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Abstract

Dy** doped NaGd(MoQy,), phosphors were synthesized by a traditional solid-state reaction route using NH,HF, as a flux. The influence of
calcination temperature on the crystal structure and spectral properties was studied, and the optimum calcination temperature for producing Dy**
doped NaGd(MoQy,), phosphor was experimentally confirmed. The concentration quenching of Dy** fluorescence and excitation-wavelength
dependent spectroscopic properties were studied. On the base of both the Van Uitert’s and I-H models, the electric dipole—dipole (D-D) interaction
was ascribed to be the main physical mechanism responsible for energy transfer between Dy>* ions. It was also discovered that the color
coordinates of the Dy** doped NaGd(MoO4), phosphor depends on the Dy>* doping concentration and the excitation wavelength.

© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Rare earth ions existing in trivalent and divalent states own a
great deal of levels and many transitions whose wavelengths
covering the region from UV to mid-IR. Up to now, rare earth
activated phosphors still attract much attention due to their
practical or potential applications in many fields, such as
displays, lighting sources, sensing devices and so on [1-4].
Especially, the introduction of trivalent rare earth ions as
luminescent centers into matrices is considered as an excellent
approach for preparing the superior luminescent materials
[5-9], thus, trivalent rare earth ions doped phosphors have been
extensively studied. Much attention has been paid to the
trivalent dysprosium ion (Dy>*) [10-13], because Dy>* has two
principal bands in its emission spectrum, viz. the intense blue
and yellow emissions corresponding to the *Fo, — ®H,s/» and
*Fg)» — ®H,3,» transitions centered at around 480 and 575 nm,
respectively [14-20]. Amongst these two emissions, the yellow

* Corresponding author. Tel.: +86 411 84728909; fax: +86 411 84728909.
** Corresponding author.
E-mail address: chenmbj@sohu.com (B. Chen).

one is hypersensitive and its emission intensity strongly
depends on the local crystal field environment where the Dy>*
is located, thus the emission color of the Dy>* doped phosphors
can be tuned by properly designing the host. And if the emission
intensities of yellow and blue ones are approximately identical,
the white light can be achieved. Meanwhile, the white light
coming from Dy** singly doped solo-host is also preferable in
the practical applications.

Usually, the phosphors performance can be influenced by the
host materials, thus choosing a suitable host for specific rare earth
ion is extremely important. In recent years, rare earth ions doped
phosphors based on many host materials such as molybdates
[21], tungstates [22,23], vanadates [24] and aluminates [25,26],
etc. were widely studied because of their long longevity, low cost,
and excellent physical and chemical stability [27]. Among these
hosts, molybdates exhibit a large number of different crystal
structures containing the same or different elements, and attract
growing interest due to their strong and broad charge transfer
absorption band in near ultraviolet region and due to possible
efficient energy transfer from molybdate groups to the rare earth
doping centers [28], enabling them to be excellent host materials
for rare earth ions doped phosphors [29-32].
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In this study, the optimal calcination temperature and doping
concentration of Dy3 * were also confirmed. NaGd(MoO,),
phosphors with different concentrations of Dy”* were success-
fully synthesized via a conventional solid state reaction method,
and their crystal structure was examined using X-ray diffraction
(XRD). The luminescent properties of the samples were analyzed
via fluorescence spectroscopy. The electric dipole—dipole
interaction between Dy>* is confirmed through the analysis of
luminescent concentration quenching and fluorescence decay.
The chromatic properties of phosphors were also investigated.

2. Experimental details
2.1. Chemicals

Gadolinium oxide (Gd,03;, 99.99%), dysprosium oxide
(Dy,03, 99.99%), molybdenum oxide (MoOs, 99.99%) and
sodium carbonate (NaCO;3;, 99.9%) were used as starting
materials. NH,HF, with purity of 99.99% was employed as flux
to improve the chemical reaction.

2.2. Sample synthesis

The NaGd(MoO,),:Dy** phosphors were synthesized via a
conventional solid-state reaction method. According to a
certain stoichiometric ratio, the starting materials were weighed
and grinded thoroughly in an agate mortar. Then the mixtures
were put into alumina crucibles and calcined in a muffle furnace
for 4 h at various temperatures from 700 to 1100 °C. It was
found that when the temperature is 1100 °C, the obtained
resultant displays maximum emission intensity and good
crystallinity, implying that 1100 °C is the optimal temperature.
A series of phosphors NaGd(MoQO,), with various concentra-
tions of Dy3+ 0.2%, 0.5%, 1%, 3%, 7%, 10%, 20% in molar)
was prepared at 1100 °C.

2.3. Sample characterization

The crystal structure of the samples was identified with a
Shimadzu X-ray diffractometer (XRD)-6000 operating at
40kV and 100 mA with Cu Kal radiation (A =1.5406 A).
The excitation and emission spectra of the phosphors were
recorded with a Hitachi F-4600 fluorospectrometer equipped
with a 150 W Xe lamp as excitation source. Before surveying
the spectrum, a calibration procedure was run by using the
standard accessories offered by the manufacturer. All the
measurements were performed at the room temperature.

3. Results and discussion

3.1. Effects of calcination temperature on the crystal
structure and luminescence

3.1.1. Effect of calcination temperature on crystal
structure

The calcination temperature for solid-state reaction is an
important factor affecting the crystal structure of the resultants,
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Fig. 1. XRD patterns of 1 mol% Dy>* doped NaGd(MoO,), prepared at
different temperatures.

thus it should be optimized in order to obtain high performance
phosphors. In this study, we prepared a set of NaGd(MoQOy),
phosphors doped with the same Dy>* concentration of 1 mol%
at different temperatures from 700 to 1100 °C. The XRD
patterns for the NaGd(MoO,),:1 mol% Dy>* prepared at
different calcination temperatures are shown in Fig. 1. The
XRD patterns indicate that the calcination temperature in the
region of 700-1100 °C has little influence on the structures of
the resultant phosphors. By comparing with the JCPDS card no.
25-0828, it can be found that the patterns of the prepared
samples are consistent well with tetragonal NaGd(Mo0QO,),. No
additional diffraction peaks corresponding to other compounds
are observed in the patterns, which indicates that the prepared
samples are pure phased NaGd(MoQy,),. From the above results
it can be concluded that the NaGd(MoO4)2:Dy3 * phosphors can
be obtained in a wide temperature region at least from 700 to
1100 °C.

3.1.2. Dependence of spectral properties on calcination
temperature

In order to investigate the influence of calcination
temperature on the luminescent properties, the excitation and
emission spectra for all the samples prepared at various
temperatures were measured under the same experimental
conditions. Fig. 2 shows the excitation spectra of NaGd(-
Mo0O,), phosphors with 1 mol% Dy>* prepared at different
reaction temperatures (700-1100 °C) by monitoring 577 nm
emission corresponding to the *Fo, — ®Hjs, transition of
Dy**. The excitation spectra consist of two parts, a weak broad
band centered at 270 nm and a set of sharp lines. The weak
broad excitation band originates from the charge-transfer band
(CTB) of Mo-0, thus implying a very weak energy transfer
from MoO,>~ to Dy>" jons. The set of sharp lines ranging from
305 to 500 nm is due to the f—f transitions of Dy’* from the
ground state 6H1 5,2 to the excited state 4P7/2, 4P3/2, 4F7/2, 4G1 125
4H1 1,2 and 4F9,2, respectively [10]. From the excitation spectra
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Fig. 2. Excitation spectra of NaGd(MoQ,),: 1 mol% Dy>* phosphors prepared
at different temperatures by monitoring the emission at 577 nm.

we can see that the f—f transition intensities monotonously
increase with increasing the calcination temperature.

Fig. 3 shows the emission spectra for the phosphors with
1 mol% Dy>* prepared at different calcination temperatures
excited by 270 nm corresponding to the charge transfer
transition of Mo—-O. A broad band accompanying with two
sharp lines is observed in the emission spectra. The brand band
centered at 400 nm can be assigned to the Mo—O charge transfer
transition in NaGd(MoOQy), host. Two sharp line emissions
peaking at 483 and 577 nm can be attributed to the transitions of
4F9/2 - 6H15/2 (blue) and 41:9/2 - 6Hl3/2 (yellow) of DY3+,
respectively. In addition, it can be found that the emission
intensities of Dy3+ in the NaGd(MoQ,), phosphors increase
with the increase of calcination temperature. This fact means
that higher temperature is beneficial to the synthesis of
NaGd(MoO4)2:Dy3+ phosphors. Meanwhile, the existence of
Dy?* emission peaks in the emission spectra measured by
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Fig. 3. Fluorescent emission spectra of NaGd(MoQOy),: 1 mol% Dy3+ phos-
phors prepared at different temperatures upon 270 nm excitation.
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Fig. 4. Fluorescent emission spectra of NaGd(MoO,),: 1 mol% Dy** phos-
phors prepared at different temperatures upon 353 nm excitation.

exciting the Mo—O charge transfer band indicates that the
energy transfer from host NaGd(MoQ,), to Dy3+ takes place.

Fig. 4 shows the emission spectra for the phosphors doped
with 1 mol% Dy>* prepared at different calcination tempera-
tures when excited by 353 nm corresponding to intrinsic
absorption of Dy**. Two intense emissions centered at 483
(blue) and 577 (yellow) nm, and a weak emission centered at
665 (red) nm corresponding to transitions from 4F9/2 to °H 7
(J=15/2, 13/2 and 11/2) are observed. However, the emission
peak belonging to charge transfer transition of NaGd(MoOQy),
host as has detected under 270 nm excitation is not observed in
Fig. 4, thus indicating there is no such an energy transfer from
Dy** to Mo—O charge transfer state when the phosphors are
excited by 353 nm. The insert of Fig. 4 shows the relationship
between the integrated emission intensity of *For, — °Hy3pn
transition and the calcination temperature. It is seen that the
integrated emission intensity increases with the increase of the
calcination temperature. From above results it can be deduced
that higher calcination temperature is required for obtaining the
NaGd(MoO4)2:Dy3+ with intense luminescence. However, we
found that when the calcination temperature was higher than
1100 °C, the resultant become solid conglomeration and could
not be steamrolled easily. Therefore, the calcination tempera-
ture of 1100 °C was adopted for preparing the NaGd(MoO,),
phosphors with various Dy** concentrations.

3.2. Concentration effects on the crystal structure and
luminescence of NaGd(MoO4),:Dy”*

3.2.1. Crystal structure of the phosphors with different
concentrations of Dy3+

Doping concentration of rare earth ions activated phosphors
is one of the important factors influencing luminescent
performance. In order to inspect the effect of Dy>* doping
concentration on the spectroscopic property, the NaGd(MoOQOy,),
phosphors doped with various concentrations of Dy>* were
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Fig. 5. XRD patterns of the samples prepared at 1100 °C with different
concentration of Dy>".

prepared at calcination temperature of 1100 °C. For the sake of
validating the effect of doping concentration on the resultant
crystal structure, the XRD patterns for the samples doped with
low (0.2%) and high (20%) concentrations of Dy3+ were
measured and are shown in Fig. 5 where the standard diffraction
pattern plotted by using the data reported in JCPDS card no. 25-
2808 is also given. By comparing the XRD patterns of the
studied samples with the standard pattern, it can be found that
there is no any additional diffraction peak other than those from
tetragonal phase NaGd(MoOQ,),, thus implying that the doping
concentration did not affect the product form at present doping
level.

3.2.2. Dependence of spectral properties on concentrations
0 f Dy3+

Fig. 6 shows the excitation spectra of NaGd(MoOy),
phosphors with different doping concentrations by monitoring
577 nm emission corresponding to the “Foy» — ®Hj5)» transition
of Dy>* under the same experimental conditions. The arrow line
indicates the increase of Dy>* doping concentration. Each
excitation spectrum consists of the Mo—O charge transfer band
centered at 270 nm and the f—f transitions of Dy>* originating
from the ground state 6H1 5/ to the excited state 4P7/2, 4P3 /25 4F7/2,
4G1 12 4H1 1,2 and 4F9/2, respectively. It is also observed that with
the increase of Dy>* concentration the excitation peak intensities
of f—f transitions increase first, and then decrease. This fact means
that the concentration quenching occurs. Additionally, the Mo—O
CTB intensity is weak and changes slightly with the Dy**
concentration, indicating the energy transfer from MoO,>~ to
Dy** is inefficient.

Fig. 7 shows the emission spectra of the phosphors with
different concentrations of Dy>* excited by 270 nm measured
under the same experimental conditions. The arrow line indicates
the increase of Dy>* doping concentration. Each spectrum
displays an overlap of a broad band, two strong narrow emission
peaks and one weak peak. The broad band centered at about
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Fig. 6. Excitation spectra of NaGd(MoO,), phosphors with different Dy>*
concentrations by monitoring the emission at 577 nm.

400 nm originates from the charge-transfer band (CTB) of Mo—
O. Two principal and intensive emission peaks centered at 483
and 577 nm can be assigned to 4F9,2 — 6H15,2 and 4F9,2 — 6H13,2
transitions of Dy3+, the weak emission centered at 665 nm can be
ascribed to *Fo;, — ®H,,,» transition. Moreover, it can also be
found that the luminescent properties strongly depend on the
doping concentrations. When the doping concentration increases
up to 7 mol%, the intensity for each narrow spectral line becomes
strongest and then slowly decreases with further increase of Dy>*
concentrations. The concentration quenching is caused by the
cross relaxations between Dy3+ ions [33].

Fig. 8 depicts the emission spectra of the phosphors with
various Dy>* doping concentrations under 350 nm excitation.
The arrow line indicates the direction following which the
Dy** doping concentration increases. It is found that three
emission peaks centered at 483, 577 and 664 nm corresponding
to “Fo, — “Hyspp, *“Fopp — *Hyzp and *Fopp — °Hyyp are
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Fig. 7. Fluorescent emission spectra of NaGd(MoQy,), phosphors with different
Dy** concentrations upon 270 nm excitation.
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Fig. 8. Fluorescent emission spectra of NaGd(MoOy), phosphors with different
Dy** concentrations upon 353 nm excitation.

observed in each sample. Amongst these three emissions the
yellow one is most intense, and the intensity of each emission
increases initially and reaches its maximum at doping
concentration of 7 mol%, and then decreases with continu-
ously increasing Dy>* concentration. From these experimental
results it can be concluded that the optimum doping
concentration of Dy3 * in NaGd(MoO,), phosphor for
achieving maximum emission intensity is around 7 mol%.
When the doping concentration of Dy>* is higher than the
optimum value, the fluorescence of Dy>* will be self-quenched
via cross relaxation processes [33].

In order to study the concentration quenching behavior of
Dy?* fluorescence, the integrated emission intensities of
*Fo), — ®H 3, transition of Dy3+ for the concentration-varied
samples were calculated from the emission spectra in Figs. 7
and 8. It should be mentioned that in the calculations the broad
band emission of MoO,>~ was excluded when using the
spectral data shown in Fig. 7. Fig. 9 shows the concentration
dependence of integrated emission intensities of *Fos — ®Hyspn
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Fig. 9. Dependence of integrated emission intensity on the doping concentra-
tion of Dy** excited at 270 and 353 nm.

transition for both the cases of 270 and 353 nm excitations. It
can be found that the change of emission intensity with Dy**
concentration follows a very similar trend, and the maximum
emission intensity can be obtained when Dy>* concentration is
around 7 mol% in the cases of different excitation.

Van Uitert has investigated on the concentration quenching
behavior of doping centers and developed an expression for the
relationship between the luminescent intensity and the doping
concentration of luminescent center, which can be expressed
through the following equation [34]:

C
" ki e v

where C is doping concentration of rare earth ion; K and § are
constants for a certain system; Q represents the interacting type
between rare earth ions, Q = 6, 8 or 10, indicating the electric
dipole—dipole (D-D), electric dipole—quadrupole (D-Q), or
electric quadrupole—quadrupole (Q—Q) interactions, respective-
ly. In order to study on the physical mechanism of the interac-
tion between Dy3+ ions, a simplified mathematical form of
Eq. (1), y = ax/(1 + bx®), was used to fit the experimental data in
Fig. 9. The solid lines in Fig. 9 show the fitting curves. It can be
seen that Eq. (1) fits well with the experimental results, thus
indicating that Van Uitert’s model can explain well the concen-
tration quenching behavior. From the fitting processes the ¢
values were derived to be 2.11 and 2.17, respectively, for the
cases of 270 and 353 nm excitation. This means that obtained Q
in Eq. (1) are very close to the theoretical value of 6 for D-D
interaction, which is in a good agreement with the conclusion
derived from the analysis on the energy transfer between Dy>*
in our previous work [35].

In order to further study on the energy transfer between Dy>*
the fluorescent decay carve for the highly doped NaGd(MoO,),
with 10% Dy’ was measured under 353 nm excitation by
monitoring 577 nm emission. The dotted solid-squares show
the experimental data in a semi-log coordinates system where
the straight line exhibits the linear fitting to the fluorescence
decay data. It can be seen that the fluorescence decay of “Fo
level of Dy** deviates far from the monoexponential function,
which implies that the 577 nm fluorescence is quenching by the
energy transfer process [35]. Inokuti and Hirayama have
pointed out that in the case of electric multipole interaction
between luminescent centers the fluorescence decay of donor
obeys following equation [36] which is known as I-H model:

t 1\
I(t):IOCXp —T—O—Q(T—()) (2)

where 1, is the intrinsic lifetime of donor, 1(0) is the intensity at
time ¢ =0, I(f) is the luminescence intensity at time ¢, o is a
parameter containing the energy transfer probability, and s has
the same meaning as the aforementioned Q in Eq. (1). Here, s = 6,
8 or 10 for D-D, D-Q, or Q—Q interactions, respectively. Eq. (2)
was fitted to the experimental data, and from the fitting process
the value of s was derived to be about 4.8. Though this value is
smaller than the theoretical value 6, the D-D interaction between
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Fig. 10. Fluorescent decays for the phosphor doped with 10 mol% Dy>**.

Dy** can be confirmed to be dominant in the energy transfer
process between Dy>* (Fig. 10).

3.3. Influence of Dy’* concentration on the color
coordinates

Color coordinates are important factor for evaluating
phosphor’s performance. The color coordinates for all the
samples were calculated based on the Commission Interna-
tional de I’Eclairage(CIE)1931 standards according to the
intensity-calibrated emission spectra shown in Figs. 7 and 8,
and the calculation results are revealed in Fig. 11. The open
triangle dots and solid circle dots indicate the color coordinates
for the phosphors under 270 and 353 nm excitations,
respectively. The arrowed curves ABC and abc show the
variation trends of the color coordinates with the increase of
Dy** doping concentration. It can be seen that the color
coordinates are dependent on the excitation wavelength, which
is due to the existence of MoO,>~ emission when the phosphors
with various Dy>* concentrations were excited at 270 nm, and
in this case the color coordinates change greatly with Dy**
doping concentration. However, when the phosphors excited by
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Fig. 11. CIE color coordinates for the phosphors with different concentrations
of Dy3+. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of the article.)

353 nm, the color coordinates change slightly with Dy**
concentration, this is because of that the spectral profile is
almost not varied with Dy>* concentration in addition to the
change in their emission intensity. The insert in Fig. 11 shows
the variation detail of color coordinates for the phosphors under
353 nm excitation. From these results, it can be concluded that
dependence of color coordinates on the excitation wavelength
and doping concentration of Dy>* may be an advantage for the
applications in some special fields, for example, indicator
devices, lighting of color variation and so on.

4. Conclusion

The optimum solid state reaction calcination temperature for
preparing NaGd(MoO,),:Dy>* phosphors was experimentally
confirmed to be 1100 °C. NaGd(MoO,), phosphors with
various Dy>* concentrations were successfully prepared via
the modified solid-state reaction. Based on the Van Uitert’s
mode the concentration quenching behavior of Dy** fluores-
cence was studied, and the D-D interaction between Dy3+ ions
was found to be the main physical mechanism, which is also in
accordance with the conclusion derived from fluorescence
dynamic analysis in the framework of I-H model. The study on
the chromatic properties of the phosphors indicated that the
color coordinates of the Dy** doped phosphors depend on the
bot? the excitation wavelength and the doping concentration of
Dy~
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