples with ®Co y rays (at GAMMA CHAMBER 1200,
IUAC, New Delhi) at 1 kGy radiation dose. TL measurements were
performed in the 50-400 °C temperature range through a Harshaw
TL reader (Model 3500) at a heating rate of 5°C.

lll. RESULTS AND DISCUSSION

The XRD patterns of Er’t (0.5, 1, and 3 mol. %) doped
MgAlLL,O; samples are depicted in Fig. 1(a). All the diffraction
peaks are indexed according to the ICDD (International center for
diffraction data) card 00-021-1152. Figure 1(b) presents the
Rietveld refined XRD patterns with Fullprof program™* using the
pseudo-Voigt profile function. The diffraction peak positions are
consistent with the spinel phase of space group Fd3m. The absence
of extra peaks corresponding to any impurity or secondary phase
inferred the successful incorporation of Er*" dopant into the lattice
sites of the spinel structure. Table I revealed the crystal structure
and fitting parameters. The fitting was performed with Er*" ion
occupying the octahedral sites of the spinel structure as tetrahedral
site occupancy is least expected due to valence mismatch of Er**
ion with the Mg®" cation at the tetrahedral site. The relatively
lower values of R, (unweighted profile R-factor), R,, (weighted
profile R-factor), Rexp (expected R-factor), and GOF (goodness of

fit) parameters, and matching of observed and calculated profiles :
confirmed the goodness of Rietveld refinement. The lattice parame- ¢

ter (a) increases as expected with the doping concentration due
to the substitution of Er** ions of large ionic radii (0.88 A) with
APP*/Mg?t ions of small ionic radii (0.53 A/0.57 A)."”*° The
observed decrease in the oxygen fractional coordinate (u), along
with a significant decrease in the T-O bond length and an increase
in the M-O bond length, is associated with the structural distortion
induced by the incorporation of Er** ions.”® Further, the ion occu-
pancy values inferred the formation of cation (AI**, Mg*"), oxygen
vacancies, and antisite defects by swapping of Mg?" and AI’" ions
at T and M sites. For E1 and E3 samples, the calculated values for
Er’* occupancy at octahedral sites are 0.007 and 0.027, respectively,
which are found to be lower than their substituted concentrations
(x = 0.01 for E1 and x = 0.03 for E3). Thus, Er’* ion is supposed
to occupy the octahedral sites as well as some random sites (can be
tetrahedral sites or other vacant interstitial sites) with an increase
in the doping concentration.

The diffraction peak positions of the E1 sample [the intense
(311) peak is shown in Fig. S1(a) in the supplementary material]
show a slight positive shift as compared to that for the E0.5 sample
and then a slight negative shift for the E3 sample, which is attrib-
uted to the occupation of larger size Er** ions at octahedral sites as
well as other random lattice sites at higher doping concentrations.
The Williamson-Hall (W-H) plots for all the samples are depicted
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FIG. 1. (a) X-ray diffraction patterns and (b) Rietveld refined x-ray diffraction patterns of Mgs_xErxAl,04 (x = 0.005, 0.01, and 0.03) samples.

in Fig. S1(b) in the supplementary material. Table II presents the
average crystallite size estimated from Scherrer’s formula and
Williamson-Hall equation®’ as well as lattice strain from W-H
plots. The crystallite size increases for 1 mol. % Er*" doped nano-
crystals and then decreases at 3 mol. % concentration. The lattice
strain values are negative for E0.5 and E1 samples, indicating lattice
compression, while positive for the E3 sample, indicating lattice
expansion. The lattice expansion at 3 mol. % doping content can be
explained in two ways. First, it may be attributed to the increased
substitution of larger Er** ions at octahedral sites occupied by AI**
ions, tetrahedral sites occupied by Mg?* ions, or even at free inter-
stitial sites. Second, it could be due to the increased concentration
of the point defects with decreasing particle size.”””’

Figures 2(a) and 2(b) show the HR-TEM images taken for
EO0.5 and E3 samples. The images revealed the formation of agglom-
erated irregular polygon shaped particles. Figures 2(c) and 2(d)
depict the particle size variation in 6-22 nm, with the average parti-
cle size ~15 and 12 for E0.5 and E3 samples, respectively. The
selected area electron diffraction patterns in Figs. 2(e) and 2(f)
present various concentric circles of different radii corresponding to
(111), (220), (311), (440), (422), and (511) lattice diffraction planes
of spinel phase. Further, at a higher resolution of 2 nm, the lattice
fringes are observed [shown in Figs. 2(g) and 2(h)] corresponding to
(220) diffraction plane of the cubic spinel structure. Thus, HR-TEM
images reveal a polygon shaped morphology, confirming the spinel
phase of synthesized nanocrystals.

TABLE |. Rietveld refined structural and quality of fit parameters for Mg4_,Er,Al,O, (x = 0.005, 0.01, and 0.03) nanocrystals.

Sample E0.5 El E3
Crystal phase MgAlLO, MgAlL O, MgAlL, O,
Lattice constant, a (A) 8.081 676 8.083 474 8.083 680
Bond length (A) T-O : 1.8633 T-O: 1.8527 T-0: 1.8521
M-0 :1.9571 M-0 :1.9634 M-0 :1.9638
Oxygen position, u 0.258 12 0.257 33 0.257 28
Occupancy Mg(T) : 0.554 Mg(T) : 0.559 Mg(T) : 0.551
Mg(M) : 0.432 Mg(M) : 0.430 Mg(M) : 0.420
Al(M) : 1.543 Al(M) : 1.550 Al(M) : 1.534
AI(T) : 0.409 AI(T) : 0.366 AI(T) : 0.402
Er(M) : 0.005 Er(M) : 0.007 Er(M) : 0.027
O :4.000 O :4.000 O :4.000
Quality of fit R, :5.95 R, :5.56 R, : 542
R, : 7.95 R, : 7.20 R, : 6.83
Regp : 7.02 Regp : 7.14 Reyp : 6.76
GOF : 1.08 GOF : 1.01 GOF : 1.01
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TABLE II. Average crystallite size and lattice strain evaluated from Scherrer’s
formula and Williamson-Hall (W-H) equation for Mg,_,Er,Al,04 (x = 0.005, 0.01,
and 0.03) nanocrystals.

herrer’
Sfco r?mflas W-H plot

Lattice

Sample  Crystallite  Crystallite  strain

Sample ID size (nm)  size (nm)  (107%)
Mg0A995Er0'005A1204 E0.5 10.18 9.76 —-3.75
MgO.ggEro_OlAlzo‘l El 12.06 11.70 —-2.22
Mg0,97E1‘0,03A1204 E3 10.21 10.50 0.36

The spinel structure is further confirmed by metal-oxygen bond
vibrations in FTIR spectra. Figure 3 presents the FTIR spectra of Er’*
doped MgAlL, O, nanocrystals in 1800-400 cm ™. The spectra consist
of two prominent broad bands around ~670 and 470 cm™! in the
800-400 cm ™! range, which are characteristic of Mg-O-Al vibrations
of the MgAlL, O, spinel.’””" Further, the weak absorption around
830 cm ! is due to the stretching vibrations of AI** cations at tetra-
hedral sites and hence cation inversion in all the samples. The weak
bands observed in 1600-1400 cm™' are ascribed to C-O stretching
vibrations of the carbonate groups due to residual carbonaceous
content left from fuel employed in the combustion process.”””

In a-Al,Os single crystals, the octahedral sites were reported
as dominant optically active site for Er** ion occupation.”’ Here,
the Rietveld analysis revealed the cation inversion of Mg?* and
APT ions at T and M sites and estimated the occupancy of Er’*
ions at octahedral lattice sites. Thus, for a clearer understanding of
cation occupancies with Er** ion doping, the A" ion distribution
at T and M sites of the spinel structure is examined from 27Al
solid-state NMR spectra presented in Fig. 4. The two broad reso-
nance peaks and a spinning sideband (SSB) are observed, corre-
sponding to the isotropic chemical shifts (J) lying in (—40)-40,
40-80, and 80-140 ppm, respectively. The two peaks with maxima
around ~10 and 70 ppm are attributed to six and four-coordinated
aluminum in the spinel structure, respectively.”>”> The value of
inversion parameter (i) determined from the intensity ratio (r) of
the resonance peaks corresponding to aluminum occupying the
octahedral and tetrahedral sites is given by i = ;. This becomes
i= 21% for the Mg,_,Er,Al,O, system, if 4 amount of the Er*"
ions are assumed to substitute AI** ions occupying octahedral
sites.”® Here, the estimated value of r after deconvoluting the main
resonance peaks and their sidebands for E0.5, E1, and E3 samples
are 3.342, 3.489, and 3.464, respectively. The significant increase in
the relative occupancy of AI** ions at octahedral sites than at tetra-
hedral sites in E1 and E3 samples than in E0.5 samples inferred
that Er** may have started to occupy some tetrahedral or intersti-
tial sites (can be free octahedral sites) too, in addition to the Al
octahedral sites with an increase in Er’" ion concentration. The
inversion parameter values for E0.5, E1, and E3 samples are 0.461,
0.445, and 0.448 by considering no substitution of Er** ions at M
sites occupied by AT jons and 0.459, 0.443, and 0.441 by consid-
ering entire Er*" ions substituting AI>" ions at M sites, respectively.
The cation inversion estimated through Rietveld analysis from Al

ARTICLE pubs.aip.org/aip/jap
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FIG. 2. (a) and (b) High resolution transmission electron microscopy (HR-TEM)
images, (c) and (d) particle size distribution, (e) and (f) selected area electron
diffraction patterns, and (g) and (h) HR-TEM fringe patterns for 0.5 and
3mol. % Er** doped MgAl,O4 nanocrystals.

distribution at T as well as M sites and Er** at M sites using the
above expression is 0.418, 0.380, and 0.410 for E0.5, El, and E3
samples, respectively.

Furthermore, increasing the Er’t jon concentration to 3 mol. %
causes a noticeable broadening and slight negative chemical shift of
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FIG. 3. Fourier transform infrared spectra of Mgq_,Er,Al;O4 (x = 0.005, 0.01,
and 0.03) nanocrystals.

the NMR spectral lines, alluding to the changes induced in the local
atomic environment and electric field gradient distribution at octahe-
dral as well as tetrahedral sites occupied by aluminum ions.”””
These changes could be brought about by induced defects or Er*™
ion substitution near the aluminum sites.” Further, the increase in
the intensity of SSB with Er’* doping is the result of increased

—EO0.5

AlOg
SN\ —

Intensity (arb. units)

140 120 100 80 60 40 20 O
Chemical Shift 5 (ppm)

20 -40

FIG. 4. ZAl nuclear magnetic resonance spectra of Mg_,Er,Al,O4 (x = 0.005,
0.01, and 0.03) nanocrystals.
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FIG. 5. Diffuse reflectance spectra of Mgs_.ErAl,O4 (x = 0.005, 0.01, and
0.03) nanocrystals. The inset shows the absorbance spectra of the respective
samples.

strength of pseudo-scalar interactions of %Al nuclei with unpaired
f-electrons of Er’* ions.”® Thus, concluding the quantitative NMR
and Rietveld analysis, we observe a significant decrease in cation
inversion at 1 mol. % Er substitution. This decrease is expected, con-
sidering the Er ions occupying the octaherdral sites. This pseudo-
linear dependence between Er content and expected parameters

would have continued if Er remained solely in octahedral sites, as ¢
indicated from cation inversion calculations (from NMR) for entire ;

Er’" ions occupying the M sites only. The observed increase in
cation inversion at 3 mol. % content anticipated that Er** ions might
be occupying the random sites (tetrahedral or free interstitial sites)
in addition to octahedral Al sites.

The DRS spectra of Er’" doped samples, scanned between
200 and 1000 nm, is shown in Fig. 5 with the inset showing the
absorbance spectra of respective samples. The spectra show broad
absorption bands in 250-360 nm attributed to intrinsic host defects
such as oxygen vacancies (F, F', etc.) and antisite defects (MgAl’
and AlMg').”’39 The absorption peaks around 380, 406, 450, 488,
522, 654, 796, and 976 nm are attributed to the f-f transitions,
4115/2 - (4G) 4F) 2H)9/2»
4115/2 e 4F7/2> 4115/2 - 4H11/2’ 4115/2 - 4F9/2> 4115/2 e 419/2, and
“Iisj2 — *I11 ), of Er*" ions, respectively.'”"' The increase in reflec-
tance or decrease in the absorbance of the Er’" associated peaks is
observed with the increase in Er’** doping concentration from 0.5
to 3 mol. %. The decreased absorption of the Er** associated peaks
and increased absorption for host associated bands might be due to
the increased lattice defect absorption at higher Er’** content that
may have hindered the absorption by increasing Er*" ions.

To investigate the paramagnetic defect centers, the ESR
spectra of E0.5 and E3 samples are shown in Fig. 6. The spectra

4115/2 - 4G11/2, 4115/2 - 4F5/2)
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FIG. 6. Electron spin resonance spectra of Mgy_Er,Al,O4 (x = 0.005 and
0.03) nanocrystals.

consist of two prominent broad signals having g-values ~2.05 and
~1.98 in both samples. These resonance signals may be linked to
F' and V™ centers which are interacting with the nearby cations.
The broadness of the ESR signal indicates the delocalization of elec-
tron spin at neighboring defect centers. In MgAl, Oy host, the reso-
nance signal at g-value ~4.25 is attributed to the isolated ions in
distorted octahedral sites.””™*

The above DRS analysis revealed host defects and Er** dopant
absorption in the MgAlL, O, lattice. To observe the photolumines-
cence response, two excitation wavelengths, 280 nm corresponding

(a) Excitation at 976 nm
V4. 54 EO0.5
1 4s, {
2H11/2”"'15/2! g 32 52 —F1
1.6x10? 1 E3
Pl
73\_1 2x102 j
&t x10“
2
2 8.0x10"
[
2
£
4.0x10"

0.0

400 500 600 700 800
Wavelength (nm)
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to defect absorption and 976nm corresponding to Er’" ion
absorption, are chosen. Figure 7(a) presents upconversion photolu-
minescence spectra upon excitation at 976 nm, while Fig. 7(b) pre-
sents the room temperature down-shifted photoluminescence
spectra upon excitation at 280 nm.

The UC emission spectra of 0.5, 1, and 3 mol. % Er’*" doped
MgAL O, samples upon 976 nm laser excitation consist of three
narrow emission peaks located around 525, 550 (in green region),
and 660 nm (in red region) overlapped over the broad spectra span-
ning 400-800 nm wavelength region. The UC emission spectrum of
the E1 sample, depicted in Fig. 7(a), has been deconvoluted using
Fityk software.” The Gaussian fitting is provided in the
supplementary material (Fig. S2). Following Gaussian fitting, the
spectrum revealed nine emission components peaking around 440,
485, 525, 550, 605, 660, 705, 740, and 780 nm, labeled as P1, P2,
P3, P4, P5, P6, P7, P8, and P9, respectively. The components P3
(525nm), P4 (550nm), and P6 (660nm) are ascribed to
*Hiijo —*Tisp *S30 —*Lisj2, and *Fgj —*1j5), transitions of
Er** ions, respectively.%’47 The emission around 440 nm (P1) may
originate from F; centers, while the green emission around 485 nm
(P2) may be due to the transition of an electron to a hole trapped
at V. The yellow-orange emission around 605 nm (P5) may be
attributed to oxygen vacancies formed with the creation of Mgy
antisite defects. The longer-wavelength emission components (P7,
P8, and P9) could be due to the transitions from shallow to deep
oxygen vacancy states (V3°®, V) or between two deep oxygen
vacancy states (Vo°, V§) linked to distorted octahedra.'”*>*’

The red to green emitting ratio (R/G), corresponding to Er**
assisted emission, for E0.5, E1, and E3 samples is calculated to be
0.633, 0.729, and 1.104, respectively. The reason behind the
increase in the R/G ratio with the increase in doping concentration
is explained below. Figure 8 illustrates the proposed schematic band =
model revealing the emission from defect and Er** ion associated g
energy levels. The Er’" ion emission excited via two photon §
absorption is explained below. The green emission from *Hy, /, and
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FIG. 7. (a) Upconversion photoluminescence spectra upon excitation at 976 nm and (b) down-shifted photoluminescence spectra upon excitation at 280 nm for

Mg xEryAl;04 (x = 0.005, 0.01, and 0.03) nanocrystals.
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FIG. 8. Schematic band model illustrating the defect and Er** ion associated emission upon UV and NIR excitations (the depicted energy states are arbitrary, shown just

to reveal the phenomenon).

453/2 states occur via population of the 4F7/2 state where the
ground state absorption (GSA: 4115/2 —4, s2) is followed by
excited state absorption (ESAL: “Ij;;, —*F;),). The direct non-
radiative relaxations from green emitting 2H,, 2 and 483/2 states
populate the red emitting *Fy, state. Further, the non-radiative
relaxation from the *I; /2 state to Th5 /2 and excited state absorption
(ESA2: “I;3/, —*Fy),) leads to population of *Fy, state. Another
important process behind this increased R/G ratio may be the
cross-relaxation mechanism (CR1: *F;), + *I;;, —*Fg)y + Fy),
and CR2: *S3;, + *I;5) —*Iy)y + *Ij3)5), which directly or indi-
rectly populates *Fy/, level. Further, the rate of cross-relaxation
processes vary as 1/R°, where R is the distance between two neigh-
boring ions. As the distance between two neighboring Er’** ions
shorten with increasing Er>" ion concentration, the cross-relaxation
probability increases at higher doping content. Thus, the increased
probability of CR1 and CR2 processes at higher Er*™ ion content
might have enhanced the R/G emission ratio with the increase in
the Er’* doping concentration.”’””’ The UC emission spectra
exhibited similar dopant and defect assisted emission features
across all samples. However, the slight increase in UC emission
intensity at a 1mol. % doping concentration and a significant
decrease at a 3mol. % doping concentration indicate that the
optimum concentration for upconversion emission is 1 mol. %. The
decrease in emission intensity at 3 mol. % content may be due to
the cross-relaxation, energy transfer processes, or concentration
quenching among the Er** ions.”

The luminescence spectra upon 280 nm excitation show broad
emission bands ranging in 370-550 (blue-violet) and 600-840 nm
(red-NIR) as observed for MgAl,O4 host, reported earlier.'” The
emission in the blue-violet region strongly peaks around 400, 420,
and 440nm while a weak green emission is observed around
532nm. This blue-violet emission may be attributed to
transitions originating from shallow oxygen vacancy related defect
centers (F™ (400 nm), F (415-420 nm), and F;* (440 nm) centers to
shallow hole trapping defect centers (Vy;, and Mg,,) or to valance
band.'”**>* The very weak emission around 532 nm (indicated by
green colored contour) is ascribed to 2Hj; /2 —45 /2 transitions of
Er’" ions. Further, the red emission around 650 nm may be
ascribed to transitions from deep (V{°, V§, and V{§) to shallow
defect states (V'I:,[g and Mg’Al), while NIR emission around 715 nm
may be ascribed to transitions from shallow to deep or between
two deep oxygen vacancy states, as mentioned earlier.'””*” The NIR
emission intensity decreases with the increase in doping concentra-
tion, indicating a reduction in the concentration of oxygen vacan-
cies. This decrease in oxygen vacancies is also observed from the
decrease in the ESR signal intensity corresponding to F' centers.
The reduction is also confirmed from the thermoluminescence
response of Mg;_Er,Al,O4 (x = 0.005, 0.01, and 0.03) nanocrys-
tals under y-irradiation at a 1kGy radiation dose, as shown in
supplementary material (Fig. S3). The broad TL glow curves exhib-
ited an incomplete peak centered at 400 °C (673 K), ascribed to
deep F* centers.””"”” The decrease in the TL intensity of this
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FIG. 9. Chromaticity diagram showing the emission color of Mgs_,ErAl,O4 (x
= 0.005, 0.01, and 0.03) nanocrystals at 976 and 280nm excitation
wavelengths.

peak from EO0.5 to E1 and then to E3 sample indicates a decrease in
TL exhibiting F* centers with an increase in doping concentration.
Thus, upon 280 nm excitation, a weak emission attributed to Ert
ions overlaps with the broad spectrum attributed to host defects.
This Er** ion and host defects assisted emission upon UV excita-
tion revealed some of the excitation energy transfer from intrinsic
defects to Er’" ions occupying the lattice sites.

The overall color emitted from the nanocrystals is estimated
from Commission Internationale de I'Elcairage (CIE) 1931 chro-
maticity diagram analysis shown in Fig. 9. The CIE coordinates
and corresponding emission colors at various excitation wave-
lengths are reported in Table III. The emission color is found to
tune from bluish purple to white upon varying the excitation wave-
length from 280 to 976 nm, respectively. A slight color variation is
observed by varying the Er’" doping concentration. Additionally,

TABLE lll. CIE coordinates and color emitted from Mg, _,Er,Al,O, (x = 0.005, 0.01,
and 0.03) nanocrystals at various excitation wavelengths.

Sample  Excitation CIE

Sample 1D wavelength  coordinates  Color

Mgo_ggsEr0_005A1204 EO0.5 280 nm (0.1955, Blulsh
0.1036) purple

Mgo.99Ero.01ALO4 E1 (0.1786,  Bluish
0.0911) purple

Mgo_97Er0,03A1204 E3 (0. 1770, Bluish
0.0906) purple

Mg0.995Er0_005A1204 EO0.5 976 nm (0.3661, White
0.4272)

Mgo.99Er0,01ALO4 El (0.3704,  White
0.4324)

Mgy 97Er0,03A1,04 E3 (0.3654, White
0.4325)

ARTICLE pubs.aip.org/aip/jap

the correlated color temperature (CCT) corresponding to the
up-converted white emission for E0.5, E1, and E3 samples is calcu-
lated as 4644, 4560, and 4679 K, while the color rendering index
(CRI) as 84, 83, and 85, respectively. This cool white light upon
976 nm excitation suggests its applicability in white light emitting
diodes for outdoor illumination.

Thus, the color tuning in the bluish purple and white region via
host and dopant assisted emission is the consequence of excitation
energy transfer between host and Er’* ions occupying the lattice sites
via intrinsic defects. This high and low energy excited luminescence
from Er’* doped MgAl,O4 nanophosphors offers potential applica-
tions in WLEDs and display technologies. Furthermore, as NaYF,
host is characterized by its efficient upconversion properties albeit at a
higher cost and requirement of stabilization measures for UC applica-
tions, the MgAL,O, can emerge as a promising alternative with its
ability to yield commendable UC emission, along with lower cost,
straightforward synthesis, and comparable stability by employing sen-
sitizer and optimizing dopant concentrations in future.

IV. CONCLUSION

The Mg;_Er,Al,O4 (x = 0.005, 0.01, and 0.03) nanocrystals
were synthesized through the combustion method. The site prefer-
ence of the Er** ion in MgAlL, O, host and the emission exhibited
is analyzed as per the structural and luminescence characteristics.
Various host lattice defects, viz., antisite defects, cation, and oxygen
vacancies, were inferred from Rietveld refinement, nuclear mag-
netic resonance, and electron spin resonance analyses. The emis-
sion spectra are studied at various excitation wavelengths,
corresponding to host defect absorption and f-f transitions of the
Er** ion. Upon direct excitation of the Er’t ions at 976 nm, the
upconversion emission spectra showed features in green and red
regions attributed to Er*" ions, which are overlapped over the
broad curve ascribed to lattice defects. Further, the down-shifted
emission spectra upon UV excitation showed a weak green emitting
feature, due to f~f transitions of the Er’" ion, over the emission
spectra consisting of two broad bands in blue-violet and red-NIR
regions, attributed to intrinsic defects. This high and low energy
excited emission spectra reveal non-radiative energy transfer
between host and Er’" ions via lattice defect centers. The above
luminescence spectra result in the emission color tuning from the
bluish purple to white region and hence, making spinel the host
ideal for WLEDs and display applications.

SUPPLEMENTARY MATERIAL

The supplementary material includes the x-ray diffraction
peak shift corresponding to the (311) plane, the Williamson- Hall
plots, Gaussian fitting of the UC luminescence spectrum, and the
TL glow curves.
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