#® ROYAL SOCIETY
PP OF CHEMISTRY

RSC Advances

View Article Online

View Journal | View Issue,

Development of NaY,SigO,»6:Yb>* phosphors with
high thermal stability for NIR anti-counterfeiting:
study of its crystal structure and luminescent
properties
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Near-infrared (NIR) radiation has generated considerable industrial and research interest. However, NIR
phosphors for this are limited by low quantum efficiency and broad spectra. Rare-earth-containing
compounds doped with activators as host systems for NIR phosphors may resolve these limitations.
Yb**-doped NaYsSisO26 phosphors were synthesized using a conventional solid-state reaction method.
The main phase of the synthesized phosphor samples exhibited a hexagonal structure NaYg¢SigO2¢ phase,
and had an angular-shape with an average grain size of 1-3 um. The NaYoSigOag: Y3+ phosphors
showed a near-infrared emission from 950 to 1100 nm, which was attributed to the ?Fs, — 2Fs
transition of Yb®* ions under 270 and 920 nm excitation. The excitation spectra, recorded by monitoring

. 4 20th 3 2003 the emission at 985 nm, showed two bands in the ultraviolet and infrared regions, which correspond to
eceive th January . > > . 34 . o .
Accepted 27th February 2023 the charge transfer transition and the “F;, — “Fs» transition of Yb™" ions. At 300 °C, the emission

intensity of the NaYoSigOag: YD+ phosphor remained constant at 82%. Furthermore, the thermal

DOI: 10.1039/d3ra00427a degradation was negligible after cooling, suggesting the possibility of application in advanced anti-
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Introduction

Since its discovery, near-infrared (NIR) radiation has attracted
considerable industrial and research interest. This type of
radiation has promising potential for varied applications,
mostly related to the characterization of chemicals, security,
pharmaceutical, medical, cosmetic, food, and agricultural
industries, which contribute to the continued advancement of
modern technology.’” Radiation sources such as tungsten
halogen lamps, NIR light-emitting diodes (LEDs), and
phosphor-converted LEDs (pc-LEDs) can emit in the infrared
range.® However, the selection of these radiation sources for
varied applications is based on the wavelength, full width at half
maximum (FWHM), lifetime, efficiency, and thermal stability.
For commercial applications, considering the manufacturing
cost and size of radiation sources is essential. Conventional NIR
tungsten halogen lamps have low efficiency, a large size, high
thermal effect, and short lifetimes.” NIR LEDs also do not meet
the commercial requirements owing to their narrow FWHM.*?
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NIR pc-LEDs, conversely, are considered the most suitable light
sources because they provide suitable emission, high efficiency,
a long lifetime, and excellent durability.® Therefore, pc-LEDs
are highly preferred alternative radiation sources for NIR
applications in devices such as automotive sensors, security
applications, remote controls, and spectrometers.”** In recent
years, the limitations associated with NIR phosphors, including
low quantum efficiency and broad spectra, have been exten-
sively studied.™*"”

Yb** has been widely investigated as a simple electronic
structure with two multiplets: the *F5, level in the excited state
and °F, level in the ground state. In recent years, numerous
studies have been conducted on the development of Yb**-doped
inorganic materials, and their potential use in optical materials
such as lasers," solar cells,*>** upconversion phosphors,*>*
and biological applications.* Rare-earth-containing
compounds have been studied as host systems for NIR phos-
phors because of their large stokes shifts and emission with
doped activators. Among them, compounds with an apatite
structure (space group P6;/m) have been extensively investigated
as effective hosts for luminous materials owing to their excel-
lent chemical stability and high efficiency for activated ions.>*>’
NaY,SigOy6 is a type of oxyapatite compound, M;(AO,4)sB, (M =
Ca, Ba,La,Y,...;A=P,Si,...;B=F, Cl, OH, ...), which has two
types of Y** lattice sites (Wyckoff 4f and 6h).2®
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In the present study, a new NIR phosphor Yb*'-doped
NaY,SigO,6 Was synthesized using a solid-state reaction, and
their crystal structures were identified using Rietveld refine-
ment. The addition of an excess amount of Na,CO; as a raw
material results in a drastic increase in the ratio of the NaY,-
Sig0,6 phase. As a result, a compound close to a single phase
was obtained. The synthesized NaYsSisO,6:Yb*>" phosphor had
an angular shape with an average grain size of 1-3 pm. The
emission and excitation properties of NaYoSigOs6:YD?" phos-
phor were investigated to obtain a better understanding of its
thermal stability.

Experimental

Yb**-doped NaY,SigO,s phosphors were synthesized using
a conventional solid-state reaction. In the powdered form,
Na,CO; (Junsei Chemical Co., Ltd, 99%), Y,O; (Daejung
Chemical & Metal Co., Ltd, 99%), SiO, (Junsei Chemical Co.,
Ltd, 99%), and Yb,03; (Wako, 99.9%) were used as starting
materials to synthesize NaY,Sig0,6:Yb** phosphor. The amount
of Yb** was adjusted between 1 and 15 mol% in the Yb**-doped
NaY,SicO,6 phosphor. Using an agate mortar, these raw mate-
rials were mixed in a nonstoichiometric ratio of 30 mol% with
an excess of Na,CO; as the chemical parameter for the single
phase. For 8 h, the mixture was sintered at 1400 °C. After sin-
tering, the samples were ground using an agate mortar.

The crystal structures of the synthesized powder samples
were identified using X-ray powder diffraction (XRD, Bruker D8
Advance). Rietveld analysis using the RIETAN-FP package was
carried out to obtain detailed crystallographic data. The
morphology of the powder was characterized by scanning
electron microscopy (SEM, JEOL, JSM6700F). Photo-
luminescence emission (PL) and excitation (PLE) spectra were
measured at room temperature using a fluorescence spectro-
photometer (PSI, DARSA PRO 3400). The PL spectra of NaYy-
Sig0,6:Yb*" phosphor were obtained under 270 and 920 nm
excitation, and the PLE spectra were recorded under 985 nm
emission. Temperature-dependent PL spectra were measured in
the temperature range 25-300 °C as appropriate.

Results and discussion

Fig. 1(a) shows the XRD patterns of the synthesized NaY,Sie-
0,6:Yb*>" phosphors with an excess amount of Na,CO; as raw
material. NaYoSigO,6:Yb?" was synthesized with a large amount
of yttrium silicate impurities in a sample synthesized by stoi-
chiometric mixing without the addition of Na,CO;. Yttrium
silicate impurities are formed by the remaining Y and Si due to
the volatilization behaviour of Na,CO; raw material during
sintering. The amount of impurities decreased with an increase
in the amount of excess of Na,CO;. The sample with the least
amount of impurities was synthesized at the addition of
30 mol% Na,COj3, and the impurities increased when more than
40 mol% Na,CO; was added. The Rietveld refinement results for
the XRD data of Na(Y,oYDbg.1)eSicOs6 phosphor are shown in
Fig. 1(b). The refined crystallographic data and parameters of
the XRD patterns of Na(YyoYbo1)oSicOzs phosphor are
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Fig. 1 (a) XRD patterns of Na(Yq 9Ybo1)eSisO26 phosphor with excess

of Na,COs, (b) Rietveld refinement result for X-ray powder diffraction
data of Na(YpoYbg1)9SisOz6 [red symbol: measured pattern, green
solid line: calculated pattern, blue solid line: the difference between
their intensities], (c) schematic of the NaYgSigO,¢ crystal structure, (d)
SEM images of NaYgSigO6:Yb>" phosphor.

summarized in Table 1. The data from the Joint Committee on
Powder Diffraction Standards (JCPDS No. 35-0404) corre-
sponding to the NaYySigO,¢ phase with hexagonal structure
obtained were used as the starting model. As shown in Table 1,
the final R-factor values, R, Rp, and S, converged to 5.84, 4.08,
and 3.20%, respectively, which verifies the phase purity of the
as-prepared sample. The XRD pattern of Na(Ye oYbo 1)oSicOxe
indexed mostly with the reported data, and also detected the
presence of a small amount of Y,SiOs impurity phase, which
accounted for 6%. The final refined Na(Y,.9Yby 1)oSisO26 phase
was hexagonal in the space group P6;/m (No. 176) with refined
lattice parameters a = b = 0.93386(0) nm, ¢ = 0.67562(0) nm,
and V = 0.58920 nm®. Fig. 1(c) shows a schematic of the
NaYoSigOy6 crystal structure produced using VESTA,** which
corresponds to the apatite structure with two other Y** sites:
Wyckoff 4f and 6h.?® The Y*' situated at the 6h site (Y1) was
surrounded by seven oxygen atoms, whereas the Na* and Y**
situated at the 4f sites (Y2) were coordinated by nine oxygen
atoms. Simultaneously, the Si*" ion was 4-fold coordinated by

Table1 Refined crystallographic data for Na(Yg oYbg 1)9SisO26 sSample.
Hexagonal, space group P63/m, a = 0.93386(0) nm, b =0.93386 nm, ¢
= 0.67562(0) nm, R, = 5.84%, R, = 4.08%, S = 3.20%, d, = 0.3295,
and d, = 0.6511

Atom Site Ocec. x y z Beg.
Y1 6h 0.85 0.23336 0.23788 0.25 0.5
Yb1 6h 0.15 0.23336 0.23788 0.25 0.5
Y2 af 0.75 0.33333 0.66667 0.49888 0.5
Na1l af 0.25 0.33333 0.66667 0.49888 0.5
Si1 6h 1 0.39760 0.02662 0.25 0.5
0O1 2a 1 0.0 0.0 0.25 0.5
02 6h 1 0.59474 0.12790 0.25 0.5
03 6h 1 0.33109 —0.15883 0.25 0.5
04 12i 1 0.33882 0.08590 0.06434 0.5

© 2023 The Author(s). Published by the Royal Society of Chemistry
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four oxygen atoms to form a tetrahedron. The ionic radii of 7-
coordinated Y*" and Yb*" were calculated to be 0.0960 and
0.0925 nm, respectively, whereas those of 9-coordinated Y** and
Yb*" were calculated to be 0.1075 and 0.1042 nm, respectively.
Therefore, based on their similar ionic radii and identical
valences, the Yb*" ions were expected to substitute the Y**
lattices in the NaYqSigO,e crystal structure. The shapes of
NaY,SigO,6:Yb** phosphors measured by SEM are shown in
Fig. 1(d). The phosphor powder particles were composed of
angular-shaped fine grains with an average size of 1-3 pm.

Fig. 2 shows the XRD patterns of NaY,SigO,6:Yb** phosphors
with varying concentrations. The XRD peaks of all the samples
were almost identical to those of the NaYySicO,6 phase (JCPDS
No. 35-0404), which had hexagonal structure with space group
P6;/m. As the Yb*" ion concentration in the NaYoSigO,s:Yb®"
phosphors increased, a peak shift to a higher diffraction angle
was observed because Y** ions (ionic radius: 0.0960 nm for 7
coordination) in the host material were partially substituted
with smaller Yb*' ions (ionic radius: 0.0925 nm for 7 coordi-
nation) to form a solid solution.

The excitation and emission spectra of NaYySigO,s:Yb*"
phosphors with varying concentrations of Yb*" ions are shown
in Fig. 3. The PLE spectra recorded by monitoring the emission
at 985 nm exhibited a excitation band from 220 to 300 nm. A
peak was observed at 270 nm in the ultraviolet region owing to
the charge transfer transition, which involves transfer of elec-
trons from the ligand anion O~ to the central cation Yb** ion.*
The PL spectra of the NaYoSigO,6:Yb®>* phosphors recorded
under 270 nm excitation showed a strong NIR emission band in
the range 950-1100 nm, which corresponds to the *F5;, — *F),
spin-allowed transitions of Yb*" ions. The simple 4f** electron
configuration of Yb®* has a unique spectral term with two
multiplets: ground state multiplets ’F,,, and excited state
multiplets *Fs/,. Variation in the splitting of the Stark level of
Yb** ions was observed because of the differences in the local
crystal fields. The ground state, %F,,, splits into four Stark levels,
and the excited state, *Fs, splits into three levels.** The
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Fig.2 XRD patterns of NaYsSisO26:Yb>* phosphor doped with varying
concentrations and NaYqSigO,¢ as reference (JCPDS #35-0404).
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Fig. 3 (a) Excitation (Aern = 985 nm), and (b) emission (Ae, = 270 nm)
spectra of NaYoSigOog: Yot phosphors with varying concentrations of
Yb** ions.

emission peak intensity of NaYeSigO,6:Yb®>" phosphors
increased with increasing Yb** concentration up to 10 mol%
and then decreased, probably because of the concentration
quenching effect.

In recent years, counterfeiting technology of security mate-
rials has advanced, making anti-counterfeiting technology an
important tool for protecting the legitimate rights of consumers
and enterprises.’>*® It is therefore imperative to develop new
materials for advanced anti-counterfeiting security. For this
application, it is necessary to develop an NIR-emitting material
that is sensitive in the NIR region beyond the existing method of
checking security through ultraviolet excitation. In terms of
security level, it can be applied to level 3 (forensic), which can be
read only with dedicated equipment, beyond level 1, which can
be visually identified, and level 2, which can be verified with
general equipment. In order to explore the possibilities of these
applications, the excitation and emission spectra of NaYoSis-
0,6:Yb*" phosphors in the NIR region and are shown in Fig. 4.
The PLE spectra recorded by monitoring the emission at 985 nm
exhibited a excitation band from 870 to 930 nm, as shown in
Fig. 4(a). This can be attributed to the transition from the lowest
ground state Stark level to the excited state Stark level in Yb**
ions. In Fig. 4(b), the PL spectra of NaY,SigO,s:Yb>" phosphors
excited at 920 nm show NIR emission from 960 to 1100 nm,
which was attributed to the transition from the lowest Stark

RSC Adv, 2023, 13, 7597-7602 | 7599
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spectra of NaYsSiO6:Yb>* phosphors with varying concentrations of
Yb** ions in NIR region.

level of *F;, to four Stark levels of the ground state *F5, in Yb**
ions.

The thermal degradation behavior of NIR phosphors is an
imperative factor for advanced anti-counterfeiting security
because excellent thermal conductivity is necessary to employ
the NIR emitting material in fiber application products (clothes,
banknotes, passports, etc.). The temperature dependence of
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Fig. 5 Temperature dependence of the PL emission intensity of
NaYsSigO26:Yb*" phosphor. The inset shows the emission spectra.
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NaY,Si0,6:Yb* phosphor emission was measured to investi-
gate its thermal stability. Fig. 5 shows the temperature-
dependent PL intensity under 270 nm excitation in the
temperature range 25-300 °C. The emission intensity of NaYs-
Sic0,6:Yb*" phosphor decreased with increasing temperature.
The relative PL intensity of NaYoSisO,6:Yb*" phosphor was 82%
of the initial PL intensity at 300 °C, indicating its excellent
thermal stability. Moreover, its thermal quenching behavior can
be attributed to the non-radiative relaxation of thermally acti-
vated electron-phonon coupling.* Finally, after heating the
NaY,SigO,6:Yb** phosphor to 300 °C and then cooling to room
temperature, the NIR emission intensity recovered nearly 100%
of its initial intensity, indicating that thermal degradation was
minimal. This suggests applicability to advanced anti-
counterfeiting applications.

Conclusions

We developed the new NIR-emitting Yb**-doped NaYsSigOa6
phosphors using conventional solid-state reaction. The
synthesized phosphors showed a hexagonal crystal structure
corresponding to the apatite compound with a small amount of
yttrium  silicate impurities. It showed angular-shaped fine
grains with an average grain size of 1-3 pm. The PLE spectra of
the NaYoSigO,6:Yb*" phosphors, monitored at an emission
wavelength of 985 nm, showed two excitation bands, 220-
300 nm and 870-970 nm, respectively. The former was attrib-
uted to the charge transfer transition of Yb*" ions, and the latter
was attributed to the transition from the lowest Stark level of the
ground °F,,, to three Stark levels of the excited ®F5, in Yb*" ions.
The emission spectra under 270 and 920 nm excitation pre-
sented a NIR emission band from 950 to 1100 nm, which
corresponds to the transition of Yb** ions from the lowest Stark
level of the excited *Fs, to four Stark levels of the ground *F,.
These luminescent properties indicate that it can be used as
a material in the security field that is sensitive to the NIR as well
as the ultraviolet region. The excellent thermal stability of
NaY,SigO,6:Yb** phosphor was evident from the fact that the
relative PL intensity of NaY,SigO,6:Yb*" phosphor was 82% of
the initial PL intensity at 300 °C. The emission intensity that
showed thermal quenching up to 300 °C recovered to its initial
emission intensity when cooled to 25 °C. Thus, it was confirmed
that a minimal amount of thermal degradation occurred. The
results of our study suggest that NaY,SisO,6:Yb*" phosphors are
promising next-generation candidates for advanced anti-
counterfeiting applications.
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