Guleryuz LF. JOTCSA. 2023; 10(1): 77-88. RESEARCH ARTICLE

00006,

Journal of The Turkish Chemical Socier
Secrion: A CHemisTry
Effect of Nd3* Doping on Structural, Near-Infrared, and
Cathodoluminescent Properties for Cadmium Tantalate Phosphors

TURKISH
CHEMICAL SOCIETY

Lutfiye Feray Giileryuz*

*Department of Mechanical Engineering, Ege University, Bornova, 35040, izmir, Turkey

Abstract: Cd;,Ta,0s:xNd** (x=0.5, 1.5, 3, 5, 7, and 10 mol%) phosphor series were fabricated by
conventional solid state method at 1100 °C for 17 hours. The samples of cadmium tantalate were
investigated by structural (XRD, SEM) and spectroscopic (CL, PL) analyses. In XRD results, the
symmetry of CdTa,0Os phase with orthorhombic columbite structure was confirmed between 0.5 and
10 mol% Nd3** doping concentrations. SEM analysis of the grains revealed round and shapeless
morphology while grain sizes ranged from submicron to several microns. The emission spectra of
Cd;«Ta,06:xNd** (x=0.5, 1.5, 3, 5, 7 and 10 mol%) phosphor series recorded with the transitions of
4F32-%g and “Fsp—>%hi. Among these transitions, the transition “Fs;—*ly, (at 889 nm) has a high
near-infrared emission intensity, which can be attributed to the laser potential of the phosphor. The
NIR emission of the phosphor increased with increasing concentration of Nd** up to 5 mol% and
then declined because of concentration quenching phenomenon. The CL emission peak at about
450 nm found in all samples is related to the intrinsic emission of the cadmium tantalate host. In
addition, Nd** doped phosphors exhibited the *F3;,—*lo, transition of Nd3* and defect-related CL
emissions at 670 nm. Decreasing crystallinity with increasing Nd3* concentration caused a decrease
in host emission intensity at 450 nm.

Keywords: CdTa,0s; Cathodoluminescence; Nd**; Near infrared luminescence.
Submitted: November 10, 2022. Accepted: December 29, 2022.

Cite this: Gllerylz LF. Effect of Nd3* Doping on Structural, Near-Infrared, and Cathodoluminescent
Properties for Cadmium Tantalate Phosphors. JOTCSA. 2023;10(1):77-88.

DOI: https://doi.org/10.18596/jotcsa.1202284.

*Corresponding author. E-mail: ferayguleryuz@hotmail.com

INTRODUCTION as “Fip—%len transition and also the other

possible transitions *F3;—%lisp, “F3p—>*hs, and
The phosphors, which are doped with the rare-  4F;,-%,,, (15-22). Among the *F3,-"|, transitions
earth (RE) ions, have some convenient features  of Nd3* ion, the *Fs»—%» transition at 880 nm
such as remarkable efficiency, long lifetime, finds application as a powerful diode laser
energy saving, enhanced physical robustness, transition. The “F3,—*l1. transition stands out
kindly to environment properties, smaller size  due to its ability to be easily operated at room
and faster switching (1-22). Among RE**  temperature and pumped efficiently by flash
(trivalent) ions, Nd (neodymium) is one of the |amp. The lasing transition at 1350 nm
earliest RE3* jons used in solid-state lasers. (*Fsp>*hsp) is  finding application as tele-
Therefore, Nd** activated materials are well- communication transition window (22). The
known as solid-state phosphors due to their cathodoluminescence (CL) produced in the UV-
laser emissions at beneficial wavelengths such  vyisible-NIR system of the electromagnetic
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spectrum is due to the interaction of the
material with the electron beam, where optical
characterization is performed by means of the
cathode rays (fast electrons) provided by an
electron gun and the Iluminescence (light
emission) formed. The CL analysis can be
interpreted via spectral lines that are similar to
those from other luminescence techniques, and
characteristically dominate the spectrum with
bound excitonic states and changes from
emission lines, donor-acceptor double bands,
and defect-related properties (23-27).

The ternary oxides of general formula AB.O¢
(A=M?*,  B=NDb%*, Ta®") crystallize in the
columbite structure. The cations of A and B are
located in the center of the octahedra
surrounded by six oxygen atoms while the AOs
and BO¢ octahedra share the edges, forming
independent zigzag chains. This sequential
situation repeats as ABBABB octahedral layers
as the chains are connected by sharing corners
in order to the AOs chain-BOg chain-BOs chain
(5-11). CdTa.0s, as an AB,Os oxide structure,
has been studied in the literature in terms of its
luminescence and thermodynamic properties.
The white-light properties of Dy3** doped
CdTa;0s, and the PL-RL properties of Eu3* doped
CdTa;0¢ have been reported by (7) and, (8)
respectively. The molar heat capacity of
CdTa,06 has been reported as 179.65 ) mol™* K?,
at ambient temperature (28). In addition,
cadmium-containing phosphor materials are
attracting attention in the field of optics as a
new material class due to their broad potential
applications such as solar cells, biosensors,
biomedical scanning, and light-emitting diodes
(LEDs) (29-33). The inherent toxicity of
cadmium limits its applications, especially in the
industrial and biomedical fields, so the
genotoxicity and cytotoxicity of CdSe/ZnS
(cadmium selenide/Zinc sulfide) core/shell QDs
for applications in cancer therapy have been
discussed (34). However, cadmium-based phos-
phors provide a high level of brightness, leading
to a reduction in the need for high levels of X-
ray doses, which can minimize the risk of health
problems (29,35).

In the study, NIR photoluminescence and
cathodoluminescence of Cd14Ta206:xNd?*
(x=0.5, 1.5, 3, 5, 7, 10 mol%) phosphors were
studied. The spectroscopic and structural
characterizations of the samples were carried
out by XRD, SEM-EDS, FTIR, PL, and CL
analyses.
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EXPERIMENTAL SECTION

Undoped and Cd;..Ta,;06:xNd3** (0.005<x=<0.1 or
0.5=x=<10 mol%) materials were fabricated
using solid state reaction. Nd,Os (Alfa Aesar,
99.9%) was used as a dopant. Cd(NOs),.4H,0
(Sigma-Aldrich, 99%) and Ta,Os (Alfa Aesar,
99.9%) powders were used as starting
materials. The powders of Cd(NOs),.4H,0, Ta,0s
and Nd,Os; were prepared and homogenized in
agate mortar according to stoichiometry of Cd;.
«Ta:06:xNd3*" where CdTa,0s (x=0),
Cdo.995Ndo.005Ta206 (x=0.005), Cdo.9ssNdo.015Ta20s
(X=0.015), Cdo,97Ndo,o3Tazos (X=0.03),
Cdo.esNdo.05Ta206 (x=0.05), Cdo.93Ndo.07T@206
(x=0.07), Cdo.coNdo.10Ta206 (x=0.1), respectively.
Prepared powders were sintered at 1100 °C for
17 hours in an electric furnace under air
atmosphere after pelleting.

The phase structure of the ceramics were
performed by X-ray diffraction (D-MAX 2200,
Rigaku Corp., Japan) using Cu-K, radiation, Ni
filter, scan rate = 2 °/min, and 26=20-65°. The
grain morphology and elemental identification
of the ceramic samples were carried out by SEM
(JSM-5910LV, JEOL Ltd., Japan) equipped with
EDS (INCAx-Sight 7274, Oxford Industries, UK)

after Au/Pd (gold/palladium) coating. FTIR
(fourier transform infrared spectrometer)
spectra were taken by Perkin-Elmer ATR-FTIR.
Near emission spectra of powders were

measured in the range of 850-1450 nm using a
diode laser of 800 nm excitation at 300 K.
Cathodoluminescence  (CL) spectra were
performed with a monochromatic spectrometer
(DATAN-Mono CL4) attached to an electron
microscope (NOVA-NANOSEM 650) with an
emission gun (working distance 6.6 mm,
voltage 15 kV, spot size 3.5) in high vacuum.
Besides CL imaging, the spectrometer allows
acquisition of CL spectra at highly localized
points of a sample.

RESULTS AND DISCUSSION
Structural and
Characterization

Figure 1 shows the XRD results of undoped
sample and Cd;,Ta,06:xNd3* (x=0.5, 1.5, 3, 5, 7
and 10 mol%) samples. The XRD patterns of the
samples (JCPDS card No0.39-1431) can be
indexed space group Pbcn. As seen in the XRD
patterns of all the samples, there are no
different minor phases in the range of two theta
degree (for 20° and 65°). The cell parameters of
CdTa,0s structure are a=5.8510 A, b=14.7847
A, ¢=5.1462 A, and Vv=445.17 A3 (36). The
orthorhombic structure of CdTa.Os along the c-
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axis has been illustrated in Figure 2. Octahedra
with the same central cation share edges
forming zigzag chains along the c-axis while
TaOs octahedra of adjacent chains share
corners to form double layers, parallel to the bc-
plane, which are connected via CdOs octahedra
through common corners (37). On the basis of
the ion radius and coordination number (CN),
the formation of the single-phase can be
attributed to the substitution of Nd3* ions with
ionic radius 0.983 A (for 6 C.N) by Cd** ions
(r=0.95 A, for C.N. 6). Figure 3 shows the XRD
peaks of the (131) reflection. As seen in the
XRD peaks, there was a slight shift towards
smaller two theta angles due to the increase in
Nd3** concentration. This may be attributed to
the expansion of the lattice volume due to the
slightly large ionic radius of the Nd** ion, where
the Nd3* substitution instead of Cd** is also
likely to affect the charge balance and form
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some stress in the structure, albeit limited.
However, despite some expansion in the lattice
volume, the existence of the single-phase
structure was preserved up to 10 mol%
concentration, indicating that the dopant ion
has located into the structure successfully.

SEM micrographs at 10.000x magnification of
undoped and 0.5, 3, and 10 mol% Nd** doped
samples are shown in Figure 4(a-d). The grain
shapes of Nd3** doped samples have elliptical
shapes and a shapeless morphology, while the
grain sizes varied from 0.5 to 3.5 um. Figure 5
shows the EDS spectra and elemental
compositions of (weight%, atomic%) and
theoretical atomic (%) values for Cd;.«Ta,0e:Nd>**+
grains were detected by EDS at 20 kV of SEM
acceleration voltage, where atomic (%)
compositions are compatible with theoretical
atomic (%) values.
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Figure 1: XRD results of undoped and Cd;«Ta,0s:xNd?** (x=0.5, 1.5, 3, 5, 7, and 10 mol%) samples.
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Figure 2: Schematic illustration of the CdTa.Os crystal in the direction of the c axis.
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Figure 3: XRD two theta angles (131) shifted to lower angles with Nd3* concentration.
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Figure 4: SEM micrographs of (a) undoped and (b) 0.5, (c) 3, (d) 10 mol% Nd** doped samples at

20 kV acceleration voltage, and 10.000x magnification.
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Figure 5: EDS spectrum and compositions (wt%, at%) and theoretical at% values for 10 mol% Nd3**

doped sample.

FTIR Analysis the peaks of 2800-4000 cm® shows the
FTIR spectra of undoped sample and Cd;. fundamental stretching of OH groups (38). FTIR
«Ta206:xNd3* (x=1.5, 5 and 10 mol%) samples in  peaks of 800-1000 cm™ can be associated with
the range of 500-4000 cm™ are presented in the Ta-O bond vibrations while the small peaks
Figure 6. The molecular structure of the metal in between 1000-1500 cm™ are due to Cd-O-Ta
oxides with IR spectroscopy can be detected vibrations.

from M=0 vibrations in the 500-1000 cm™ while
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Figure 6: FTIR spectra of undoped and Cd;,Ta;06:xNd3* (x=1.5, 5, 10 mol%) samples.

NIR luminescence of Cd;,Ta,0s:xNd3*
(x=0.5, 1.5, 3, 5, 7 and 10 mol%)
phosphors

Figure 7 shows the NIR emission spectra of Cdi.
«Ta206:xNd** (x=0.5, 1.5, 3, 5, 7, 10 mol%)
phosphors were used a laser diode with
excitation source 800 nm. The emissions of the
phosphors were monitored corresponding to the
4F32-*e2 and *Fsp—*l1, transitions at 889 and
1073, respectively. The “F;y—*lg, transition (at
889 nm) is a potential laser transition that
appears to be more intense than the *F3;>%115.
Although the overall energy level of the 4f
electrons of the Nd** ion protected by the outer
shell 5s? and 5p°® electrons does not vary greatly
in different hosts, the energy level surrounding
the Nd** ions can be subdivided into 2J+1
sublevels by the local crystal field (39). As seen
in Figure 7, there are many splits resulting from
the *F3,-*lo, transition with the highest emission
peak in the 860-940 nm range, while the
*F3,—%112, transition exhibits emission around
1070 nm. The Stark components of both
transitions of Nd3* ions are similar, which can be
associated with the similarity of local symmetry
of ligand ions surrounding the Nd** ion (19-21).
The near infrared emission of the phosphor rose
up to 5 mol%, and emission declined at 7 and
10 mol% concentrations. The decrease in PL
density may be associated with higher Nd3*
concentrations (or beyond 5% mol), which
promotes the migration of excitation energy
between active ions (22,40). As Nd**
concentration continues to increase, cross-
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relaxation mechanism between Nd3*-Nd3* ions
becomes more and more important, and
therefore non-radiation transitions will be more
likely to occur due to the nearness between the
Nd3* ions (17).

Cathodoluminescence of undoped and
Cd1-xTa206:xNd3+ (x=1.5, 5, and 10 mol
%) phosphors

Figure 8 shows the cathodoluminescence
spectra of undoped sample and Cd;«Ta,0s:xNd**
(x=1.5, 5, and 10 mol%) phosphors. In CL
emissions, the peak at about 450 nm is related
to the intrinsic emission of the polycrystal host,
and is present in all samples (41,42). For the
similar compound, orthorhombic columbite
CdNb,Og¢, the host emission has been reported
as 460 nm (43,44). Accordingly, the CL host
emission of CdTa.O¢ observed at 450 nm is
consistent with the PL host emission of CdNb,Os.
On the other hand, the undoped sample has the
highest host emission intensity, while the
intrinsic emission intensity of Nd3* doped
samples at 450 nm decreases with increasing
concentration. This is due to the inclusion of
Nd3** ion in the lattice affected the crystallinity
(45). As seen from the CL spectra, 10 mol%
Nd** doped phosphor has lowest intrinsic
emission intensity, which can be attributed to
the fact that Nd** doping causes the most
distortion (or the highest effect on
crystallization) at this concentration. The
emission peak of Nd3* doped phosphors at
about 670 nm (red emission) show a red
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emission which is associated with the defect
related to deep emission (45,46), the
recombination of electrons in the non-bridging
oxygen band-gap state with holes in the
valence band edge (47,48). The final lumi-
nescence peak of 900 nm indicates neodymium
emission from the 4f shell transition of Nd3* ions
corresponding to the ground state (41°?) from
the excited state (4F*?) in the host lattice (49).
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CL micrographs of undoped sample and Cdi.
«Ta206:xNd3* (x=1.5, 5, 10 mol%) phosphors are
shown in Figure 9(a-d). In CL micrographs, the
undoped sample has a blue emission appea-
rance due to the 450 nm peak (as mentioned
earlier), while the doped samples show blue-
red-blue emissions due to the 450 and 670 nm
peaks.
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Figure 7: Near-infrared emission spectra of Cd;.Ta,06:xNd** (x=0.5, 1.5, 3, 5, 7, and 10 mol%)
phosphors by diode laser under 800 nm excitation.
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Figure 8: CL emission spectra of undoped CdTa,0s, and CdixTaz06:xNd3* (x=1.5, 5, and 10 mol%)
phosphors.

Figure 9: CL micrographs for (a) undoped sample, and (b) 1.5, (c) 5, (d) 10 mol% Nd** doped
cadmium tantalate phosphors.

CONCLUSION the single phase Nd** concentrations from 0.5

to 10 mol%. SEM examinations revealed the
Cd;.Ta,06:xNd** (x=0.5, 1.5, 3, 5, 7 and 10 mol shapeless/rounded grain morphology with the
%) phosphors were fabricated by solid state sizes of 0.5-3.5 micron while EDS identified
method. XRD results indicated the presence of elemental compositions of the grains. The NIR
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emissions of the phosphors monitored with the
transitions of *F3;—%lo, (889 nm) and *Fzz—*l
(1073 nm), where the *Fs;—*lg, transition is a
potential laser transition that appears to be
more intense than the “Fs;;~%i12,. The CL
emission of undoped sample was observed with
the peak of 450 nm, in which the decreased CL
intensity of the phosphors is related to the
effect of crystallinity. Nd**-doped phosphors
exhibited the 900 nm peak due to the *Fs;—*ly;
transition, as well as the 450 and 670 nm peaks
of structural origin. Based on the observed
results, it could be concluded that the Cd..
«1a206:Nd3* phosphor with the strong transition
of “Fsp—%ly, has potential for diode lasing
applications.
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	Figure 6: FTIR spectra of undoped and Cd1-xTa2O6:xNd3+ (x=1.5, 5, 10 mol%) samples.
	NIR luminescence of Cd1-xTa2O6:xNd3+ (x=0.5, 1.5, 3, 5, 7 and 10 mol%) phosphors
	Figure 7 shows the NIR emission spectra of Cd1-xTa2O6:xNd3+ (x=0.5, 1.5, 3, 5, 7, 10 mol%) phosphors were used a laser diode with excitation source 800 nm. The emissions of the phosphors were monitored corresponding to the 4F3/2→4I9/2 and 4F3/2→4I11/2 transitions at 889 and 1073, respectively. The 4F3/2→4I9/2 transition (at 889 nm) is a potential laser transition that appears to be more intense than the 4F3/2→4I11/2. Although the overall energy level of the 4f electrons of the Nd3+ ion protected by the outer shell 5s2 and 5p6 electrons does not vary greatly in different hosts, the energy level surrounding the Nd3+ ions can be subdivided into 2J+1 sublevels by the local crystal field (39). As seen in Figure 7, there are many splits resulting from the 4F3/2→4I9/2 transition with the highest emission peak in the 860–940 nm range, while the 4F3/2→4I11/2 transition exhibits emission around 1070 nm. The Stark components of both transitions of Nd3+ ions are similar, which can be associated with the similarity of local symmetry of ligand ions surrounding the Nd3+ ion (19-21). The near infrared emission of the phosphor rose up to 5 mol%, and emission declined at 7 and 10 mol% concentrations. The decrease in PL density may be associated with higher Nd3+ concentrations (or beyond 5% mol), which promotes the migration of excitation energy between active ions (22,40). As Nd3+ concentration continues to increase, cross-relaxation mechanism between Nd3+-Nd3+ ions becomes more and more important, and therefore non-radiation transitions will be more likely to occur due to the nearness between the Nd3+ ions (17).
	Cathodoluminescence of undoped and Cd1-xTa2O6:xNd3+ (x=1.5, 5, and 10 mol%) phosphors
	Figure 8 shows the cathodoluminescence spectra of undoped sample and Cd1-xTa2O6:xNd3+ (x=1.5, 5, and 10 mol%) phosphors. In CL emissions, the peak at about 450 nm is related to the intrinsic emission of the polycrystal host, and is present in all samples (41,42). For the similar compound, orthorhombic columbite CdNb2O6, the host emission has been reported as 460 nm (43,44). Accordingly, the CL host emission of CdTa2O6 observed at 450 nm is consistent with the PL host emission of CdNb2O6. On the other hand, the undoped sample has the highest host emission intensity, while the intrinsic emission intensity of Nd3+ doped samples at 450 nm decreases with increasing concentration. This is due to the inclusion of Nd3+ ion in the lattice affected the crystallinity (45). As seen from the CL spectra, 10 mol% Nd3+ doped phosphor has lowest intrinsic emission intensity, which can be attributed to the fact that Nd3+ doping causes the most distortion (or the highest effect on crystallization) at this concentration. The emission peak of Nd3+ doped phosphors at about 670 nm (red emission) show a red emission which is associated with the defect related to deep emission (45,46), the recombination of electrons in the non-bridging oxygen band-gap state with holes in the valence band edge (47,48). The final lumi-nescence peak of 900 nm indicates neodymium emission from the 4f shell transition of Nd3+ ions corresponding to the ground state (4I9/2) from the excited state (4F3/2) in the host lattice (49). CL micrographs of undoped sample and Cd1-xTa2O6:xNd3+ (x=1.5, 5, 10 mol%) phosphors are shown in Figure 9(a-d). In CL micrographs, the undoped sample has a blue emission appea-rance due to the 450 nm peak (as mentioned earlier), while the doped samples show blue-red-blue emissions due to the 450 and 670 nm peaks.
	
	Figure 7: Near-infrared emission spectra of Cd1-xTa2O6:xNd3+ (x=0.5, 1.5, 3, 5, 7, and 10 mol%) phosphors by diode laser under 800 nm excitation.
	
	Figure 8: CL emission spectra of undoped CdTa2O6, and Cd1-xTa2O6:xNd3+ (x=1.5, 5, and 10 mol%) phosphors.
	
	Figure 9: CL micrographs for (a) undoped sample, and (b) 1.5, (c) 5, (d) 10 mol% Nd3+ doped cadmium tantalate phosphors.

