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Abstract

A systematic investigation of the luminescence spectroscopy of Y(P,V)O4:Bi** is presented.
The emission spectra and the decay curves are measured as a function of the host morphology,
composition, temperature, excitation wavelength, and doping concentration. On this basis,

the nature of the excited states and the radiative and non-radiative relaxation processes are
discussed. Colour coordinates and quantum yield measurements are also carried out to provide
information about the potential applications of the studied materials.
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(Some figures may appear in colour only in the online journal)

1. Introduction

The luminescence of Bi** in oxide materials has been exten-
sively investigated for a long time from both the applicative
and the fundamental points of view [1-3]. In addition, the
beneficial effect of Bi** co-doping on the luminescence per-
formance of different lanthanide ions upon UV-blue excitation
has been demonstrated in various host lattices, including YAG
[4], YBO; [5], CaTiOs3 [6], YPO4, YVOy, and (in the last two
cases) in their mixed phases [7-9]. The emission mechanisms
in both singly and co-doped materials strongly depend on the
interactions between the Bi** doping ions and the host lat-
tice. In this context, YPO4 and YVO, and their mixed phases
constitute a good model system for the investigation of Bi**
emission properties. They are, in fact, isostructural and have
a single Y** site available for accommodation of Bi** and/or
rare earth ions. The remainder have rather different physical
and spectroscopic properties, as shown in table 1.
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These properties will vary suitably along the mixed
system. Old studies on the luminescence of YPO,:Bi*
reported that this material emits at 330nm upon 230nm
excitation [1, 15] whereas more recent VUV spectroscopy
experiments [16] have revealed a strong emission band
in the UV region at 240nm. The yellow luminescence
of YVO4:Bi** was investigated in the late 1960s [1] and
ascribed to the formation of a charge transfer state between
host and doping ions. The absorption and emission spectra
and the energy transfer processes in YVO, and Bi**-doped
YVO, are dealt with in [17]. However, a recent paper [18]
has proposed an assignment in contrast with the previous lit-
erature, evidencing the opportunity of an updated survey of
their spectroscopic properties. Starting from the end mem-
bers of the Y(P,V,_,)O4:Bi** series, we investigated their
luminescence properties as a function of several parameters,
including the host composition and excitation wavelength
among others. The results were analyzed in the framework
of a model recently proposed by Boutinaud [19] in which the
Bi**-related yellow emitting state is identified with a metal-
to-metal charge transfer (MMCT) state originating from
the interaction of the doping ions with the vanadate host.

© 2014 I0P Publishing Ltd  Printed in the UK
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Table 1. Selected representative properties of the YPO, and YVO,
host lattices.

YPO, YVO,
Bandgap (eV) 9.2 [10] 4.2 [13]
hweyofr (cm™) 1070 [11] 890 [12]
Refractive index (av.) 1.75 [14] 2.02 [14]
Luminescence No Yes

The following empirical equation relates the position of the
MMCT band with some host properties:

, Mn+
MMCT(Bi**, em™) = kcw'[xCN(Bi“) - a%%] (1

where ycn(A) is the electronegativity of the CN-fold coordi-
nated A ion (Bi** or the d° metal ion M™, V>* in this case),
deopr 18 the shortest Bi>*-M™ interatomic distance corrected
for the doping effect, and kcy and a&Y). are suitable structure-
related quantities defined in [19]. In addition, we revisited
some spectroscopic properties of the host lattices to better
assess the role of excitation migration in emission dynamics.

2. Experimental methods

2.1. Synthesis and structural characterization

Y 1-y(P,Vi_)04:Bi* (x = 0, 0.2, 0.5, 0.6, 0.7, 0.8, 1; y = 0,
0.001, 0.01) phosphors were synthesized by the sol-gel
Pechini methodology described in previous papers [20, 21].
Pure YVO,, Bi**-doped YVOy, and YP(9oV0104 crystals
up to 1 x 1 x 3mm? in size were grown by the flux growth
method [22, 23]. Powder XRD patterns were collected using
Cu K, radiation (4= 1.54178A) with a Thermo ARL X’tra
powder diffractometer equipped with a Thermo Electron solid
state detector. Data were collected in the 5°-90° 26 range with
0.02° steps and 10s of counting time. The morphology of the
phosphors particles was examined by means of a Quanta 250
FEG scanning electron microscope (SEM).

2.2. Spectroscopic measurements

The 7 and 300K emission and excitation spectra of YPO4:Bi**
were measured at the SUPERLUMI experimental station of
HASYLAB (DESY, Germany) using the synchrotron radia-
tion (SR) from the DORIS III storage ring as excitation
source. For the measurement of excitation spectra in the range
3.7-19eV, a 2m monochromator in a McPherson mounting
with a resolution of 3.2A was used. Detection of lumines-
cence was performed with a 0.3m ARC SpectraPro-308i
monochromator equipped with a high-speed R3809U-50S
(Hamamatsu) microchannel plate detector. The excitation
spectra were corrected for wavelength-dependent variation
of the SR intensity using the sodium salicylate signal. Room
temperature emission and excitation spectra were measured
using a Fluoromax-3 (Jobin-Yvon) spectrofluorimeter. High
resolution emission spectra were recorded down to 10K
using a spectroscopic system consisting of a 450W Xe lamp
fitted with a 0.2m monochromator as source and a 1.26m

Spex monochromator with a RCA C31034 photomultiplier
to analyze and detect the output radiation. The samples were
mounted onto the cold finger of a He-cryocooler (Air Products
Displex DE-202). The decay profiles were acquired in the
temperature range 30-300K using a HR1000 Jobin-Yvon
monochromator, a R1104 Hamamatsu photomultiplier, and a
400 MHz Lecroy digital oscilloscope with an input impedance
of 50Q. The samples were excited at 337nm by a nitrogen
laser or at 306.5nm by means of the radiation generated by
frequency doubling the output of a ND 60 dye laser oper-
ated with a Rhodamine 640 and pumped with a pulsed fre-
quency doubled Nd: YAG laser. The quantum yield values and
the trichromatic coordinates of all powders were measured
at room temperature using the C9920-02G PL-QY measure-
ment system from Hamamatsu. The setup comprised a 150 W
monochromatized Xe lamp, an integrating sphere (Spectralon
Coating, @ = 3.31in.), and a high sensitivity CCD camera for
detection of the whole spectral luminescence.

2.3. DFT calculations

The ab-initio analysis of the electronic structures of the host
materials was carried out using experimental crystallographic
data as input information. All calculations were performed in the
density functional theory (DFT) framework as implemented in
the CASTEP module [24] of Materials Studio. The plane wave
basis set cut-off energy was set at 380eV, the Monkhorst-Pack
scheme k-point grid sampling was set as 3 x 3 x 3 k-points for
the Brillouin zone for geometry optimization and 5 x 5 x 5 for
electronic properties calculations. The convergence tolerance
parameters were as follows: energy 5 x 10~°eV/atom, max-
imal force and stress 0.01eV/A and 0.02 GPa, and maximal
displacement 5 x 10*A. The electronic configurations were
25%2p* for oxygen, 4d'5s? for yttrium, 3s?3p®3d*4s? for vana-
dium, and 3s?3p? for phosphorus. After the crystal structures
of the host materials were optimized (allowing for a complete
relaxation of the ionic positions), the band structures and total
and partial density of states (DOS) were calculated.

3. Results and discussion

3.1. Structure and morphology

The XRD patterns of the synthesized samples (figure 1(a))
confirm their zircon-type structure with the absence of impu-
rity phases. The narrow peaks characterising the end-members
of the series indicate that they have good crystallinity. YPO,
and YVOq are isomorphic and form a complete solid solution.
Their space group is 14,/amd, with Z= 4. The tetrahedral vana-
date ion is about 8% larger than the phosphate anion [25]. The
peak broadening observed in the patterns of the solid solu-
tions suggests the presence of disorder induced by the random
distribution of the (VO4) and (POy) units within the host lat-
tice. As shown in [26], for the system YP, V| _ LO4:Eu*, this
structural disorder impacted luminescence behaviours by
modifying the local environment of the emitting ion. All the
patterns shown in figure 1(a) were analyzed by the Rietveld
method. The determined unit cell parameters and volume cells
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Figure 1. (a) Powder XRD patterns of the YP, _ ,V,O4: Bi** series. (b) The zircon structure (elaborated using the VESTA software [28]).
(c) Cation distribution in the second coordination sphere of Y(B1i). () Variation of cell volume with composition.

Table 2. Cell parameters (A), cell volumes (A%), selected distances
(A), and Rietveld agreement factors in Y(P,V, _)04Bi*.

R(F?)
X a c \Y% Y-P(V) (%)
1 6.8860(1)  6.0230(9) 285.61(7) 3.0116(3)x2 7.8

3.7579(3) x4

0.8 6.9053(2) 6.0500(9) 288.48(2) 3.0250(6)x2 9.1
3.7694(7) x4

0.5 6.9390(9) 6.0866(2) 293.10(1) 3.0433(8)x2 8.7
3.7885(8) x4

04 6.9765(3) 6.1336(5) 298.53(3) 3.0668(2)x2 10.8
3.8104(2) x4

03 6.9996(2) 6.1578(3) 301.702) 3.0789(1)x2 3.5
3.8234(1) x4

0.2 7.0729(1) 6.2427(1) 312.30(1) 3.1213(1)x2 4.2
3.8655(1) x4

0  7.11909) 6.2930(9) 318.93(1) 3.1463(1)x2 3.2

3.8917(1) x4

are listed in table 2 together with the Y-P(V) distances, which
are useful in the interpretation of the spectroscopic results.
They are consistent with the literature data [27]. The crystal
building consists of chains of alternating edge-sharing P(V)Oy4
tetrahedra and YOyg units extending parallel to the crystallo-
graphic c axis (figure 1(b)). The Bi** doping ions replace Y**
in dodecahedrally coordinated sites with nominal D,y point

symmetry. We note also that the second coordination sphere
of Y*(Bi**) consists of two different kinds of P3*(V>*) ions
located at distances of 3.01-3.15A (2 ions, axial position) and
3.75-3.89A (four ions, compressed tetrahedral arrangement),
respectively (figure 1(c)). It is known that solid solutions of
YP,V; _ ,O4 can deviate appreciably from the Vegard’s law
depending on the preparation method [27].

In the present case, the volume cells follow Vegard’s law
reasonably well (figure 1(d)) and confirm the formation of the
desired phases in agreement with previous studies [20].

The SEM images (figures 2(a)—(c)) reveal sub-micrometric
sized grains with the rod-like shape typical of the zircon struc-
ture. The morphology did not change significantly on passing
from the pure phosphate (figure 2(a)) to the pure vanadate
(figure 2(b)) host and to the mixed phases (figure 2(c) as
an example).

3.2. YPO.B**

The 7K excitation and the 7 and 300K emission spectra of
YPO,:Bi** (1%) are shown in figure 3(a). The excitation spec-
trum consists of an intense single band at 227 nm and of a com-
posed system in the 150-190nm region, both overlapping a
baseline rising with increasing energy. They can be assigned
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Figure 2. SEM images of YPOy: Bi** (a), YVO,: Bi** (b), and YPy5V(504: Bi** (¢).

(a) (b)

| % :340nm
1,04 = P,
b ﬂ |: ,” 3“;:1
i . o 7
o8 | /
3 :
S 064 | ----T=7K 3 /.
> . —  T=300K *___~TNIMCT or
2 | A, 160 nm pair state
o 044 :
£
0,24
1 <l S,
0,0 .

100 150 200 250 300 350 400 450 500 550
Wavelength (nm)

Figure 3. Time-integrated excitation and emission spectra of YPO,:Bi** (@) and scheme of the involved dynamic processes (b).

to the 3P; « 'Sy and 'P; « 'Sy transitions of Bi**, respec- in the 7K spectrum and at 243 nm in the 300K spectrum. This
tively [1]. The emission is composed of an intense and sharp  shift is similar to that observed in a number of materials [29]
band pertaining to the isolated Bi** centre, peaking at 246nm  and has been ascribed to the fact that at low temperatures,
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Figure 4. Room temperature excitation (a) and emission (b) spectra of YVO, and Y VO,:Bi**. The spectra are normalized with respect to

the maximum emission.

the emission originates in the Py state whereas at room tem-
perature it takes place from the thermally populated *P; level,
separated by about 500cm™" (0.06eV) from Py. A broad-
band extending from 280 to 450nm with maximum at about
335nm is also present. In the spectrum reported by Jiistel [16],
this component was barely observable and not assigned. As
the temperature is raised to 300K, the intensity of this band
increases, indicating thermal feeding of the emitting state. In
figure 3(), a schematic representation of the excited states
dynamics of this system is proposed. The nature of the low
energy emission, i.e. the so-called D-band observed in Bi**-
activated wide gap lattices, still constitutes an open question.
The most frequently invoked mechanisms imply emission from
trapped excitons [30-32] or from Bi** pairs or clusters [2, 33].
Recently, Boutinaud [19] tentatively ascribed this band to a
Bi** — Y** MMCT transition. His model located the excitation
edge at 252nm in correspondence to the strong Bi** emission.
On the other hand, concentration dependent emission
measurements have not yet been carried out on this material
and thus the possible role of Bi** pairs or clusters has yet to be
assessed. The shape of the sideband clearly demonstrates the
presence at least two components. At the present state of the
investigation, the possibility of having two different processes
contributing to this emission cannot be excluded.

3.3. YVO, and YVO,:Bi**

The room temperature excitation and emission spectra of pure,
0.1%, and 1% Bi**-doped YVO, are shown in figures 4(a)
and (b). The excitation edge (evaluated in correspondence with
the inflection point of the excitation profile) of pure YVOu
is at about 335nm (maximum excitation at 325nm), and its
luminescence spectrum consists of a broadband in the blue
region (maximum around 440 nm). The following features are
assigned to transitions of the VO,*~ molecular ion: the excita-
tion band to the spin allowed 'T; « 'A; absorption and the
emission to the spin forbidden 3T1,2 — 1A, transition [34].

The emission spectrum was limited to 400 nm (on the high
energy side) because of the working range of the optical filter
(UG11) used to eliminate the stray light. However, the vana-
date emission band certainly extends to the near UV region
and overlaps, at least in part, the excitation band of the Bi**
doped material. This knowledge is important to understand
the luminescence dynamics discussed below. The lumines-
cence of YVO,:Bi** is extended to the whole visible range,
with maximum around 570nm in the yellow region. The
shape of the emission spectrum is independent of the excita-
tion wavelength. However, it is worth noting that the emis-
sion maximum of the diluted phosphor is located at a slightly
higher energy with respect to the concentrated phosphor and
presents an evident shoulder on its low energy side. The exci-
tation edge is significantly shifted towards longer wavelengths
with respect to the un-doped compound. Its position depends
on the Bi** concentration, and is located around 345 nm in the
diluted sample and around 355nm in the more concentrated
sample. In the frame of a systematic investigation concerning
Bi**-activated lattices [35], we have ascribed these features
to transitions involving a metal-to-metal charge transfer state
(MMCT) within the bismuth-vanadate complex, which is in
general agreement with previous literature [1]. The excited
MMCT state results from transitions between Bi** (6s%)-
V3*(3d% and Bi**(6s')-V*#(3d') configurations. It is also
defined as a trapped exciton state or referred to as a D-level
state. Its dependence on the Bi** concentration was theoreti-
cally investigated by Dolgos et al [36], who concluded that the
6s and 6p orbitals of Bi** hybridize with the non-bonding and
the anti-bonding orbitals of the VO,*~ group, with the effect
of a progressive reduction of the bandgap with the doping
concentration. Figure 5 shows the low temperature emission
spectra of YVO4:Bi** (1%) measured upon different excita-
tion wavelengths in high resolution conditions.

It is interesting to note that the MMCT emission presents
at least two components with maxima at 550 and 630nm.
Moreover, the 10K emission profile strongly depends on the
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Figure 6. Configurational coordinate diagram illustrating the excited state dynamics of the YVO,4:Bi** system. The extent of the host

bandgap is indicated on the left part as a reference.

excitation conditions, at variance with the room temperature
spectrum. In particular, excitation into the vanadate absorption
band results in both blue and yellow emissions whereas exci-
tation into the MMCT band (340-360nm) yields yellow emis-
sion only. These results are in partial agreement with those of
Moncorgé et al [17], who dealt with the temperature behav-
iour of yellow luminescence for a fixed excitation wavelength

(337nm) only. These observations can be accounted for on the
basis of the configurational coordinate diagrams in figure 6.
The excitation of the VO, ion (325nm, transition
T, = 'A)) is followed by an intersystem crossing to the
triplet states T, with subsequent blue emission or energy
transfer to nearby acceptors. It has been already shown
that the host sensitization of yellow emission in YVO4:Bi**
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Figure 7. Decay profiles of the host emission.

involves a temperature assisted migration process [17]. As
mentioned above, the MMCT state results from the promotion
of an electron from the 'Sy ground state configuration of Bi**
to the bottom of the host conduction band. Emission results
with a relatively large Stokes shift after lattice relaxation. The
application of equation (1) in connection with the data listed
in table 2 for x = 0 allows the prediction of the MMCT excita-
tion transition at about 330 nm, a reasonable value in consid-
eration of the intrinsic error of the model (+3000cm™"). We
have carried out a series of pulsed light experiments in an
attempt to obtain further information on the excitation mecha-
nisms. The decay profile of pure YVO, is reported in figure 7:
at 77K it is a single exponential with a decay time of 473 us
whereas at room temperature it is approximately a double
exponential whose major, and shorter, component has a decay
time of 9us. These results indicate strong quenching of the
vanadate emission. They are in perfect agreement with those
reported by Moncorgé et al [17], who proposed an excitonic
model including the formation of self- trapped excitons (that
can be identified with the vanadate triplet states) and a ther-
mally activated energy migration to radiationless quenching
sites (see figure 6).

The decay profiles of YVO4:Bi** have been measured upon
306 and 337 nm excitation in the temperature range 77-300 K
for two different doping concentrations. Direct pumping into
the MMCT band maximum at 337nm (figure 8(a)) results
in single exponential, temperature and concentration quasi-
independent profiles with decay times of about 4.3 us, indi-
cating that the emission from the MMCT state is scarcely
affected by non-radiative processes.

We checked that the vanadate emission has a negligible
contribution under these conditions. These results are in good
agreement with those reported by Moncorgé et al [17], which
supposed that Bi** induces a distortion of the surrounding
vanadate units, creating host traps that can trap the excitons
and transfer the energy to their nearby activators. The nature
of these activators was not explicitly specified (Bi** ions,
trapped excitons). For this connection, our interpretative
scheme based on the formation of the MMCT state clarifies

this aspect and is substantially compatible with the analysis
carried out in [17]. As a matter of fact, it constitutes a sig-
nificant evolution of the previously proposed model and is
supported by a systematic study [19] and new experimental
results. Upon excitation at 306.5nm, the MMCT emission
exhibits very different decays as a function of temperature.
At room temperature (figure 8(b)), the profiles are exponen-
tial with a time-constant of 5.5 us and present a build-up. The
rise time is shorter (0.42us) for YVO4:1%Bi** and longer
(0.69 us) for YVO04:0.1%Bi**. These results confirm that the
MMCT state is fed by energy transfer from the host excited
states. At 77 K, the migration process is hampered. The decay
curves consist of the sum of a long and a short lived com-
ponent (figure 8(c)). The long lived component has a time
constant ranging from 413 us in YVO,:1%Bi** to 446 us in
YVO0,:0.1%Bi**. This component is ascribed to the VO~
emission that is not quenched at this temperature and has
some contribution at 520nm. The short lived component is
ascribed to the MMCT emission and is mostly induced by
direct energy transfer from the nearest neighbour excited
vanadate ions. Figure 8(d) shows the decay profiles of the
vanadate emission observed in YVO,:Bi** upon excitation at
306.5nm. At 77K, the decay is exponential with a time con-
stant close to that of the un-doped compound. At 295K (inset
of figure 8(d)), the decay becomes strongly non-exponential
with a time constant much shorter than in un-doped YVO,.
This confirms that part of the energy absorbed by the host
is transported by migration to Bi** ions only when the tem-
perature is higher than 77 K. Measurements carried out on
single crystals provide further information on the emission
mechanism. The room temperature excitation and emission
spectra of YVOy:Bi crystals are shown in figure 9(a) and are
rather similar to those of the powder sample. However, at low
temperatures (figure 9(b)), their behaviour is different from
that observed in figure 5 since the vanadate emission is only
barely observable in the 320 nm excited spectrum.

It is evident that the influence of temperature is more
pronounced in the powder (figure 10(a)) than in the crystal
(figure 10(b)) sample. We also measured the emission
spectra of YPy.99V 0104 crystals as a function of temperature
(figure 10(c)) to verify if the isolated vanadate ion contrib-
utes to thermal quenching: the results clearly demonstrate that
this possibility can be excluded, which is consistent with the
observations of G. Blasse [37, 38], who reported a quenching
temperature of 720K for this material. This means that the
energy migration process feeding the MMCT state is much
more efficient in the crystals than in the powders. We further
investigated this interesting aspect by measuring the tempera-
ture dependence of the VO,*~ emission intensity of un-doped
crystals and powders. The results are summarized in figure 10.

The observed trends were reproduced using a model pro-
posed by Boulon et al [39].

I(T) _AET!
A _[1+Cexp( kT)] 2)

where C is a constant and AE represents the activation energy
for the migration process among the vanadate triplet states. It
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temperature decay profiles of the yellow emission measured upon host excitation. Full line: double exponential fit; (d) low temperature
decay profiles of the blue emission measured upon host excitation. The profiles measured at room temperature are shown in the inset.
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Figure 9. Emission properties of YVO4:Bi** crystals. (a) 298 K excitation and emission spectra. (b) 10K emission spectra (normalized with
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should be pointed out that its value is significantly lower in  migration process in the dynamics of this system. It is also
for crystals than for powders. These results are fully consis- interesting to note the shift of the emission maximum from
tent with those shown in figure 9 and confirm the role of the 440nm at 10K to 460nm at 298 K. According to Blasse [37],
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this can be ascribed to the thermal population of the 3T,
excited level, located around 1040cm™" above the 3T, lowest
lying emitting state.

3.4. Y(PyV; _y)O4:Bi%*

The 298 K luminescence spectra along the Y(P,V, _)04Bi**
(1%) (x = 0.2, 0.5, 0.8) compositions were measured upon
different excitation wavelengths and are shown in figure 11.
For x = 0.2 (figure 11(a)), the observed behaviour is practi-
cally identical to that of YVO,:Bi**. For x = 0.5 (figure 11(b)),
the appearance of an incipient blue component can be dis-
cerned in the emission spectra excited at wavelengths shorter
than 320nm, i.e. upon host excitation. For x = 0.8 (figure
11(c)), the emission properties are strongly dependent on the
excitation wavelength: the intensity ratio between the blue
and the yellow band as well as the overall emission intensity
strongly decrease on moving from the host to MMCT exci-
tation. In this phosphor, the migration process is strongly
limited by the large distance between the VO,*~ units. As a
consequence, the luminescence properties are essentially
regulated by direct excitation and energy transfer processes

occurring between isolated centres. The emission spectra in
figure 12 were collected at 10 K with the high resolution setup
forx=0.5and x=0.8.

The results confirm that the vanadate sensitization of Bi**
luminescence occurs through a thermally assisted migration
process. We further note that the maximum of MMCT emis-
sion undergoes a red shift:

(1) as the excitation wavelength is increased, for fixed com-
position and temperature;

(i1) on passing from x = 0 (maximum at 558 nm, figure 5)
to x = 0.8 (maximum at 573 nm, figure 12), for a given
excitation wavelength and fixed temperature;

(iii) as the temperature decreases, for fixed composition and
excitation wavelength.

This red shift is due to an increment of the relative contribu-
tion of the 630nm component and is roughly proportional to
the P content x. In figure 13, the room temperature excitation
spectra are reported as a function of the host composition. The
excitation edge undergoes a blue shift from =355 to =315nm
as V is substituted by P. This behaviour is accounted for in the
next section.
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The decay curves for the two components of MMCT
emission monitored at 520 and 660nm upon excitation
at 337nm are shown in figure 14(a) for the composition
YPO,8V0'204I 1%Bi3+.

The decay curves are nearly single exponential and the
decay times, 4.6 us for the 550nm and 4.0us for the 630nm
band, are rather similar; this is consistent with the fact that
they have the same nature. The decay profiles of the host
vanadate emission were measured in the same compound at
300 and 77K, upon 306 nm excitation (figure 14(b)). Both are
nearly single exponential, with decay times (195 and 830 us)
much longer than that of the pure vanadate host. This effect is
obviously a consequence of the fact that the migration of the
excitation is strongly inhibited in this host lattice.

3.5. Discussion and DFT calculations

The DFT calculations carried out as a function of the host
composition provide assistance in the interpretation of some
spectroscopic observations. The results are summarized in
figure 15, where the DOS diagrams calculated for the pure
and mixed YV _,P,O4 (x =0; 0.25; 0.5; 0.75; 1.0) compounds

10

are shown. It can be seen that the conduction band of YPOy4
is considerably wider than that of YVO, due to the interac-
tion between the Y 4d and P 3p orbitals. The P 3p orbitals
produce a minor (compared to the Y 3d states) contribution at
the upper part of the conduction band, which otherwise has a
predominantly Y 3d character. The width and structure of the
valence band also changes when passing from YVO, to YPO,.
The P 3p states are localized at the valence band bottom and
are separated by a narrow gap from the O 2p states, which
make up the upper and wider part of the valence band. The
MMCT transition is associated with an excitation from the
Bi** ground state to the conduction band of the host material.
Its energy then depends (i) on the position of the Bi** elec-
tronic levels within the host bandgap and (ii) on the extension
of the bandgap. The first aspect is related to the interaction
of the Bi** 6s and 6p orbitals with the 2p orbitals of the sur-
roundings oxygen ligands. It has already been observed that
this interaction induces the concentration dependence of the
excitation edge observed in figure 4(a). When the doping level
is kept constant, we consider it reasonable to ascribe the shift
of the excitation edge (observed in figure 13) to the progres-
sive increase of the host bandgap (from 2.8 to 5eV) that takes
place as P replaces V, referred to as gap bowing.

DFT calculations are consistent with this hypothesis; even
though the estimated values are systematically lower than
the experimental values (typical of DFT calculations), the
trend is nevertheless consistent with the behaviour observed
in figure 13 since the calculated value of the total shift
(2930cm™) is not very different from the measured value
(3200cm™). Another relevant aspect concerns the conduc-
tion band of YPOy; it is mainly constituted of the d orbitals of
Y3*. This is consistent with the assignment of the YPO4:Bi**
D band to an MMCT transition from Bi to Y proposed in [19].

3.6. Colour measurements and quantum yields

We measured the colour coordinates and the internal quantum
yields (i.e. the ratio between the integrated intensities of
the absorbed and emitted radiation) of the title materials for
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Table 3. Colour coordinates and internal quantum yield along the Y(P,V, _004:Bi** 1% series as a function of the excitation wavelength.
The format is: X, Y (IQY), where X and Y are the colour coordinates (CIE 1931) and IQY the internal quantum yield.

Aexe = 310nm

Aexe = 320nm

X Aexe = 290nm Aexe = 300nm

0 0.401, 0.479 (0.753) 0.403, 0.480 (0.881)
0.2 0.391, 0.471 (0.798) 0.391, 0.470 (0.885)
0.5 0.335, 0.402 (0.650) 0.339, 0.407 (0.702)
0.6 0.295, 0.343 (0.686) 0.302, 0.351 (0.729)
0.7 0.262, 0.295 (0.613) 0.271, 0.308 (0.588)
0.8 0.224, 0.236 (0.540) 0.236, 0.255 (0.507)

0.405, 0.482 (0.924)
0.393, 0.471 (0.892)
0.349, 0.419 (0.641)
0.320, 0.375 (0.656)
0.289, 0.333 (0.459)
0.260, 0.291 (0.353)

0.408, 0.483 (0.929)
0.397, 0474 (0.822)
0.366, 0.438 (0.466)
0.345, 0.405 (0.481)
0.319, 0.372 (0.238)
0.301, 0.345 (0.177)

different excitation wavelengths in the range 290-320nm.
The results are summarized in table 3.

It is worth noting that the internal quantum yield sig-
nificantly decreases on passing from x = 0 to x = 0.8, again
demonstrating the role of the migration in the luminescence
process.

In agreement with the emission spectra, the colour coor-
dinates are nearly independent of the excitation wavelength
for low x values, 0 and 0.2. As x increases, dependence of
the emitted colour on the excitation wavelength progres-
sively increases, as evidenced in figure 16(a). The colour of
the luminescence ranges from blue to yellow depending on
the composition and the excitation wavelength. For example,
figure 16(b) shows the luminescence along the phosphor series
upon 254nm lamp excitation. We believe that the developed
materials have interesting device potentialities thanks to their
versatility and efficiency.

4. Concluding remarks

The emission spectrum of YPO,:Bi** presents an intense
transition at 245nm and a weaker and broader feature around
335nm. In a number of studies on Bi**-doped into wide
bandgap hosts, a similar emission was interpreted as the radia-
tive decay of a localized charge transfer state arising from a
photoionization process in which the luminescent centre ejects
an electron into the host lattice conduction band [30-32]. This
results in the formation of an impurity bound exciton state in
which the electron is delocalized in the host lattice and the
hole is trapped at the luminescent centre. The analogy with the
MMCT model proposed to account for the yellow YVO4:Bi**
luminescence is rather evident, even if the two cases present
important differences. The bandgap of YPOy is, in fact, around
9.2eV whereas that of YVOy is of the order of 4.2eV [13].
The excited levels of Bi** are presumably located within the
host band gap in the former case and in the conduction band
in the latter. As a consequence, Bi** excitation results in P,
emission in the phosphate as well as a photoionisation process
involving the formation of an MMCT state in the vanadate lat-
tice. Moreover, for the phosphate, it is not possible to exclude
the possibility of interaction between Bi** ions located at suf-
ficiently short distances to generate pair- or cluster-related
excited states. This aspect must be carefully verified before
proceeding to a definite assignment of the lower energy emis-
sion feature. In YVO4:Bi**, the MMCT state can be efficiently
populated upon host excitation through energy migration. The
dependence of this process on temperature, host composition,
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Figure 16. (a) Chromaticity diagram showing the colour
coordinates of the investigated materials and their evolution with the
increasing excitation wavelength (see table 1). (b) Luminescence
along the phosphor series upon 254 nm lamp excitation.

and morphology has been thoroughly investigated as well
as the structure of the visible emission, which has never
been reported nor discussed up to now, as far as we know,
and whose origin is unclear. The intensity ratio between the
550 and 630nm components depends on the host composi-
tion, inducing in turn a progressive dependence on tempera-
ture and the excitation wavelength. This does not appear to
be compatible with a splitting of the excited state induced by
site symmetry and/or the Jahn-Teller effect or with the sample
defectiveness, which does not depend on the composition.
We have also considered the possibility of the formation of
two different MMCT states is connected to the fact that the
second coordination sphere of Y?3* (and then of Bi**) consists
of two different kinds of P3*(V>*) ions located at distances
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of 3.01-3.15A (2 ions, axial position) and 3.75-3.89A (four
ions, compressed tetrahedral arrangement) (figure 1(c) and
table 2). However, this model does not account for all experi-
mental observations and the agreement with equation (1)
is only qualitative. Supplementary measurements, e.g. the
excited state EPR, could be of assistance in elucidating this
point. Finally, the emission performance of the developed
materials was measured to provide useful information in view
of technological applications.
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