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become popular for applications as scintillators due to the
allowed 5d — 4f transitions of Pr®*, also it can provide pho-
toluminescence decay time even faster than Ce*" doped ma-
terials. However, this transition strongly depends on the host
matrix, because the lowest 5d level can relax by multiphoton
emission to the closest in energy 4f levels [3]. The narrow
emission lines originating from the 4f — 4f transitions of Pr>*
doped materials find applications in lighting, display, and
security industry [4—6].

The direct transitions from 3P; (J = 0, 1, 2) or 'D, excited
levels to the ground states (°Hj) results in sharp lines in the
Pr** emission spectra. Besides, in some host matrixes, the

1. Introduction

The rare earth element praseodymium, incorporated into the
inorganic host matrices, shows efficient luminescence only in
its trivalent state [1]. The trivalent praseodymium ion exhibits
the emission in very broad spectrum range, i.e., from deep UV
through the visible to near infrared [2]. Inorganic materials,
doped with Pr" ions, can exhibit both intraconfigurational (4f
< 4f) and interconfigurational (5d < 4f) transitions; therefore,
they find numerous applications in important technological
fields. For instance, trivalent praseodymium doped materials
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Fig. 1 — (a) Powder XRD patterns of K,Bi(PO4) (M00,):50%Pr>", (b) XRD reference pattern of K,Bi(PO,) (MoO,); (c) FTIR spectra of
K,Bi(PO,) (M00,):50% Pr** and (d) undoped K,Bi(PO4) (M0Oy); (e), (f), and (g) high resolution SEM images of K,Bi(PO,)

(M00,):0.5% Pr** powders under different magnification.

energy migration from ®P; to 'D, levels can be observed
yielding exclusively only red emission [7,8]. In the studied host
matrix, namely, K,Bi(PO,) (MoOy), only intraconfigurational (4f
— 4f) transitions were observed, but in other hosts, especially
with low covalency and weak crystal fields, broad emission
bands can be observed due to interconfigurational (5d — 4f)
transitions, for instance, YPO,:Pr*", YBO5:Pr®*, KYF,Pr’™, etc.
[9,10]. Also, cross-relaxation processes are very common in
inorganic materials doped with trivalent praseodymium ions
and this process is responsible for the emission quenching,
especially as a function of dopant concentration [11]. The
cross-relaxation process can be directly measured by exam-
ining the fluorescence decay after the pulsed excitation.

For the aforementioned reasons, Pr’* doped K,Bi(PO,)
(MoOQy4) synthesis and optical measurements were performed.
As we mentioned before, the luminescence properties of rare-
earth ions are determined by their environment in the host
lattice. In most cases, molybdate based compounds are used
as luminescent ion hosts in order to obtain a well-defined
emission properties [12].

In this research, the K,Bi(PO,) (MoO4):Pr** phosphors were
prepared by a solid state reaction method at relatively low
temperature (873.15 K). The optical properties of synthesized
samples were consistently studied as a function of Pr** con-
centration and temperature. The given data will include XRD
and SEM measurements, reflection, excitation, emission

spectra, PL decay curves, luminous efficacies at room tem-
perature; and emission spectra, PL decay curves, as well as CIE
1931 color coordinates in 77—500 K temperature interval.

2. Methods

The synthesis of the pure and Pr** doped K,Bi(PO,) (MoO,4) was
performed according to Eq. (1).

K2C03 -+ NH4H2PO4 + MOO3 + BizOg/Preoll - KQ(BI,PI) (PO4)
(MoO,) + gaseous products (1)

The stoichiometric amounts of high purity raw materials
K>CO3 (99+% Acros Organics), NH4H,PO, (99% Reachem
Slovakia), MoO3 (99+ Acros Organics), Bi,O3 (99.9% Acros Or-
ganics) and Prg044 (99.9% Aldrich) were weighed and mixed in
an agate mortar using acetone as a grinding media. The
blended powder was transferred to the porcelain crucible,
capped and annealed at 873.15 K for 10 h. The calcination
procedure was repeated another two times and samples were
reground after each step. Finally, after the third annealing
step, samples were cooled down to the room temperature by
switching of the furnace. In order to measure the structural
and optical properties of the phosphors, the samples were
ground into the fine powders. The Pr*" concentration in the
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Fig. 2 — Reflection spectra of K,Bi(PO,) (MoO,) and K,Bi(PO4) (MoO,) doped with 25% and 50% Pr*" (the left hand side), and
simplified energy level diagram of Pr** ions showing the main 4f-4f transitions of the Pr’* ion (the right hand side). Inset
shows a digital photo of powder colour under daylight depending on Pr** concentration.

final compounds was 0%, 0.5%, 1%, 2.5%, 5%, 10%, 15%, 25%
and 50%. The attempt to synthesize 75% Pr’* and fully Pr**
substituted compound (K,Pr(PO,) (M0O,)), unfortunately, was
not successful. It should also be noted that Pr*" ions in a
mixed valence PrgO1; oxide (4PrO,-Pr,03) during the annealing
step got reduced to Pr*" accompanied with release of oxygen
gas. The simplified equation for this process could be written
as PrgO,1; — 3Pr,03 + O,. Similar observations of PrO, oxide
loosing oxygen even at annealing under air was reported by
Chatzichristodoulou et al. [13,14] and Kuru [15].

The powder XRD patterns were collected on a Rigaku
MiniFlexII diffractometer working in a Bragg—Brentano
focusing geometry. The scanning speed and step width was
5°/min and 0.02°, respectively. SEM images were taken by a FE-
SEM Hitachi SU-70. IR measurements were performed on a
Bruker Alpha ATR FTIR spectrometer. The reflection, excita-
tion and emission spectra, thermal quenching (TQ) were
recorded on the modular Edinburgh Instruments FLS980
spectrometer.

The particular settings are given in detail in supporting
information file (see Table S1 to Table S4).

3. Results and discussion
3.1. Structural analysis

The crystal structure of K,Bi(PO,4) (MoO,4) was first reported by
I. Zatovsky and co-workers [16] in 2006. The paper reveals that
K,Bi(PO4) (M0Og4) adopts an orthorhombic crystal structure
with a space group of Ibca (#73). The crystal structure is con-
structed by PO, and MoO, tetrahedra and eight-coordinated
K" and Bi*'/Pr*" polyhedrons. Due to equal ionic charge and
similar ionic radii, we expected that Bi** (1.17 A for CN = 8)
ions were substituted by Pr** (1.13 A for CN = 8) ions [17,18].

The orthorhombic K,Bi(PO,) (MoO,) crystal structure was also
extensively studied by many authors previously [18,19]. The
powder XRD pattern of 50% Pr*" doped compound is pre-
sented in Fig. 1a and K,Bi(PO,) (MoOy) (PDF4+ (ICDD) 04-013-
6373) reference pattern is presented in Fig. 1b. The given re-
sults indicate that incorporation of Pr*" up to 50% yields single
phase compounds.

We have also performed the Le Bail fit of the obtained XRD
patterns in order to investigate the lattice parameters changes
upon Pr®* concentration increase. The obtained results are
given in Fig. S1. Even though the atomic radii of Bi** and Pr3*
ions are very close (the difference being just 3.5%) it was
recently shown that even smaller ionic radii yield changes in
unit cell parameters [20]. We have expected that with increase
of Pr3* concentration unit cell parameters would decrease,
since Pr*" ions are slightly smaller than Bi*'. However, the
opposite phenomenon was observed and all unit cell param-
eters increased. On the other hand, it should also be empha-
sized that the total change in the unit cell parameters is
extremely small, just around few tenths of percent. Such
behavior is rather unusual and requires further detailed
research but it was also recently observed by Jiang et al. where
larger Ba®" ions were replaced by smaller Pb®* ions in CaBa;.
Pb,xZn,Ga,0; and expansion of the unit cell occurred [21].

The IR spectra of samples doped with 50% and 0% Pr>* ions
are depicted in Fig. 1c and d, respectively. The given IR spectra
are virtually identical despite Bi*'/Pr’" ratio and are
composed of few absorptions bands in the range of
400—1100 cm™*. Three sharp absorption bands in the range of
650—450 cm ™! can be attributed to the PO, bending vibrations.
Strong absorption bands at 950 cm~* and 1050 cm™* can be
ascribed as symmetric and asymmetric vibrations of PO, tet-
rahedrons. Due to Mo—O stretching vibration in MoO, tetra-
hedrons, strong absorption band can be seen in the range of
900—700 cm~*[18]. SEM images were taken and are depicted in
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Fig. 3 — (a) Excitation (Aem = 601 nm) and (b) emission (Aex = 448 nm) spectra of K,Bi(PO,) (MoO,) doped with 0.5% and 25%
Pr*". Inset graph shows emission (Aex = 448 nm) integral intensity as a function of Pr** concentration.

Fig. le-g for the morphology features investigation of
K,Bi(PO,) (Mo004):0.5%Pr>" phosphor powder. The powder
particles are formed from a rod-like small crystallites. No
significant changes in crystallite size and shape were
observed by changing Pr** concentration.

3.2. Photoluminescence studies

The body color of undoped sample is white, although all
samples doped with Pr>" ions were greenish due to absorption
lines in the blue and red spectral region. As the concentration
increases, the greenish powder color intensifies (see Fig. 2).
This was confirmed by reflection spectra (see Fig. 2). The ab-
sorption lines in the blue spectral region is assigned to the *H,
— 3P, (ca. 448 nm), *°Hy — 3P, + I (ca. 472 nm) and *H, — 3P,
(ca. 486 nm) transitions. The set of absorption lines in the red
spectral region is assigned to the *H, — 'D, (ca. 597 nm)
transition. Besides, the reflectance in the longer wavelength
region is close to unity what shows high brilliance of the
synthesized phosphor powders. The simplified energy level
diagram of Pr*" ions is given on the right hand side of Fig. 2
with the most common 4f-4f transitions marked [22]. It was
clearly seen that various transitions from the excited *P; (J = 0,
1, 2) and 1D, states can occur in Pri* containing systems,
among them the 3Py — °F, and the 'D, — >H, transitions,
which are associated with intense orange-red emissions at ca.
600 nm. Red-orange luminescence emission is frequent
feature in MoO;~ matrixes doped with Pr3* ions due to low
energy MoOj3~ charge transfer state [23,24]. It is also evident
that the UV absorption band of Pr** doped samples is slightly
shifted to the longer wavelengths (lower energies) and this
feature can be attributed to the Pr>* 4f>—4f'5d" absorption.
The excitation spectra of Pr’* ions in K,Bi(PO,4) (MoO,) host
are shown in Fig. 3a. These spectra consist of several sharp
lines in the region from 430 nm to 500 nm corresponding to
the *H, — 3P,, (ca. 450 nm), >H, — 3P, 'I¢ (ca. 470 nm), and *H,
— 3Py (ca. 480 nm) transitions and the broad band in the region
from 250 nm to 300 nm [22]. The origin of this broad band is

most likely due to a host matrix absorption. The emission
spectra of 0.5% and 25% of Pr** doped K,Bi(PO,) (MoOQ,) spec-
imens are depicted in Fig. 3b. The emission spectra contain six
sets of lines that originate from 3P, — °H, (ca. 486 nm), °P, —
®Hs (ca. 529 nm), 'D, — 3H, (ca. 590—630 nm), P, — *Hg (ca.
615 nm), °P, — °F, (ca. 650 nm), °P, — 3F,4 (ca. 735 nm), and D,
— 3Hg (ca. 808 nm) transitions [22]. The maximum emission
intensity was achieved if phosphors were doped with 1% Pr>*
(hex = 448 nm). Further increase of Pr** concentration leads to
emission intensity decrease (see Fig. 3b inset) due to concen-
tration quenching. The emission spectra are very similar for
the different Pr** concentrations, although 'D, — °H, transi-
tion shows a strong concentration quenching. This appear-
ance is often observed in the emission spectra of Pr** ions
[25—27] and can be clarified as concentration quenching due to
cross-relaxation between adjacent Pr’** ions [26]. These
relaxation mechanisms can be written as D, + 3Hy — G4 +
F, and 'D, + *Hy — 3F4 + G4 [28].

Fig. 4 depicts the PL decay curves of the 'D, — 3H, (ca.
601 nm) transition of K,Bi(PO4) (MoO,):Pr** samples as a
function of Pr** concentration when samples were excited at
448 nm (*H, — °>P, transition) and emission monitored at
601 nm. The PL decay curves become steeper with increasing
Pr** concentration and this feature indicates that PL lifetime
values getlower. The inset of the Fig. 4 shows g values for the
different Pr’* concentrations. In order to calculate the effec-
tive PL lifetime values, the following equation was used (Eq.

(2)) [29]:

r 00

It dt
Teff =" ———
/ I(t) dt

0

Here I(t) is PL intensity at a given time t. The effective PL
lifetime values are tabulated in Table S5 and were found to
vary from 66 ps to ca. 3 us for the 0.5% and 25% dopant con-
centration, respectively. This feature is likely caused by a
higher probability of cross-relaxation processes [11]. This

2
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Fig. 4 — PL decay curves (Aex = 448 nm, Aeyy = 601 nm) of K,Bi(PO4) (M0O,4):Pr** as a function of Pr*" concentration (the left
hand side). Inset shows average t.¢ values as a function of Pr** concentration; graphic on the right hand side shows a
fragment of Pr** energy levels with *H, —3P, and 'D,—3H, transitions.

drastic decrease of the effective PL lifetime values, when Pr®*
concentration increases, points to the strong quenching of the
emission from D, level as was also observed in concentration
dependent emission spectra depicted in Fig. 3.

The temperature dependent emission and excitation
spectra were recorded in the range of 77 K—500 K in order to
evaluate phosphors performance at elevated temperatures.
Temperature dependent excitation and emission spectra of
1% doped K,Bi(PO,4) (MoO,4) sample are shown in Fig. 5a and b,
respectively. Sample doped with 1% Pr** was chosen for the
temperature dependent measurements since it shows the
highest emission intensity. The inset of the Fig. 5b shows the
normalized temperature dependent integral intensity of the
sample. The emission intensity is stable in the range of
77—300 K and only above 350 K starts to sharply decrease. The
emission intensity decrease at elevated temperatures is
caused by thermal quenching.

Photon energy (eV)

At 77 K temperature the lines in emission spectrum are
well resolved and very sharp. However, when temperature
was increased to 500 K the peaks became so much broadened
that they are not distinguishable anymore. From the tem-
perature dependent emission integral data, the TQ,,, value
was determined. TQ,,» value shows the temperature at which
the phosphor loses half of its efficiency. The thermal
quenching activation energy (E,) can be also determined from
the temperature dependent integrated emission spectra
employing the Fermi-Dirac model [30—32] (see Eq. (3)).

m_ 1
I~ 1+BeEa/kT

(3)

Here I(T) and I, are temperature dependent emission integral
and the highest value of emission integral, respectively. B is
the quenching frequency factor. E, is activation energy, k is
Boltzmann constant (8.617342 - 107> eV/K) [33], and T is

Photon energy (eV)
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100 K to 500 K with inset of the integrated emission intensity at different temperatures.

temperature in K. A slight modification of Eq. (3) yields Eq. (4),
which gives the TQ,/, values:

—E,

TQl j2 = m (4)

After calculation using Egs (3) and (4) it was revealed that
TQi/, =625K + 12K and E, = 0.241 eV + 0.005 eV for the 1% Pr*
doped sample. In this host matrix, TQ,, value is very high, if
compared, for instance, YoMo0401s: 0.5% pri+ phosphors where
TQu/, is equal to 400 K + 7 K and E, is 0.19 eV + 0.02 eV [34].

The temperature dependent photoluminescence decay
curves of K,Bi(PO,) (MoOg4) sample doped with 1% Pr*" were
also recorded and depicted in Fig. 5c. It was found out that
temperature has no significant effect on the shape of PL decay
curves; therefore, in this case, the PL decay curves recorded at
77 K and 500 K are only shown. From every temperature
dependent PL decay curve, the effective PL lifetime values
were calculated and plotted in the inset of Fig. 5¢c. The effective
PL lifetime values (Aex = 448 nM, Aem = 601 nm) of K,Bi(POy)
(MoO,4) phosphors doped with 1% Pr** varied from ca. 87 ps to
ca.75 ps in the temperature range from 77 K to 500 K (see Table
S6). The effective PL lifetime values slightly decrease from ca.
87 us to ca. 70 us when temperature is increased from 77 to
300 K, and then again increase from ca. 70 us to ca. 75 us with
further temperature increase to 500 K. However, it should also
be noted, that the estimated PL values in the temperature
range of 300—500 K fluctuate within the margin of the calcu-
lation error.

The similar thermal quenching behavior was observed for
the sample doped with 10% Pr*" ions (see Fig. 6). The inset of
Fig. 6 represents the integrated emission intensity at different
temperatures which obviously decreases when the tempera-
ture increases. At first the intensity decrease massively from
100% to 58% when the temperature is increased from 100 K to
200 K, but then intensity slightly decrease from 58% to 6%
when temperature is increased from 200 K to 500 K. Low
(100 K) temperature emission spectra are dominated by *P, —
3H,, 'D, — 3Hy, %Py — 3Hg and 3P, — °F, transitions. However,
when temperature was increased to 500 K all transitions from

3P, and 'D, almost disappeared. This feature is expected,
because of cross-relaxation and 'D, level is absolutely van-
ished in non-radiative pathway [34], and only emission from
3py — 3H,, He, and 3F, transitions at 590, 601 and 740 nm are
seen in the spectra at 500 K temperature.

The energy gap between 3P, and G, levels is 11469 cm™
and it is almost the same as energy gap separating the 'G, and
3H, ground state (9921 cm™?) [35]. Concurrently, energy gap
between D, and 3F, is 10479.6 cm ! and between 3H, and G,
is 9921 cm™! [11]. According to this, the energy mismatch for
3p, transitions is 1547 cm™! while for cross-relaxation D,
transitions mismatch is 558 cm~'. As a result of the smaller
energy mismatch for the cross-relaxation process for the
ground state, cross-relaxation is more active for the 'D, versus
the 3P, level. The energy difference (AE) between the involved
transitions are given in Table 1 [36].

1

3.3. Photometric

Color coordinates of K,Bi(PO,) (MoO,):Pr*" as a function of Pr**
are shown in Fig. 7a. The color coordinates shift towards lower
x and larger y values with increasing Pr®* concentration. All
prepared samples were orange-red emitting and the calcu-
lated precise CIE 1931 color coordinates of samples are tabu-
lated in Table S7. The temperature dependent color
coordinates of 1% and 10% doped samples were also calcu-
lated and are depicted in Fig. 7b and c, respectively. The pre-
cise temperature dependent color coordinates are given in

Table 1 — Energies of transitions involved in cross-

relaxation process between Pr’* ions. D and A stand for
donor and acceptor, respectively.

Pr*t (D) Pr2* (A)
Transition AE (cm ™) Transition AE (cm ™)
G, — °H, 9921 D, — 3k, 10480
G, — 3P, 11469 My = "Ca 9921
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Fig. 7 — CIE 1931 color space diagram and color coordinates of K,Bi(PO4) (M0oO,):Pr** phosphors as a function of Pr*"
concentration (a), temperature dependent color coordinates of 1% Pr>* (b), and 10% Pr** (c) doped samples.

Table S8. Color coordinates slightly shifted towards the edge
of the CIE 1931 diagram with increasing temperature.

The external quantum efficiencies (EQE) of the synthesized
phosphors under 448 nm (blue light) were also determined
using integrating sphere method. Samples doped with 0.5%,
1%, 2.5%, and 5% Pr>* possessed EQE values of 5.5%, 7.1%, 3.8%,
and 2.2%, respectively. Unfortunately, it was not possible to
measure EQE values for the samples doped with higher
amounts of Pr** ions, because the emission was already too
weak.

4, Conclusions

Single phase K,Bi(PO,) (MoO,) doped with Pr*" phosphors
were synthesized by simple solid state reaction method.
Samples were doped up to 50%, the single phase with 75% and
100% Pr** was not obtained. The body color of synthesized
phosphors was greenish and show orange-red emission if
phosphors were excited with blue (448 nm) radiation. The
highest emission intensity was obtained for the sample doped
with 1% of Pr**, the further increase of concentration leads to
emission decrease due to concentration quenching. The p,
— 3H, (ca. 590—630 nm) transition of Pr** ions in the given
host matrix shows an exceptionally strong concentration
quenching. The color coordinates of the phosphors show good
thermal stability. It was determined that the sample with the
most intense emission would lose half of its efficiency only at
625 K temperature; therefore, it could be applicable in fields
where high operating temperatures are required. These fea-
tures show that synthesized materials can be used in display
and security pigments industry.
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