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Abstract All the red emitting europium-doped silver

tungstate a-Ag2-3xEuxWO4 (x = 0.01–0.08 mol) phos-

phor reported herein crystalise as nanorods. The nanorods

were structurally characterised by X-ray powder diffrac-

tion, Rietveld refinement, low temperature (20 to -190 �C)

micro-Raman spectroscopy . The morphology of the

nanorods reported herein was confirmed by field emission

scanning electron microscopy. The optical properties were

studied using low temperature (20 to -190 �C) high res-

olution laser excited upconversion and downconversion

luminescence.

1 Introduction

Although there are several ways of producing white light

from blue light emitting diodes, LEDs, the preferred way

for good colour rendering involves the use of green and red

emitting conversion phosphors [1]. Recently, many Eu3?-

doped tungstate based lattices (as host for the Eu3? acti-

vators that emit the red light) have been reported for pos-

sible application as red conversion phosphors examples

include CdWO4 [2, 3], SrWO4 [4, 5], Y6WO12 [6],

KLa(WO4)2 [7], RbGd(WO4)2 [8], NaY(WO4)2 [9],

NaGd(WO4)2 [10], Na2Dy4(WO4)7 [11], La2W2O9 [12],

ZnWO4 [13], Ba4Na2W2O11 [14], MgWO4 [15], and Li2
Mg2(WO4)3 [16]. Some of these materials require high

amounts of the expensive europium activator. However, it

is notable that due to the price and critical resource of rare

earth elements, it would be better to reduce the amount of

these elements for an economic, energetic and environ-

mental friendly synthesis procedure.

The emission characteristic of a material strongly

depends on the crystal structure of the host lattice as well as

its uniformity, doping sites and the doping concentration of

the activator that is emitting. Considering the doping sites,

characteristics such as distance between dopants, coordi-

nate numbers, relative spatial position and electrical envi-

ronments are also important in order to fully understand the

photoluminescence properties [17]. Many tungstate lattices

when acting as hosts for Eu3? activators have been shown

to manifest excellent luminescent efficiency and color

purity as well as having high average refractive indexes

[2–16]. Also this class of tungsten oxides can be considered

as ideal host lattices for dopants as they possess high

thermal, chemical and physical stability and in addition

they can often be synthesized at low temperatures. They

also have broad and intense ligand-to-metal charge transfer

(LMCT) band(s) in the UV or near-UV region that are able

to capture the emission from an InGaN-based LED.

The a-Ag2WO4 lattice is the host lattice chosen for the

work reported herein. The crystal symmetry of the a-

Ag2WO4 lattice is orthorhombic, and the space group is

Pn2n [18]. Each W atom is bonded to six oxygen atoms

and the Ag? cations are found to have two, four, six and

seven-coordinated geometry. Both WO6 and AgO6 cluster

have site symmetry of Oh and AgO2, AgO4 and AgO7

polyhedra have site symmetry of C2v, Td and D5h,

respectively. In fact the Ag? cation content in the four

different coordination sites in a-Ag2WO4 differ dramati-

cally, 15% of these sites are non-centro-symmetric with

C2v symmetry (AgO2), 37% are non-centro-symmetric with
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Td symmetry (AgO4), 18% are centro-symmetric with Oh

symmetry (AgO6) and 30% are non-centro-symmetric with

D5h symmetry (AgO7) [18–20]. Thus, the electric dipole
5D0?

7F2 transition in the reported spectra is caused

specifically by the Eu3? located at one or more of the non-

centro symmetric sites [21].

A range of applications for silver tungstate is reported in

the literature these include chemical fixation of CO2 [22], a

catalyst in organic chemistry [23], photoswitches [24],

photocatalysis of organic pollutants [25–30], lubricants

[31], electrocatalysis [32], gas sensor [33, 34], LED [35] as

well as an antimicrobial and antibacterial agents [36–38].

The influence of electron beam irradiation on structural and

optical properties of this material has also been investi-

gated [39]. A further interesting potential future application

is in the field of laser refrigeration of nanocrystals [40, 41].

Previously it was reported that the red emitting euro-

pium doped silver tungstate a-Ag2-3xEuxWO4

(x = 0.0–0.01 mol) phosphor crystalises as nanorods and it

was suggested that it could be used for blue LED colour

conversion as the red emitter for white light, however in

the Eu3? concentrations studied it was not bright enough

for the application [21]. Thus in this work we report on

attempts to increase the Eu3? concentration in red emitting

europium doped silver tungstate a-Ag2-3xEuxWO4

(x = 0.01–0.08 mol%) phosphor report to further assess its

potential for use in new applications based on its’ nano-rod

morphology which allows for preferred alignment, dense

packing and directional emission characteristics. These

Eu3? concentrations are much smaller than tungstate lat-

tices such as LiEu(WO4)2 which have been suggested as

candidates for red emitting LED phosphors [35].

2 Experimental

The nanorods were synthesised via a low temperature

(90 �C) coprecipitation route [21]; the nanorods emitted

red light without further heat treatments.

The nanorods were structurally characterised by X-ray

powder diffraction, Rietveld refinement, low temperature

(20 to -190 �C) micro-Raman spectroscopy. The latter

allows enhanced spectroscopic analysis of materials;

Raman spectra can be collected from areas down to 1 lm2.

Allowing the selective identification of structural and

chemical differences in inhomogeneous samples or single

particles. Combined with automated focusing using a XYZ

stage three-dimensional chemical imaging is possible

focusing below the surface of the sample. It is also possible

to observe damage to the sample by the laser during

measurement. In our case we were able to focus on small

groups of nanorods and did not damage them. The

morphology of the nanorods was confirmed by field

emission scanning electron microscopy (FESEM).

3 Results

Figure 1 presents the X-ray powder diffraction (XRD)

patterns of a-(Ag2-3xEux)WO4 samples. All of the peaks

observed in the patterns can be indexed to the pure

orthorhombic phase of a-Ag2WO4 and are in good accor-

dance with PDF no 34-0061. These results indicate that

Eu3? cations have been introduced efficiently into the a-

Ag2WO4 lattice until 4 mol% Eu3?. For 8 mol% Eu3? it is

possible to observe small peaks related to Silver Europium

Tungsten Oxide (PDF no 60-0818) at 27.80�, 28.5� and

29.8� indicated with ‘‘*’’ in Fig. 1. This is evidence of

saturation of the a-Ag2WO4 orthorhombic structure by the

Eu3? cations.

The substitution of monovalent Ag? cations by trivalent

Eu3? cations will cause strain in the lattice. This is because

for every Eu3? cation occupying an Ag? cation site two

more Ag? cations have been displaced from the lattice

leaving two cation vacancies, Agþv this maintains charge

Fig. 1 XRD pattern of the samples a-(Ag2-3xEux)WO4

(x = 0–8 mol%)
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compensation in the lattice but both the vacancies and the

3? charged cations cause strain as can be seen from the fact

that as the proportion of the Eu3? cations is increased the

Eu3? cations are rejected from occupying the vacant sites.

This means that in the a-(Ag2-3xEux)WO4 structure x

cannot be tolerated much above 0.04 Mol%. So, in this

lattice charge compensation can only be tolerated to a

small extent. In fact at 0.04mol% Eu3? 0.12mol% of Ag?

cations have been removed (that is around one in eight of

the Ag? cations present. Though the ionic radius of Ag? is

1.22 Å, and that of Eu3? is 1.087 Å the latter will tend to

distort the crystal site normally occupied by the former

because of its greater charge [42–44]. The synthetic con-

ditions would not favour Eu2? formation (reducing con-

ditions would be required), if Eu2? was present it would be

observed as a broad peak in the photoluminescence

spectrum.

Structural refinement data of the a-(Ag2-3xEux)WO4

(x = 0.0–0.08) samples confirm the orthorhombic structure

with a Pn2n symmetry space group. The experimental

lattice parameters and unit cell volumes calculated using

the Rietveld refinement method are shown in Table 1. This

table shows low deviations of statistical parameters

(weighted profile R-factor (Rwp), expected R-factor (Rexp),

residual of least-squares refinement (Rp) and reflection

intensity-based R-factors (RBragg) which suggests that the

refinement results are quite reliable and with good

numerical results. These results were obtained by keeping

the occupancy of W6? fixed to 1 while Eu3? cations were

set to share occupancies in the Ag? sites.

The size distribution and morphology of the crystals are

important parameters in both luminous flux and their

ordering on a surface (for device application). For many

applications it would be ideal to have uniform sub-micron

phosphor particles without any reduction in the luminous

efficacy (compared to larger micron sized particles.

In Fig. 2a–d FESEM micrographs of the samples are

presented. It is possible to see clear boundaries between the

crystals indicating that there is no strong adhesion among

the crystals. Moreover, there are in all cases many crystals

of similar size and shape showing no evidence of aggre-

gation, nor formation of larger structures. Most of the

crystals are smooth surfaced nanorods of around 100 nm in

width and 1–2 lm in length. The nanorod morphology

should facilitate preferential alignment, dense packing and

directional emission characteristics.

The Raman spectra of the phosphors may be useful for

obtaining information about parameters which affect the

luminescence efficiency. These parameters include crys-

tallographic phases, lattice phonon energies, and the site

symmetries of activators [45]. As a-Ag2WO4 belongs to

the C2v
10 point group and has two molecular formulas per

unit cell (Z = 2). Group theory predicts that there are 21

different Raman modes [46], of these 14 modes have pre-

viously been identified [21].

Figures 3 and 4 present the room temperature Raman

spectra of the a-(Ag2-3xEux)WO4 (x = 0–0.08 mol) sam-

ples excited at 532 and 633 nm, respectively. These spectra

are very similar to those reported and assigned for the a-

Ag2-3xEuxWO4 (x = 0.0–0.01 mol) phosphor samples

[21]. The differences in the Raman spectra presented in

Figs. 3 and 4 and those presented in reference 21 are due to

the presence of some luminescence (emission bands from

the larger concentrations of Eu3? present in the samples

studied in this work, we will present evidence for this in

later Figures and discuss this more below. The Raman

modes and their respectively assignments are shown in the

Figures. The Raman modes below 251 cm-1 are related to

the translational lattice vibrations of Ag? and W6?, mainly

contributed by the motion of heavy Ag? ions. The out of

plane bending modes of WOOW are observed at

306 cm-1. The modes at 340 and 367 cm-1 are due to the

bending vibrations of O–W–O, WOOW, and W–O–W. The

modes at 489 and 510 cm-1 are related to the out of plane

wagging of WOOW. The mode at 589 cm-1 is the bending

vibrations of W–O–W and WOOW. The mode at

666 cm-1 is due to the stretching modes of WOOW. The

modes at 749 and 779 cm-1 result from the symmetric

stretching modes of WOOW and W–O. The mode at

805 cm-1 arises from the asymmetric stretching modes of

Table 1 Lattice parameters, unit cell volume and statistical parameters of quality

A-

(Ag2-3Eux)WO4

Lattice paramaters (Å
´

) Cell volume

(Å
´ 3)

Rexp

(%)

Rwp

(%)

Rp (%) RBragg

(%)

Crystal size

(nm)
a b c

x = 0 10.8799 (3) 12.0164 (5) 5.8911 (2) 770.19 (5) 7.53 16.0 12.36 6.380 32.98 (16)

x = 0.01 10.875 (4) 12.064 (4) 5.889 (2) 771.3 (5) 7.15 14.90 11.17 6.349 22.84 (16)

x = 0.02 10.867 (3) 12.026 (4) 5.8956 (18) 770.5 (4) 7.15 11.90 9.29 3.809 19.31 (10)

x = 0.04 10.8635 (9) 12.024 (11) 5.8979 (6) 770.45 (12) 7.00 11.94 9.38 4.077 18.25 (11)

x = 0.08 10.857 (7) 12.012 (7) 5.902 (4) 769.7 (8) 7.53 16.00 12.59 7.076 29 (2)
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W–O–W and W–O and the mode observed at 883 cm-1 is

from the symmetric stretching of W–O [47].

The main features observed are for samples with

x[ 2 mol% (kexc = 532 nm), in which the mode A1g at

883 cm-1 appears to shifts to higher wavenumber because

of the this is because of an underlying emission band that

gets stronger and causes the apparent movement of the

Raman band as the Eu2? concentration increases in the a-

Ag2WO4 lattice. These underlying emission bands also

affect the spectra collected with the 633 nm laser line

(Fig. 4), saturation also causes broadening of the bands as

observed on the spectra excited at 633 nm. However in the

latter case these emission bands are less intense and so only

a broadening is observed that becomes a shoulder at the

higher Eu3? concentrations.

In Figs. 5 and 6 the room temperature Anti-Stokes and

Stokes luminescence and Raman spectra of the a-(Ag2-3x

Eux)WO4 (x = 0–0.08 mol%) samples excited at 532 and

633 nm are presented. In the case of the spectra excited at

633 nm (Fig. 6) the emission bands at higher energy are

Fig. 2 FESEM micrographs of samples a-(Ag2-3xEux)WO4. a x = 0; b x = 0.01; c x = 0.02; d x = 0.04

Fig. 3 Raman spectra of the samples a-(Ag2-3xEux)WO4

(x = 0–0.08 mol) excited at 532 nm

Fig. 4 Raman spectra of the samples a-(Ag2-3xEux)WO4

(x = 0–8 mol%) excited at 633 nm
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observed due to a combination of the energy of the laser

line plus the thermal energy of the electrons in the 7Fj states

[48]. For the 532 nm excited spectra the higher energy

emission bands may arise from a similar process or alter-

natively (but less likely) they may be excited by a two

photon upconversion process. The strongest Raman modes

typical of a-Ag2WO4 are seen on both anti-Stokes and

Stokes sides of the spectra. The characteristic emission

bands seen in Figs. 5 and 6 at around 591, 616, 652 and

702 nm are due to the 5D0 ? 7F1, 5D0 ? 7F2, 5D0 ? 7F3

and 5D0 ? 7F4 transitions, respectively [48].

The temperature dependence of the Raman spectra of a-

(Ag1.97Eu0.01)WO4 excited at 633 nm is presented in

Fig. 7. These spectra show that as the temperature

decreases, improvement of the Raman modes definition

occurs due to less lattice vibrations (thermal energy) at

lower temperatures depopulating the luminescence spectra

[48]. Thus the broad emission bands seen below 550 cm-1

in the 20 and 10 �C spectra in Fig. 5 are not present in the

-50 �C spectrum.

The temperature dependence of the Stokes and anti-

Stokes emission spectra of a-(Ag1.95Eu0.01)WO4 excited at

633 nm is presented in Fig. 8. These spectra indicate that

the intensities of all of the anti-Stokes and Stokes lumi-

nescence lines manifest temperature-dependent behavior

(losing intensity as the temperature decreases) in line with

the fact that less energy is available to thermally populate

the 7F0, 7F1, 7F2, 7F3 and 7F4 states of Eu3? at the lower

temperatures [48]. It is apparent that as the temperature

decreases to -190 �C the only remaining bands on the low

energy side in Fig. 6 are the Raman bands. It is apparent

from Fig. 8 that the emission bands are no longer present at

-100 �C.

Fig. 5 PL-Raman spectra of the samples a-(Ag2-3xEux)WO4 (x =

0 – 0.08 mol) excited at 532 nm

Fig. 6 PL-Raman spectra of the samples a-(Ag2-3xEux)WO4

(x = 0–0.08 mol) excited at 633 nm

Fig. 7 Temperature-dependent Raman spectra of a-(Ag1.97Eu0.01)

WO4 excited at 633 nm

Fig. 8 Temperature-dependent PL-Raman spectra of a-(Ag1.97

Eu0.01)WO4 excited at 633 nm
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4 Conclusions

This work demonstrated that nanometre-sized a-(Ag2-3x-y

EuxLiy) WO4 crystals were efficiently prepared by the

coprecipitation method without further treatments. XRD

and Rietveld analysis confirmed the phase and the lattice

parameters of each doping concentration. FESEM studies

revealed nanorods of around 1 lm in length and 100 nm in

width which allows preferred alignment, dense packing and

directional emission characteristics. Using the 633 nm

laser to study the Raman spectra also allowed the optical

properties to be partially studied using low temperature (20

to -190 �C) high resolution laser excited upconversion

and downconversion luminescence. It is apparent from this

work that as the temperature was lowered the emission

bands became less intense and eventually disappear,

showing they are only seen via upconversion due to ther-

mal population of the ground state of the Eu3? ions in the

lattice. The excitation spectra showed excitation maxima at

395 and 465 nm which are in the ideal regions for exci-

tation by both UV and blue LEDs; these bands were

determined by monitoring the main Eu3? emission peak at

615 nm. Emission spectra showed red emission at 615 nm

showing the potential for use as colour converting phos-

phors for use with the LEDs. A fuller study of the excita-

tion and emission spectra of these materials will be

published separately.
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