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Abstract. The doubly dopedRi®* andEu*+) GdVO, pow- In the last two decades, the development of new phos-
der is synthesized by hydrolyzed colloid reaction (HCR)phors for lighting and other applications has centered on the
technique and formation of material is confirmed by XRDrefractory host matrices, (hexa-aluminate and yttrium oxide)
measurement. Surface morphology has been studied by SEMtivated with trivalent rare earths. The introduction of rare
measurement and the result shows uniform surface morplearths has resulted in a drastic improvement of the per-
ology. The average particle size observed by SEM is aboudbrmance of luminescent devices based on these phosphors.
1um. The Fritsch particle sizer is used to study the par-The blue, green, red, and other phosphors are available in
ticle size distribution. It distributes from O.15 ®57um.  the market.

The small particle size (less th&um) and the narrow par- The trivalent europium-doped vanadates have attracted
ticle size distribution, are the necessary requirements of goaalgreat deal of interest for use as a red phosphor in colour tele-
phosphor material. Photoluminescence result shows a narision, cathode-ray tubes, and in fluorescent lamps [1]. The
row emission line ofEW®t ion (4 nm FWHM) at 618 nm first red-emitting rare-earth phosphovO4:Eu®, was intro-
The EW** emission intensity is enhanced by a factor of fiveduced by Levine and Palilla [2] as a red primary in colour
with the addition of small amount dBi®t. The emission television in 1964. In single-crystal form, it was used as an
bands ofVO3~ and Bi®t partially overlap with the exci- excellent polarizer and laser material [$dVO,:Tm, Ho
tation band ofEu**. The process of energy transfer from and GdVO,:Nd crystals with diode laser as an excita-
Bi®t to EWT is discussed here. The energy transfer probtion source are used for the development of lasers [4,5].
ability is strongly dependent upon thgi%+ and Eu** con-  GdVO4:Bi powder has been proposed as a possible scintillat-
centrations, with a maximum fo®.2 mol% of Bi®* and ing material in computer tomography [6]. They have attrac-
3mol% of Eu*t. It drastically decreases for higher con- tive and important applications in different field. For these
centrations. For photoluminescent applications, the quarapplications, however, homogeneous, high-quality, oxygen-
tum efficiency (QE) of a phosphor material is an importantdeficiency-free vanadates are required. It is a well-known
parameter. The QE o6dVO,:Bi, Eu(0.2, 3) is 76%. The fact that the vanadium penta-oxide vaporizes readily above
GdVOq:Bi, Eu(0.2, 3) material is proposed as an efficient its melting point at690°C, causing incongruent changes in

photoluminescent phosphor. both the vanadium and oxygen stoichiometries [7—9]. In sev-
eral cases, the oxygen deficiency can create problems in the
PACS: 78.55 optical application ofYVO4 [9].

The different methods available to produce oxygen
deficiency-free rare earth vanadate are (i) the special flux
The luminescent materials are widely used in present-day lifaechnique [10]; (ii) the hydrothermal reaction technique [11];
Their best-known applications, are in cathode-ray tubes anand (iii) low-temperature< 100°C) aqueous-solution tech-
fluorescent lamps. The efficient phosphors are applied in theiqgue. The wet techniques are strongly recommended for
X-ray intensifying screens, cathode-ray tubes, and fluoresceaynthesis of high-quality phosphors in powder form, re-
lamps. The two groups of luminescent materials can be disguired in high-resolution displays and miniature CRTs [12].
tinguished: the phosphors with lattice excitation and the oneghe high temperature solid-state-reaction techniques produce
with direct excitation in the activator ions. The X-ray andrelatively large grain-size materials, in addition to oxygen-
CRT phosphors belong to the first category and a lot of therdefect colour centres. The reduction of particle size by me-
are used in both applications. In all the phosphors appliedhanical grinding, results in crystal particle damage and lower
in fluorescent lamps, the exciting UV radiation is directly luminescent efficiency. The solid-state-reaction technique,
absorbed by the activator ions and no delocalized states atteerefore, is not recommended for synthesis of powder phos-
involved in the luminescence process. phors. Necessary requirements of good phosphor powders
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are: (a) a fine particle size<(5um); (b) a narrow particle- 8
size distribution; (c) a large surface area; (d) high purity and

homogeneity; and (e) an efficient energy transfer (electronic
transition) from the sensitizer to an activator ion, if any.

Pure YVQy, in aqueous solution, was first synthesized
by the reaction of yttrium nitrate and ammonium metavana-
date by Arbit and Serbrennikov in 1965 [13]. Krylov et
al. patented this technique for industrial applications [14]%
In subsequent years, many workers prepared yttrium vana-
dates by aqueous solution with different starting materials 4
and patented the techniques [15-18]. Recently, a hydrolyzed
colloidal-type mixtures of the aqueoi¥sOs + Y 2,03 + H20
system has been used for preparatiolY¥fO, powder [19].
Very fine particles of powder material, synthesized by this
method, were observed and this is one of the requirements of
the good phosphor.

In the present investigatioGdVO,:Eu®+ and GdVOy:
Bi3+, EL®t powders were prepared by hydrolyzed colloid re-
action (HCR) technique. The formation of crystalline pow-
der was checked by XRD measurement. The SEM techniq
was used to study the surface morphology. Particle size an
surface area were also measured. Luminescence properties
of EW®t ion and energy transfer betwe@i®" to EW® in  100°C for 15 minand then calcined &50°C for 24 hand at
GdVO, powder are reported. 1000°C for 5 hin the air.

The formation of gadolinium vanadate powder was con-
firmed by studying the XRD pattern. The observed pattern
matched with the standard data of the compound (JCPD File
No. 17-260). Particle size and surface area were determined.
The fluorescence spectra were recorded on a Jobin-Yvon
For preparing dope@dVO, powder materialcd,Os3, ElbO3  spectroflurometer at room temperature.

(Indian Rare Earth Ltd. an®9.9% pure), spectra pui¢,0s,

andBi,O3 powders were used as starting materials. The HCR

method and subsequent calcining at higher temperature we?e Results and discussion

used to synthesize the dop&HVO, powder. Constituent ) ]

powdersGd,0s, V20s, and a small amount of dopant ions Formation ofGdVO,:Bi**, Eu*" (0.2, 3mol%) as synthe-
were dry-mixed thorough|y by mechanical Crushing fom sized POWder material was confirmed by the XRD pattern.
and then transferred 00 mlof double-distilled water. This The Bi*" (0.2mol%) and EL*" (3 mol%) ions concentra-
solution was placed in a polyethylene beaker for mixingtions are in the starting material and not in the final syn-
For production of colloidal mixture, the mixing was car- thesized powder. The rare earth vanadate has a tetragonal
ried out for a sufficient time period at room temperature instructure and is a system of linked oxygen tetrahedra having
the air using a magnetic stirrer. The glass needle (the irofd @andV atoms at their centres (Fig. 2). In this figure, cir-
needle inside the glass) was used as a grinding mediurfiles represerdatoms [C] and/ atoms are at the centres of

It is known that the acidification of an aqueous system ofmall tetrahedra (A and B) whose corners show the positions
V,05 + GchOs + H,0 plays an important role in the forma- Of the oxygen atoms/ atoms are almost completely hidden
tion of complex colloids [19] and therefore, the pH behaviourithin the tetrahedra of their surrounding oxygen atoms. The
of this mixture was investigated first. Figure 1 shows thémpuritiesBi®* or Eg% ions enter into a substltutlon@o?r
changes in pH with the mixing time at room temperature. I€ation site. TheYO; —Bi*"] structure is formed. The'O;~
initially decreases, later on starts increasing, and finally stagroup may be surrounded by more than @i&" impurity
bilizes to 6.9. Before the mixing started, the colour of thelONS.

aqueous mixture was dark yellow and pH was found to be

4.9. As the mixing continued, the colour changed to orange2.1 Scanning electron microscopy (SEM)

yellow after 10 h due to the formation of tri-metavanadate

(Gd,V309-xH20) and had pH= 3.8. After 30 h of mixing,  Fine particle size, narrow particle-size distribution, and large
it became red-brown, forming the deca-vanadate intermediatarface area are the important requirements of good phos-
phaseGd,V10010-25H,0 with pH = 6.5. The aqueous mix- phor. These parameters were measured. The particle size was
ture became white afté&i0 h of mixing due to the formation measured using scanning electron microscopy. The SEM mi-
of gadolinium vanadate and had pH6.9. The temperature crophotograph gives information about the particle size (grain
of the aqueous mixture changed fr&6°C to 35°C during  size). Since the dope@dVO, powder is a good insulator, it
the course of mixing. The formation of tri-metavanadate andvas coated with gold to obtain an acceptable SEM picture.
deca-vanadate were confirmed by XRD measurements. Thiégure 3 shows the SEM observation@uVO,:Bist, Eu*t
white aqueous mixture, obtained afte® h of mixing, was  powder. An uniform surface morphology was observed. Re-
filtered to get white wet powder. This powder was dried atsults show that the powder was agglomerated and the particle
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ig. 1. pH values in B3+ + Eu*")-dopedV,0s 4+ GdbO3 + H,0 aqueous
Ci’xture after different mixing times at room temperature
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served in our sample are necessary requirements of a good

Fig. 2. The lattice positions in tzebt,etlfagong' unit cell of d°®:N04- The . phosphor material and are in agreement with standard results
Eu or Bi atoms are represente yCles an V atoms are at the centres 0 as reported earller [20]

the small tetrahedravhose corners mark the positions of the oxygen atoms

size varies from 0.3 t.6 um. Their average particle size was 2.2 Photoluminescence studies

found to be about um. It seems that the observance of lower

particle size much less th&wm in calcined powder is the In pure GdVO, powder, very weak emission lines Bfy3*
peculiarity of the HCR technique, compared to other methodat 480 to570 nm SnPt at arounds05 nmare found due to

of preparation such as the solid-state diffusion technique anithe presence of impurity ions in the starti®ghO3; material.
combustion process where large grains are observed. Furth@he broad and weak band of tk{@i‘ group at450 nmwere

the Fritsch particle sizer was used to get exact informatioobserved at room temperature, excite®25 nm These re-
about the particle-size distribution. The surface area was alslts are consistent with the earlier reported ones and hence
measured. not reproduced here [6]. Emission lines@f+ ions include

The particle-size distribution o6dVO,:Bi®t, EW*t is  four sharp lines lying between 310 aBd5nm and three
shown in Fig.4. The surface area was abdi0245 weak lines at abous06 nmcorresponding to the transitions
(£0.0046 m?/g. The particle size distribution, varies from P;;,—8S;/, (31010315 nn) and®Ps/»—8S;/, (306 nn), re-
0.15 to3.57um as shown in the figure. The average particlespectively, excited &74 nm[21, 22]. Such emission lines of
size is of the ordefl.03pum of 50 wt % of GdVO,:Bi, Eu.  Gd®" are not observed in our sample. The part of excitation
The narrow particle-size distribution and fine particles ob-energy absorbed b@d*" result in non-radiative emission.
This energy may be utilised for excitation 8§, VOi‘
group, orEu*t ions.

It is well known thatBi®t can be used as an activa-
tor, as well as a sensitizer of luminescence. Many work-
ers [23—-28] have studied the luminescent propertieRi®f
and energy transfer fromi®* to Bi®* ion or to another ac-
tivator in an oxide host lattice. The emission peak varies
from the UV to the red region, depending on the host lat-
tice [24]. Also, the energy transfer probability betweRif*
ions or fromBi®* ions to another activator varies widely with
the host lattice [26,27]. The excitation and emission spec-
tra of GAVO,:Bi®* (1 mol%) show a band @38 nm(curve
a; monitored at557 nn) and 557 nm (curve b; excited at
338 nnj, respectively, along with a small shoulder at around
480 nmat room temperature, and are shown in Fig. 5. This
shoulder a#80 nmmay be due to thyoi‘ group. With the
introduction of Bi*t into GdVQ;,, the emission peaks move
to a higher wavelength side by some amount [24,28]. The

Fig.3. SEM microphotograph of calcined whitedvOy:Bi, Eu (0.2, 3)  impurity, emission lines, observed in p_u@j\./O;;. powc_ier,
powder were completely suppressed by the additioBiSf™ impurity.
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The broad excitation band at 338 is due'8—1P; transi-
tion and the emission bars7 nmoccurs due t6P;—1S,
transition. The ground state of a frB&* ion with ns? config-
uration is thé'S, state. The excited states come fromitisep
configuration and aréPq, 3Py, 3P,, and'P; states in order
of increasing energy [24, 29]. The excitation results fi8n  Eu powder. The experimental photoluminescence intensity
to 1P, transitions. If the cubic symmetry is perfect, the otheris plotted against the concentration. The results show that
transitions are completely forbidden [30]. When the excitedhe Eu*t emission intensity enhances sharply from 0.05 to
state is relaxed t@P; state, emission results due to 2 0.2 mol% of Bi*+ concentration. Maximum emission inten-
to 1S, transition. The earlier work oBi®* ion luminescence sity is observed fol0.2 mol% of Bi®* and then starts de-
in an oxide host lattice showed that the excitation band corereasing for higher concentration. The sensitization effect of
responds to théSy— Py transition and emission band to the Bi®* ion on the EL** emission ion varies wittBi®* con-
3P, — 1S, transition [23]. Similar results have also been re-centration. For higher concentration Bf** ion, the Bi3*
ported in silica-gel glass [27]. The emissionRif+ is more  aggregates may be formed (where- 1). These aggregates
prominent than the intrinsic emission of pu@e\VO;. act as trapping centres and dissipate absorbed energy non-
Figure 6 shows the excitation (monitored @8nn)  radiatively, instead of transferring ®u* activator ion. The
and emission bands (excited a28nn) in GdVO,Euwt  energy transfer probability fronBi+ to Eu®* is strongly
(3mol%). The excitation curve consists of prominent peakslependent on th&i3t ion concentration. Optimum energy
at 254 and328 nm along with shoulder a#00nm The transfer is observed fd@.2 mol% of Bi®*. The energy trans-
328nm excitation wavelength is situated near the excitafer is not only depending on the sensitiBé#+ concentration,
tion wavelengths of pur&dVO, (325 nn) andGdVO4:Bi®t  but also on theEw?t activator ion concentration. Figure 8
(338 nm). The intensity of th54-nmline is lower compared shows the dependence of energy transfer fRift to Eut
to that of the328-nm line. The fluorescence lamp is a low- on theEu?* ion concentration. The experimental photolumi-
pressure mercury discharge lamp with a layer of phospharescence intensity is plotted against e ion concen-
particles on the inside surface of a glass tube. The internal
radiation generated is mostly 264 nm(85%) which is the
resonance wavelength of the mercury vapour discharge. The
other15% is distributed among 185, 315, 365, 430, 546, and
5785 nm The 328nm excitation wavelength is the promi-
nent one in our sample and hence was selected for excita-
tion in GAVO,:EW?t. The emission spectrum shows peaks3

Fig. 6. Photoluminescence spectra®fVO,:Eu (3 mol%) powder. (a) Ex-
citation curve, monitored &18 nm (b) Emission curve, excited 864 nm
(c) Emission curve, excited 828 nm

1.0

at 596 and618 nm (4 nm FWHM) due to°Do—'F; and 3 4
SDy—’F, transitions, respectively (curve c in Fig. 6). The § i
5Do—’F» emission line ofEw®* splits into two components €

at 615 and618 nmdue to lowering of local site symmetry 2

of El** ions [31]. TheEw®" emission curve o6dVO,EWRT 5 o |

(3mol%), excited at254 nmis also given for comparison S
(curve b). No change in emission curve is observed, excer#
some change in peak intensities. These results are consistent
with the earlier reported results [21, 32, 33]. 0.4
To increase the luminescence output and to avoid the con-
centration quenching, a small amount of a co-activator (called
sensitizer, S) is desirable. The co-activator ion efficiently ab-
sorbs the excitation energy and transfers it to the activator ion.
Figure 7 shows thé18nm E** (1 mol%) emission peak in- Fig. 7. The EL®" ion emission intensity 18 nn variation with Bi®* ion
tensity variation withBi®* ion concentration irGdVO,:Bi, concentration. Th&Wt ion concentration is kept constant onol%
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tration. In doubly dope@dVOQy, theBi®* ion concentration
was fixed t00.2 mol% andEW** ion concentration was var-
ied from 0.01 to3 mol%. The618nm EW* emission line
intensity enhances sharply in the region from 0.01 ool %
of EL3*. It increases slowly in the region from 1 8omol%
and stabilizes for higher concentration. These results sho
that the optimum energy transfer is observedX@mol% of
Bi%+ and3 mol% of Eu** ion in GdVO, powder.

Figure 9 shows the photoluminescence spectrutidf
(0.2 mol%) + Eu** (3 mol%) in theGdVO, powder at room
temperature, excited &8 nm The excitation curve of dou-
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bly doped vanadate contains prominent peaks at 254 armly. 9. Photoluminescence spectra ®HVO,:Bi, Eu (0.2, 3) at room tem-

318 nm monitored at618 nm The 318nm wavelength was

perature. (a) Excitation curve, monitored &8 nm (b) Emission curve,

used for excitation in our sample. This line is also in the ex£xcited a318 nm (c) Emission curve, excited @64 nm

citation region of the pur&dVO, (325 nn), GdVO,:Bist
(338 nn), andGdVO4:EW®t (328 nn). Earlier, it was reported
that the excitation spectrum &Pt consists of peaks at 277,
368, 400, andt20 nm[27]. The 318-nm light excitesVOi‘
group,Bi®*, and als&U** ions. These ions may transfer their
emitted energy t&w* ion. A strong emission line oEu**
at618 nm(4 nmFWHM) due to theDy— ’F, transition was

and excitation oEW** ion was not prominent. The emitted
photons ofVOi‘ group andBi®* ions may be reabsorbed
partially by the activation oEU** ion thereby enhancing red
emission ofEL®t ion by a factor of five. Further, the role of
VOi‘ group, in energy transfer may be confirmed by mak-

observed in double-doped vanadate along with a small pedkg low-temperature luminescence measurements. The part

at 596 nmdue to the®Do—“F; transition. TheEW3t emis-
sion curve (curve c, Fig. 9), excited2i4 nmis also given for

of excitation energy absorbed Bd* ions, may emit non-
radiatively. The emission lines @+ ions appear from 310

comparison. No change in emission curve is observed, excefat 315 nm The emitted energy may be reabsorbed and trans-

some small change in emission intensities of peak&Laf .
Results show that thEu*+ ion emission intensity in the

doubly dopedGdVQ, is enhanced by five times compared
to GAVO,:El*t (3mol%). The increase in intensity is at-
tributed to the energy transfer froBi*+ to EU**. The318nm
light excitesVO3~ group, Bi*, and alsoEw** ions. The
emitted energy of\/O?[ (450 nn), and Bi®t (557 nn) ion
transfers t&Ew>t ion, resulting in increase &u** ion emis-
sion intensity. AlsoBi®t ion emission band overlagsu*

f — f transitions to®D; level. The emission fromD; level
is not observed. TheD; level may decay t8Dq level. The
5Dyp—"Fp emission line ofEw*t ion is at5782 nm How-
ever, the overlapping of emissions Bi** andVOi‘ group,

-
T

Intensity of 618 nm peak Eu**

Eu® Concentration (mol %)

Fig. 8. The 618-nm emission peak intensity &u** ion variation withEu3+
jon concentration. Th&i3* ion concentration is fixed t6.2 mol%

fer to EUW** ion through the lattice in more than one step.

Table 1 gives the photoluminescence quantum efficiencies
of some important red photoluminescent materials. For pho-
toluminescent applications, the quantum efficiency (QE) of
a phosphor is often regarded as a measure of its figure of
merit. The term QE refers to the extent to which a phosphor
can convert an absorbed UV photon into a visible photon on
a one-to-one basis. The QE of our sample was measured on
an experimental set-up at BARC, Bombay to an accuracy of
+2%. Results demonstrate that our sample prepared by HCR
technique is at par with some of the samples reported by other
worker (Table 1).

Results reported above may be explained as follows. The
system of dopantion in host lattice shows luminescence upon
excitation. The dopant ion interacts with the surrounding
ions. The environment of the dopant ion is not static; the sur-
rounding ions vibrate about some average positions, so that
the crystalline field varies. The emission energy is given by:

AEs=2Shw, (1)

whereSis a measure of interaction between dopant ion and
the surrounding vibrating lattice. If the return from the ex-

cited state to the ground state is radiative, then the quantum
yield is maximum. This is usually not the case. The relaxed

excited state may, however, reach the crossing of the two
parabolae (excited and ground states) if the temperature is
high enough. It is possible to return to the ground state in

a non-radiative manner. Most of the luminescence energy is
then given up as heat to the lattice. If the luminescent cen-
tres come together, they may show interaction with each other
resulting in a new phenomenon. The relaxed excited state of
the sensitizer may transfer its energy to an activator ion. In
a double-doped sample, the energy transfer probability be-
tween sensitizer and activator could be given, according to
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Table 1. Quantum efficiencies QE of some red photoluminescence materials under ultraviolet excitation at room temperature

Material Sample Emission Halfwidth QE/ Ref.

origin wavelengtht nm %

nm

CaSiG:Ph Mn — 615 94 85 1
Cd(BO,),:Mn — 618 75 78 1
YVO4:Eu — 620 4 89 1
Y203 — 619 3 92 1
YVO4:Eu Philips Red — 99 35
YVOg4:Eu BARC Red — 99 35
Y,03:Eu Philips Red — 99 35
GdO3:Eu BARC Red — 85 35
Y3Als012:Et BARC Red — 90 35
YVO4:Eu Derbi Red — 95 36
Y20,S.Eu Hitachi Red — 95 36
YVO4:Eu G. Blasse Red — 70 37
GdVO,:Eu Nag. Univ. 618 4 66+2) Present work
GdVOq:Bi, Eu Nag. Univ. 618 4 76+2) Present work
Dexter [34], as ions may be more efficient than that fra@+ to Eu** ions.

The excitation reaches a site where it is lost non-radiatively.

T * 2 The luminescence efficiency of such composition will be low.
Psa = ZF |< SA"| Hsa | S'A | /gS(E)gA(E)dE’ (2 Significant reduction in energy transfer from the sensitizer
Bi®* to the activatoEU®t ions is observed.
where the integral is the spectral overl&fxa is the interac-
tion Hamiltonian and * indicates the excited state.

A high value of energy transfer probability from the sen-3 Conclusion
sitizer to an activator requires a considerable amount of (i)
resonance, i.e. the sensitizer emission should overlap spegrom the results presented and discussed hereGtheO;:
trally with the absorption band(s) of the activator ion, (ii) Bi, Eu (0.2, 3) material is the suitable red phosphor. The sur-
interaction, which may be of multipole—multipole type or of face morphology is uniform. The particle size distributes in
exchange type. the narrow region from 0.15 857 m and the average par-

Two mechanisms, radiative and non-radiative, for energyicle size was about.03 pwm for 50 wt %. The surface area
transfer have been postulated [28]. The total energy trangs 2.0245+0.0046 m?/g. These are the essential require-
fer probability is proportional to the spectral overlap betweenments of good phosphor material. There is a partial energy
emission of the sensitizer and absorption of the activator iransfer betweemBi®* to EL**, resulting in an increase of
both mechanisms. In radiative energy transfer, the energy2+ red emission intensity by five times. The energy trans-
transfer is through emission of the sensitizer and reabsorger probability is strongly dependent on the sensitiBet"

tion by an activator and requires considerable overlap of thgoncentration. For higher concentrationsBitt (more than
emission region of the sensitizer and absorption region of thg. 2 mol%), Bi3*— Bi** energy transfer is efficient. This

activator. Non-radiative energy transfer is associated with thgesults in concentration quenching Bf** emission. The

resonance between absorber and emitter and consists of seydvQ,:Bi, Eu (0.2, 3) powder could be used as an efficient
eral steps. o _ o red phosphor.

The increase in intensity of th&l8nm emission line of
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