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The results of synthesis, crystal structure characterization and luminescence properties study of the Pr3+-doped
bismuth orthophosphate, BiPO4, polycrystals are reported. It was found that doping of bismuth orthophosphate
with praseodymium of concentration more than 1% leads to phase transition of BiPO4 from so-called “high-
temperature monoclinic” to “low-temperature monoclinic” structure. At room temperature studied samples revealed
intensive red luminescence caused by radiation electronic transitions in the Pr3+ ions under their intrinsic f → f
excitation at 3H4 →3 P1 +1 I6 absorption transition. Influence of phase transformation as well as multi-phonon
and cross-relaxation processes on the luminescence of the Pr3+-doped BiPO4 compounds were discussed.
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1. Introduction

Currently the new lighting and display devices such
as light-emitting diodes (LEDs), plasma display panels
(PDPs), and field emission displays (FEDs) have been
demanded by industry, which resulted in great interest
to develop novel phosphors for those goals [1, 2]. Due
to good physical and chemical properties various oxide
compounds have been actively studied as materials for
novel devices, in particular as luminescent materials. Al-
though some of oxide compounds manifest characteristic
own luminescence [3–6], their intensity and color purity
are usually far from these ones required for displays and
lighting. In order to overcome this drawback the various
activator ions (typically ions of transition or rare-earth
(RE) metals) are introduced into oxide host to obtain
desirable light performance.

Among oxide compounds the BiPO4 was numerously
reported as excellent host for luminescent RE ions [7–12].
At the same time, to the best of our knowledge there are
no reports on BiPO4 doping with Pr3+ ions, so far. From
another hand, the Pr3+ doped oxide materials including
phosphates, aluminates or borates have been widely stud-
ied as perspective red emitting phosphors with intense
red luminescence of good color purity [13–15]. Therefore
one can expect good luminescence properties of Pr3+-
doped BiPO4.

Some statements were accounted when we performed
the Pr3+-doped BiPO4 study. First, it is well-known that
luminescence properties of RE ions are determined by
their environment in the crystal lattice, in other words
— by crystal structure of host material. Equal charge
states of Bi3+ and Pr3+ ions, as well as a similarity of
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their ionic radii allowed us to assume that Pr3+ ions
occupied the Bi3+ cation positions in the BiPO4 struc-
ture. The peculiarities of the BiPO4 crystal structure
were previously studied carefully by many authors dur-
ing more than half of century [16–19]. It was found that
the bismuth orthophosphate can exist in three structural
phases: hexagonal-type (BiPO4×nH2O), monazite-type
(low-temperature monoclinic, LTMP) and SbPO4-type
(high-temperature monoclinic, HTMP). All three phases
of BiPO4 are metastable [19] and moreover it was shown
that doping with RE ions can lead to phase transfor-
mations of this compound [10, 12]. Second, it is worth
noting that for Eu3+-doped BiPO4 intensity of lumines-
cence strongly depends on the type of structural phase
and increases in the next set: hexagonal → HTMP →
LTMP [20, 21].

The synthesis procedures, peculiarities of incorpora-
tion of Pr3+ ions into BiPO4 lattice and photolumines-
cence (PL) properties of Pr3+-doped BiPO4 polycrys-
talline powder samples are reported in this work. Depen-
dences of the PL intensity on Pr3+ dopant concentration
have been measured and discussed.

2. Experimental details

A series of the Bi1−xPrxPO4 (x = 0.001–0.1)
compounds were synthesized by high temperature
solid state reaction method. The starting materi-
als, Bi2O3 (99.99%), (NH4)2HPO4 (99.999%), and
Pr6O11 (99.999%) were weighted in stoichiometry ratio,
then thoroughly mixed and milled in agate mortar for
more than 30 min till they are uniformly distributed.
The prepared mixtures have been heated at 450, 500
and 600 ◦C for 6 h at each temperature with intermedi-
ate regrinding in porcelain crucibles, and then have been
naturally cooled to room temperature. In order to mea-
sure the characteristics of the phosphor the samples were
grinded into powder.
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The phase composition of prepared samples was de-
termined by X-ray powder diffraction (XRD) using SHI-
MADZU XRD-6000 diffractometer with a linear detec-
tor and Cu Kα radiation (λ = 1.5418 Å). The PL char-
acteristics were measured using DFS-12 double diffrac-
tion grating monochromator equipped with photomulti-
plier FEU-79. Diode-pumped laser (λem = 473 nm) and
powerful Xenon lamp DXeL1000 (1000 W) together with
DMR-4 double prism monochromator (working range
220–900 nm) were used as excitation light sources. The
PL studies were performed at room temperature. All
the PL emission and excitation spectra were corrected
on system responses.

3. Results and discussion

3.1. X-ray diffraction study

The most informative part of XRD patterns of
Bi1−xPrxPO4 (x = 0.001−0.1) samples (2Θ range is
16−55◦) is shown in Fig. 1. The final and the highest an-
nealing temperature (600 ◦C) had to determine bismuth
phosphate HTMP structure [22]. However, some LTMP
contribution to the sample composition takes place even
for the lowest concentration of praseodymium (Fig. 1,
curve 1). Besides, the higher RE amount is, the higher
amount of the LTMP is in the prepared samples (ac-
cording to the peaks at 2Θ = 21.4, 27.3, 29.2, and 34.6◦

marked by arrows near curve x = 0.001). The fact means
that doping of BiPO4 by praseodymium stabilizes the
LTMP in the sample composition. The same behavior
was earlier shown for the Eu3+ doped bismuth orthophos-
phate [12]. For the used concentration range all the sam-
ples represent mixtures of HTMP and LTMP.

Fig. 1. XRD patterns for BiPO4 : xPr3+ samples
(x = 0.001 (1), 0.01 (2), 0.1 (3)). Standards for high-
temperature monoclinic BiPO4 (PDF2 card # 00-043-
0637) and low-temperature monoclinic BiPO4 (PDF2
card # 00-015-0767) are shown at the top and at the
bottom part of figure.

3.2. Luminescence spectroscopy

Excitation spectra of the Pr-doped BiPO4 photolumi-
nescence are presented in Fig. 2 in 300–550 nm spectral
range. The spectra were measured at various lumines-
cence wavelengths, λem, and they consist of lines related
with transitions from ground 3H4 level to 3P0,1,2 multi-
plet of Pr3+ ion. In fact, the optical band gap of BiPO4

is near 4.7 eV (264 nm) [5], so only transitions related
with dopant’ levels in the forbidden band of BiPO4 can
be observed in this spectral range.

Fig. 2. The PL excitation spectra of BiPO4 : xPr3+
(x = 0.001 (1, 4), 0.01 (2, 5), 0.1 (3, 6)) polycrystals;
λem = 611.5 (a) and 642.8 nm (b); T = 300 K. Zero in-
tensity levels for spectra 1, 4 and 5 are shown by dotted
straight lines.

Figure 3 shows the PL spectra of Pr3+-doped BiPO4

samples under direct excitation from ground state 3H4

to 3P1 +1 I6 levels of Pr3+ ions (λex = 473 nm). The
most intensive PL lines are related with radiation tran-
sitions from 3P0 to 3H4 (483 nm), 3H6 (≈ 615 nm), 3F2

(640 nm), and to 3F4 levels (728 nm) and also from 1D2

to 3H4 (≈ 595 nm) levels of Pr3+ ions. Some of lines
related with 1D2 → 3H4 transitions are overlapped with
those for 3P0 → 3H6 transitions and therefore complex
structured wide band in 570–635 nm spectral range was
formed (roughly bands in 570–600 nm range can be at-
tributed mainly to 1D2 → 3H4 transitions; e.g. curve 1
in Fig. 3).

The PL spectra obviously depend on the RE content
(Fig. 3). The most prominent changes appear when con-
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Fig. 3. The PL spectra of BiPO4 : xPr3+ (x = 0.001
(1), 0.01 (2), 0.1 (3)); λex = 473 nm, T = 300 K. Zero
intensity levels for the spectra 1 and 2 are shown by
dotted straight lines.

centration of Pr3+ reaches x = 0.01. In particular, the
lines of 3P0 → 3H4 transitions, which were observed as
a shoulder (480–500 nm range) (Fig. 3, curve 1), be-
came more intensive. Intensity of the 3P0,1 → 3H5 (510–
575 nm range) and 3P0 →3 F4 transitions (715–740 nm
range) also increased if x increased up to 0.01. Some
redistribution of the lines intensity also appears when
moving from the lowest value x = 0.001 to x = 0.01 and
higher. For example, it can be seen for the 3P0 →3 F2

radiation transitions (630–660 nm spectral range).
Figure 4 shows dependence of the total PL intensity

as well as dependences of selected transitions intensity
on Pr3+ concentration. Total intensity and intensities of
selected transitions were calculated as area under spec-
tra in the spectral ranges 475–750 nm (total), 475–500
(3P0 → 3H4), 570–630 (1D2 → 3H4; 3P0 → 3H6), and
635–650 nm (3P0 →3 F2), respectively. It can be seen if
concentration of the Pr3+ is low (x < 0.01) total inten-
sity and dependence are determined by 1D2 → 3H4 and
3P0 → 3H6 transitions. For higher Pr3+ concentrations
the PL intensity of short-wavelength side of band in 575–
630 nm range (possibly related with transitions from 1D2

level) greatly decreases (Fig. 3) and overall the PL spec-
tra become to be determined mostly by transitions from
3P0 level. Thus, from viewpoint of luminescence intensity
the samples with concentration of Pr3+ near x = 0.01 are
the most attractive for phosphor applications.

Fig. 4. Dependences of integrated PL intensity on
Pr3+ concentration, x. (Solid lines are only guide for
eyes.).

Described changes in the PL spectra and intensity can
be related with impact of several processes. There can be
BiPO4 phase transformations, multi-phonon radiation-
less relaxation and cross-relaxation processes. It is well
known that spectra and intensity of the RE ions lumi-
nescence depend on their neighbor surround. As for RE
ions in BiPO4 host we can point data about lumines-
cence of the Eu3+-doped BiPO4 [20, 21], which showed
the most intensive luminescence for LTMP phase among
all possible BiPO4 phases. Therefore, we are able to as-
sume that similar behavior can take place for the Pr3+-
doped BiPO4 crystals and increase of the LTMP content
in the row of Pr3+ concentration contributes to the in-
crease of the total PL intensity. On the other hand, it
had been previously reported that 3P0 →3 F2 transition
is hypersensitive and should strongly depend on symme-
try of position occupied by the Pr3+-ion [23]. Our data
showed that HTMP→ LTMP transformation did not led
to increase of 3P0 →3 F2 bands intensity but only redis-
tribution of the Stark component intensity of mentioned
transitions occurred (Fig. 3). Therefore, increase of to-
tal intensity with increase of Pr3+ concentration (curve 1
in Fig. 4) unlikely noticeably related with phase trans-
formation, but this dependence is mainly determined by
the increase of the Pr3+ ions content.

Similarly, decrease of the PL intensity if x > 0.01
also is not determined by structural transformation of
the crystal lattice, but it is a manifestation of concen-
tration quenching. In the case of Pr3+ ions excitation
to the 3P1 level, a non-radiative relaxation leads to pop-
ulation of the below lying 3P0 or 1D2 levels. The de-
population of the 3P0 level can occur either via radi-
ation transitions to 3H4,5,6 and 3F2,3,4 (the PL emis-
sion) or via non-radiation relaxation to 1D2 level. Two
possible ways for the 1D2 level population through the
3P0 usually had been discussed. There are multi-phonon
relaxation and phonon-assisted [3P0,

3H4] → [3H6,
1D2]

cross-relaxation processes [24]. Taking into account rela-
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tively small energy gap between 3P0 and 1D2 levels (less
than 4200 cm−1) and presence of high energy phonons
in the BiPO4 host (1160 cm−1, generated by asymmetric
stretching vibration of the P–O bond [25]) the multi-
phonon relaxation is possible. Its probability as well as
probability of multi-phonon radiationless relaxation from
the 1D2 level determine quantum yield of the Pr3+ ions
luminescence, but they do not depend on the Pr3+ con-
centration.

As for the cross-relaxation, we note that for low
Pr3+ ions concentrations, average distances between RE
ions, d = (4πN/3)−1/3 (N is Pr3+ concentration in
ions/cm3) [26], in the BiPO4 compounds are too large for
effective realization of this mechanism (e.g. d = 26.89 Å,
if x = 0.001). In fact, critical distance between RE ions
that ensures efficient energy transfer is near 10 Å [27, 28],
so cross-relaxation could play significant role only if x is
above 0.01 (d = 12.07 Å). Decreasing of 3P0 → 3H6 tran-
sitions intensity for concentrations x > 0.01 is related
with cross-relaxation of the [3P0,

3H4] → [3H6,
1D2]

type. Energy gap between 1D2 level and next lower ly-
ing energy level 1G4 is large (about 6800 cm−1), therefore
the multiphonon relaxation between these levels is of low
probability because at least 6 phonons are needed to do
it. Therefore, radiationless depopulation of the 1D2 level
should occur mostly due to the [1D2,

3H4]→ [1G4,
3 F3,4]

cross relaxations.
Thus, luminescence properties of BiPO4 : xPr3+ are

dependent on RE ions concentration and three pro-
cesses are responsible for observed luminescence behav-
ior. These are phase transformations of BiPO4 host, mul-
tiphonon relaxation, and cross-relaxation, too.

4. Conclusions

Doping of the BiPO4 with praseodymium pro-
motes transformation of the Bi1−xPrxPO4 crystal from
so-called high-temperature monoclinic phase to low-
temperature monoclinic phase. This transformation was
observed even for low Pr3+ concentrations, x = 0.001.

Pr3+-doped BiPO4 compounds revealed intensive red
luminescence under direct excitation of Pr3+ ions by
f → f electronic transitions. Concentration quenching
of the luminescence was found and maximum of total lu-
minescence intensity was observed at praseodymium con-
centration x = 0.01.

Multi-phonon relaxation is responsible for popula-
tion of 1D2 level, while concentration quenching of lu-
minescence from 1D2 and 3P0 levels were ascribed to
[1D2,

3H4] → [1G4,
3 F3,4] and [3P0,

3H4] → [3H6,
1D2]

cross-relaxation processes, respectively.
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