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Red-Emitting CsGd;_.Eu,(Mo0Q,), Solid-Solution Phosphors
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Crystal structure and red-emitting luminescence properties of scheelite related
CsGd;.Eu,(MoOy), solid-solution phosphors have been investigated.
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Abstract: Scheelite related alkali-metal rare-earth double molybdate compounds
with the general formula of ALn(MoO,), can find a wide application in red
phosphors. Crystal chemistry and luminescent properties of red-emitting
CsGd;<Eu(Mo0Os); solid-solution phosphors have been evaluated in the present paper.
A detailed analysis of the structural properties indicates the formation of iso-structural
scheelite-type CsGd;Eu(MoQO,), solid-solutions over the composition range of
0<x<1. The photoluminescence emission (PL) and excitation (PLE) spectra, and the
decay curves were measured for this series of compounds. The critical doping
concentration of Eu’" is determined to be x = 0.6 in order to realize the maxim
emission intensity. The emission spectra of as-obtained CsGd(i.Eu(MoOs),
phosphors are shown with narrow high intensity red lines at 592 and 615 nm upon
excitation at 394 or 465 nm with a revealing great potential for the applications in

white light-emitting diodes devices.
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1. Introduction

White light-emitting diodes (LEDs) are promising to become the next
generation of solid-state illumination lighting due to their unique properties, such as
high reliability, long lifetime, low energy consumption and environmental
friendliness, and so on.'” Commonly, the most convenient way to generate white
light is the combination of an InGaN-based blue LED chip with broad-band yellow
phosphor Y;Als04,:Ce*". Nevertheless, one of the challenges, though, is that this
method comes from the low color-rendering index (CRI) of the emitter due to the
deficiency of red emission from Y;Als04,:Cé? +phosphor.4 In order to overcome this
shortcoming, high-efficient red-emitting phosphor is essential. Therefore, much
attention has been paid to Eu’"-activated scheelite-related alkali-metal rare-earth
double molybdates and tungstates with the general formula of ALn(MO,), (A is an
alkali-metal cation or T1", Ag”, Cu"), Ln is a rare earth metal cation or Y>" and M is
Mo®" or W®), owing to their good optical properties, stability and a relatively
simple preparation. Accordingly, many double molybdate- and tungstate-based
phosphors  have  been investigated, such as  NaY(MoOy),:Eu’"
NaEug.06Smo.04(M004),,° NaLa(MoOy),:Eu’”,” KEu(Mo0O4),,* NaLu(WO4),:Eu**’
and so on. The compounds of series ALn(MQy), possess different crystal structures

depending on a specific cation combination.'”'® As for such a host lattice, all the
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rare earth ions occupy the low symmetry sites surrounded by oxygen atoms. When the
special red-emitting rare earth ions, such as Eu’’, Sm®" or Pr’*, are introduced to the
host, the doping ions insert into the existing Ln*" sites. However, the Ln’" sites are
of low symmetry, and, as a result, these compounds doped with Eu’" can show the
strong red emission arised from transition Do-"F; at nearly 613 nm. Besides, these
phosphors exhibit intense absorption at 394 and 465 nm, which well meets the
application for the near-UV/blue LED chip.

Since Cs' has the largest effective ion radius in the alkali-metal group, it is
expected to obtain the new red-emitting phosphors with high-efficiency and high
quenching concentration in the CsLn(MO4), compounds. Regrettably, the
CsLn(MO4), compounds are poorly investigated, and even structural information
has been reported only for several crystals.”” In this study, CsGd;.,Eu,(M0oOy),
solid-solution phosphors are proposed and designed, and the crystal chemistry and
luminescent properties of red-emitting CsGd,..Eu,(Mo00Q,), phosphors are evaluated in
details. The effective radii of Gd’" and Eu’" ions are very close and, respectively,
continuous tuning of structural and spectroscopic parameters can be reasonably
supposed in quasi-binary system CsGd(MoQO4), - CsEu(MoOy),. It should be noticed,
however, that the existence of CsGd(MoQO,), molybdate has long been known, and

some thermal and magnetic properties were observed in several studies.”**’ Contrary
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to that, the properties of CsEu(Mo0Oys), are unknown in the literature.

2. Experimental

A series of CsGd;_Eu(MoO4), (x =0, 0.05, 0.1, 0.2, 0.4, 0.6, 0.8, 1.0) samples
was synthesized using the conventional solid-state reactions. The starting materials,
Cs2C03(99.9%), Gdx03 (99.99%), Mo003(99.95%) and Euy03(99.99%) were
weighed on stoichiometric ratio and mixed homogeneously in an agate mortar. The
0.5% excess of Cs;COs3; was added to be used as a self-flux. After grindings, the
mixtures were being calcined in the air at 950°C for 6 h in a muffle furnace to form
the final product.”® Subsequently, the as-obtained samples were ground into
powders, and the phase composition was controlled.

The X-ray powder diffraction (XRD) data were collected on a SHIMADZU
model XRD-6000 diffractometer equipped with a linear detector and Cu-Ka radiation
(A= 0.15406 nm) source operating at 40 kV and 30 mA. The photoluminescence
emission (PL) and excitation (PLE) spectra were measured using a Hitachi F-4600
spectrometer with a 150 W Xe lamp as the excitation source under the working
voltage of 500 V. The Iuminescence decay curves were recorded on a
spectrofluorometer (HORIBA, JOBIN YVON FL3- 21), and the 460 nm pulse laser

radiation  (nano-LED) was wused as the excitation source.””  The
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temperature-dependence luminescence properties were measured on the same
spectrophotometer, which was combined with a self-made heating attachment and a

computer-controlled electrical furnace.

3. Results and discussions

The XRD patterns of CsGd;..Eu,(M0Oy), (x =0, 0.05, 0.1, 0.2, 0.4, 0.6, 0.8, 1.0)
are displayed in Figure 1. All the samples with different Gd/Eu contents represent
similar diffraction patterns without impurity peaks. All diffraction peaks are indexed
by a single monoclinic phase, and the peak positions agree well with JCPDS card
41-419 CsGd(MoO4)2.30 Considering the ion sizes and valence states, Eu’" ions are
most likely to occupy the Gd** sites. The structure of CsGdi.Eu MoOy), is
isotructural to CsDy(MoQ,),, and we use the atomic coordinates to refine the structure
of the series of CsGd;,Euy(MoQy), solid solutions. All refinements and data
processing were performed using the program TOPAS 4.2. The concentration of Gd
was not refined because Gd°" and Eu’" ions have similar atomic scattering functions,
and, therefore, the x values were constrained in accordance to nominal compositions.
All metal atoms were refined with isotropic thermal parameters. One thermal
parameter, however, was refined for all oxygen atoms. Correction for the preferred

orientation was implemented on the (100) plane. The refinement was stable and gave
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low R-factors. The main parameters of processing and refinement are summarized in
Table 1. As an example, the experimental (dots) and theoretical (lines) X-ray
diffraction patterns of CsGdg4Eugs(M0QO4), are shown in Figure 2. The crystal
structure is illustrated in the inset in Figure 2. The CsGd;..Eu,(Mo00Q,),, 0<x<1 solid
solutions crystallize in space group P2/c exhibiting a layered structure. The stacking
of alternating layers: —Gd — (Mo00Q4) — Cs — (M0Q,) — runs along the crystallographic a
axis. Each layer is parallel to the (100) cleavage plane. All the rare earth ions and Cs”
ions are located in the eight-coordinated sites surrounded by oxygen atoms. The
dependencies of unit cell parameters on x are shown in Figures 1S-4S. The
dependence of unit cell volume ¥ on x in CsGd;_.Eu,(Mo00Oy), is shown in Figure 3.
It is found that the CsGd;..Eu,(Mo00QO4), compounds are isostructural with the random
substitution of Gd/Eu atoms in the same Ln’" sites. Furthermore, the atom
coordinates and thermal parameters, as well as the main bond-lengths of the
CsGd; xEux(Mo0Oy), solid-solution compounds are listed in Table S1 and Table S2.
Based on the Rietveld refinement results, the unit cell volume is proportional to
value x, which also verified that the solutions are isostructural and obey the Vegard’s
rule. As it is evident from Figures 1S and 28, the variations of cell parameters a and b
are relatively small. Comparatively to that, the drastic increase of parameter c takes

place on substitution of Gd** by Eu®" ions as shown in Figure 3S. Monoclinic angle 8
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decreases with the increase of x and remains to be close to 90° (Fig. 4S). Thus, it can
be concluded that the increase of V' in CsGd;xEux(Mo0O4); solid solutions is provided
dominantly by unit cell elongation parallel to axis c. It is interesting to consider a
possible atomic mechanism of such strongly anisotropic variation of the structural
parameters. The effective ionic radius of Eu’’ is a little bigger that that of Gd*" ion
in octupole coordination.’’ Respectively, the averaged dimentions of (Gd,Eu)Os
square antiprisms should increase with the increase of x. In the a and b directions,
this general intumescences of the (Gd,Eu)Og square antiprisms can be partly
damped through deformation and rotation of other metal polyhedra, and that results
in a little variation of cell parameters @ and b. In ¢ directions, however, the
(Gd,Eu)Og square antiprisms are strictly linked by edges into chains and the
damping is impossible. Then, the variation of (Gd,Eu)Os square antiprisms with the
increase of x is transmitted to the increase of parameter c.

It is known from available structural information that compounds ALn(Mo0O4);
(A=Li, Na, Ag, Cu, K, Cs, Rb, Tl) may crystallize in different space groups of P2/c
to Pccm, Pben and I4,/a.° Recently, it has been found that ALn(MoOs),
molybdates can be classified using quite simple parameter p = R,/Ra, where Ry, -
radius of Ln’" fon, R4 - radius of A ion.'” The related diagram is shown in Figure 4.

In the considered molybdates CsGd;..Eu(Mo0Q,),, parameter p increases in the
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range of 1.632-1.652 on increase x, and, therefore, the compounds appeared close
to the border between the sectors of P2/c and Pccm space groups. It is very
interesting because the local symmetry of Ln site in P2/c is 2, but the local
symmetry of Ln site in Pccm is 222. The structural difference could lead to a
difference in physical properties. However, all compounds CsGd;_Eu,(MoOQy4),,
0<x<1, crystallize in P2/c. This helps us to define precisely the board in Figure 4
between the sectors related to P2/c and Pccm space groups and noticeably expand
the region of P2/c phases in the diagram.

The developed diagram shown in Figure 4 is valuable for crystal symmetry
predictions. For example, the hypothetical solid solutions CsSm;..Eu,(M0Oy), and
CsPm;_Eu(Mo00Q,),, containing the Sm>" and Pm’" ions with effective ion radii
lower than that of Eu’" with CN = 8, can be considered.”’ Then, in compounds
CsSm;_Eu(Mo00O,), and CsPm; Eu,(MoQ,),, the value of p runs from 1.652 to
1.603 and from 1.652 to 1.592 on decrease x, respectively. Thus, in accordance with
the diagram shown in Figure 4, the binary molybdates should appear in the sector
of space group Pccm.

Another interesting subject is a substitution of Mo®" by W°' in binary
molybdates because the solutions are promising for the creation of effective red

phosphors.*> As for the tungsten oxides with general composition CsLn(WO,),,
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only the structure of CsLu(WO4), has been reported on up to now.>> This compound
crystallize in P2/c space group, and this feature is similar to the related
Cs-containing molybdates. In tungstate CsLu(WO,),, however, in comparison with
molybdates, the monoclinic angle B is greater and two oxygen ions are pushed
closer to tungsten, and that results in the appearance of [WOg¢] octahedrons, as
shown in Figure 5, instead of MoQOy tetrahedrons present in molybdates. Another
specific feature of ALn(WOy), tungstates is a wide spread of monoclinic crystals
with space group C2/c even for comparatively small A cations, and that is forbidden
in molybdates. Indeed, such well known laser hosts as KEu(WO4),,*
RbGA(WO4),,%° TISm(WO,),,>¢ KGd(WO,),’” and others can be considered. So, in
spite of Mo®" and W°" ions possess similarly effective ion radii, they show different
behavior in binary crystals and structural relations should be specified selectively.
The emission spectra of CsGd,; . Eu,(Mo0Os), phosphors in the red spectral range
from 580 to 660 nm under excitation at 394 and 465 nm are shown in Figure 6a and
6b, respectively. The insets indicate the trends of emission intensities as a function of
the Eu’" concentration. The emission intensities increase with the increasing Eu’”’
content up to x = 0.6 and decreases thereafter. This indicates that the phosphors have a
high critical value of Eu’" quenching concentration.”® The emission spectra exhibit a

strong peak centering at 615 nm corresponding to the *Dy-"F; electric dipole transition

10



Dalton Transactions

of Eu’" ions. The weak emission peak around 592 nm is assigned to the magnetic
dipole transition of 5DO-7F1.7 From the structural analysis, the Eu’" site in the
CsGd(MoOy4), host lacks of inversion symmetry. According to the Judd-Ofelt
theory,” in this case the electric dipole emission is strong, and the magnetic dipole
transition is relatively weak."” > *" Our experimental results also confirm this point.
Other emission peaks between 650 and 710 nm corresponding to Do-"F5 and °Dy-"F4
transitions of Eu’" ion are very weak and can not be clearly observed.

The excitation spectrum monitored at 615 nm, emission spectrum under 394 nm
excitation of CsGdy 4Eu¢(M00Os),, and energy level diagram of Eu®* illustrating the
two spectra are displayed in Figure 7. The excitation spectrum reveals two regions:
the broad absorption band extending from 215 nm to 350 nm with a center at 297 nm
and several narrow excitation peaks above 350 nm. The wide excitation band mainly
originated from the charge transfer transition of O*-Mo®" [ligand to metal charge
transfer (LMCT)]. Above this, the LMCT of O*-Eu’" contributed to the band.*'™* The
LMCT band position can be estimated using the empirical formula by Jergensen:

Ect(cm ™) = [%ope(X) — Zope(M)] x 30,000 cm ™ ()
where yopi(X) 1s the optical electronegativity of the anion, and the value is equal to
Pauling electronegativity 3.2; yo,«(M) 1s the optical electronegativity of the central

metal ion, with y.,(Mo) = 2.101 * and Yopt(Eu) = 1.74 2. From expression (1), the

11
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LMCT of 0*-Mo"" is around ~303 nm and the O*-Eu** LMCT is at ~228 nm. Clearly,
the estimations well agree to the experimental result. The sharp excitation lines
between 350 nm and 550 nm are attributed to the f-f transitions of Eu®". Moreover,
some other tiny excitation peaks were also detected. The excitation spectrum
demonstrates that CsGdy 4Eug 6(M0O4), phosphor can well absorb near-UV/blue light.
For the present compound, the intensity of f-f transitions is higher than that of charge
transfer transition. Furthermore, the UV-Vis reflectance spectrum of
CsGdp4Eug6(MoQOy), phosphor was measured, as shown in Fig. 8. The broad band
absorption band below 350 nm should be ascribed to the LMCT band. Except for this,
several sharp absorption lines corresponding to the f-f transitions of Eu’" ions are
detected. Especially, some observed excitation and absorption lines at 394 and 465 nm
can echo the efficient absorption meeting the possible application for the
near-UV/blue LED chip.

The lifetime of Eu’" °Dy-'F, emission was measured at different Eu’’
concentrations. The normalized decay curves recorded for the CsGd(.Eu(MoOs),
phosphors under the excitation at 460 nm are shown Figure 9. They can be well fitted
using a first-order exponential decay formula:

I(t)=1,+ Aexp(—t/1)

2)

where / and [, are the luminescence intensity at time ¢ and 0, 4 is a constant, and 7

12
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represents the characteristic decay time for exponential components.” The decay
curves indicate that all Eu’" ions occupy the same atom environment, which is
consistent with the description of the crystal structure above.” On the basis of the
results of fitting a single exponential decay, the lifetime values of CsGd;_Eu,(M00O4),
phosphors were calculated to be 0.579, 0.581, 0.626, 0.633, 0.539 and 0.475 ms at
different Eu concentrations. The values of lifetime initially increase and reach the
maximum at the Eu®" content equal to 0.6. Then, the values rapidly decrease on the
increasing Eu’* content. Obviously, the variation of the luminescence decay curves is
the same as that of the emission spectra with the variation of Eu®" concentration. The
concentration quenching effect assigned to energy transfer is verified in more details.
When Eu’* doping concentration increases from 0.1 to 0.6, more and more
luminescence sites in the CsGd;_.Eu,(MoQ4); host are occupied by Eu’". However,
on Eu** doping above the critical point, the high concentration of Eu’" will enlarge the
ratio of ions approaching. As a result, both the energy transfer rate between Eu’" and
Eu’* and the probability of energy transfer to the killer site (such as defects) increase.
Consequently, the lifetimes are shortened and the emission intensities are decreased as
the Eu®* concentration grows.*®

The thermal stability of phosphor is an important aspect when it is used in

high-powered LEDs. The emission spectra measured for CsGdg 4Eug ¢(M0QO4), under

13
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394 nm excitation at a different temperature between 25 and 250 °C are shown in
Figure 10. The inset shows the temperature dependence of the luminescence
quenching. The emission intensity of the phosphor decreases on the temperature rising
up to 250 °C. Obviously, when the temperature increased to 150°C, the corresponding
PL intensity dropped to 81.3% of its initial value. The result indicates that phosphor
CsGdo4Eup6(M00Q4); has a relatively good thermal quenching effect. The thermal
quenching phenomenon can be explained using the configurational coordinate
diagram. In a high-temperature environment, electron-phonon interaction is dominant.
Initially, luminescence center Eu’" in the excited state is activated by phonon
interaction and then releases through a crossover between the *Dy excited state and 7Fj
Gg=1, 2, 3, 4) ground state.” Thus, the emission intensity decreases as the
temperature rises. In order to make the behavior of thermal quenching clear, the
activation energy was calculated through the Arrhenius equation:*

L =— 1 3)

- AE
1+ -
cexp( kT)

where [y and It are the luminescence intensities of CsGdj4Eug¢(M0QO4), at room
temperature and at tested temperature, respectively, ¢ is a constant; & is the Boltzmann
constant (8.617x10° eV/K); AE is the activation energy for thermal quenching.
According to equation (3), the plot of In[(/y/It)-1] vs. 1/kT yields a straight line

illustrated in Figure 11, and activation energy AE can be obtained from the slope of

14
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the plot. The AE value is calculated to be 0.329 eV, and the value is comparatively
high.

Figure 12 exhibited the CIE chromaticity coordinate of the phosphor, and the
value is (0.665, 0.335), which is located in the deep red region. The color point is near

the edge of the CIE diagram, showing that the phosphor has its high color purity.

4. Conclusions

In summary, a series of red-emitting phosphors CsGdi.x)Eux(MoOy4),; (x = 0,
0.05, 0.1, 0.2, 0.4, 0.6, 0.8, 1.0) were prepared by the conventional solid-state
synthesis. The crystal structure of CsGd(Mo0Q,), and CsEu(MoQ,), end compounds is
defined for the first time. The XRD patterns indicate that the obtained materials
crystallize in a layered structure and Eu’" ions enter into the Gd*" sites. The crystal
structures of CsGdi.x)Eux(MoOy), solutions were clarified from powder X-ray
diffraction data as a function of composition. The luminescence properties of these
compounds have been reported. Under the excitation of 394 and 465 nm, the systems
show a strong red emission at 615 nm due to the *Dy-'F, transition. Both the emission
intensities and the lifetimes are changing with the Eu’" content in the host lattice.
Besides, the phosphors can efficiently absorb near-UV/blue light, making them

candidates as potential red phosphors for near-UV/blue LED applications.
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Fig. 1 XRD patterns of samples CsGd;Eux(MoQy4), (x = 0, 0.05, 0.10, 0.20, 0.40,

0.60, 0.80, 1.0) and JCPDS 49-419 CsGd(Mo0O.); as a reference.
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Fig. 2 Experimental and calculated XRD patterns, and Rietveld difference plot of

CsGd 4Eu 6(Mo00Oy), at room temperature. Inset shows crystal structure.
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Fig. 3 Dependence of unit cell volume » on x in CsGd,i-x)Eux(M0O4), molybdates.
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Fig. 4 Different structure fields in ALn(Mo0OQO,), (A = Li+, Na+, K+, Cu+, Rb+, Ag+,

Cs+, Tl+) molybdates. CsGd(1-x)Eux(M00O4), compounds are marked by arrow.
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Fig. 5 Crystal structure of CsLu(WO4), with octahedrons WOs.
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Fig. 6 PL spectra of samples CsGd,..Eu(Mo0Q,), (x = 0.10, 0.20, 0.40, 0.60, 0.80, 1.0)
at 394 nm (a), 465 nm (b) excitation, the inset shows the dependence of PL intensity
on the Eu’" doping concentration.
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Fig. 7 PLE (Aem = 615 nm, blue line) and PL (Aex = 394 nm, black line) spectra with

energy level diagram of Eu’" in CsGd4Eug¢(M0oOs), phosphor at RT.
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Fig. 8 UV-Vis reflectance spectrum of the CsGdy 4Eu6(MoO4), phosphor.
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Fig. 9 The decay curves of samples CsGd;_,Eu(MoOs), (x = 0.10, 0.20, 0.40, 0.60,

0.80, 1.0) at room temperature.
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Fig. 10 The PL spectra (Aex = 394 nm) of CsGdy 4Eu6(M00QO4), phosphor at different
temperatures in the range of 25-250 °C. The inset shows the dependence of PL

intensity on temperature.
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Fig. 11 A In[({o/It)-1] vs. 1/kT activation energy graph for thermal quenching of

CsGdg 4Eu 6(Mo0Qy4), phosphor.
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Fig. 12 The CIE chromaticity coordinate diagram of red phosphors

CSGd0,4EuO,6(MOO4)2.
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Table 1. Main refinement parameters of CsGd;.<Eux(Mo0Os), phosphors with different

chemical compositions.

Page 34 of 34

Formula CsEu(MoQOy), CsGdg,Eug5(MoOy), CsGdg 4Eu44(M00Oy), CsGdg ¢Eug 4(M00Oy), CsGdg gEuy2(MoOy), CsGd(MoOy),

Space Group P2/c .
a=9.5255(1) A a=9.5256(2) A a=9.5247(1) A a=9.52642) A a=9.5261(2) A 4=9.5289(2) A -
b=5.0886(2) A b=5.0884(2) A b=5.0862(2) A b=5.0837(2) A 5=5.08102) A b=5.0823(2) A i
e ¢=8.0901(1) A ¢=8.0881(9) A =8.077(1) A ¢=8.0702(8) A ¢=8.0623(6) A c=8.0563(7) A |
parameters |
$=90.868(6)° $=90.853(5)° £=90.823(6)° $=91.085(6)° $=91.154(6)° B=91.246(6)° |
V=392.09(4) A® y=391.97(5) A® r=391.22(5) A’ 1=390.76(4) A’ r=390.15(3) A’ =390.06(4) A* :
D, (g/em’), D,=5.122 D,=5.133 D,=5.152 D,=5.167 D,=5.184 D.=5.19% |
M, M, = 604.76 M, = 605.82 M, = 606.86 M, =607.93 M, = 608.98 M,=610.03 !
Number of _|
reflections / i

588/88 587/99 587/99 586/99 586/99 585/90
Number of |
parameters !
R,,=4.59 R,,=4.11 R,,= 441 R,,=4.39 R,,=3.90 R,,= 4.56 ‘|
R,=3.58 R,=323 R,=3.36 R,=3.26 R,=3.00 R=342 |
R-factors, % Ry=1.28 Ry=0.92 Ry=1.02 Ry=1.19 Ry=0.82 Ry=1.39 :
Rexp= 2.60 Rexp= 2.50 Rexp= 249 Rexp= 258 Rexp= 249 Regp= 241 |

¥=1.77 v'=1.64 =117 ¥=1.70 ¥'=1.56 =189
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