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Abstract: Ho®" and Yb** co-doped La;P30;s up-conversion phosphors were prepared by a high-temperature solid-state
process. XRD results reveal that the samples are mixtures of monoclinic structure LasP30,3 crystals with P21/n space
group and minor LaPOy crystals. UV—Vis DRS results indicate that La;P3O;s crystal is an indirect semiconductor with
an optical band gap of 4.10 eV. After 980 nm laser excitation, the Ho*" and Yb** co-doped La;P30s phosphors show the
characteristic blue (486 nm), green (550 nm), and red (661 nm) luminescence peaks of Ho?" ions. The peak at 661 nm
dominates in the up-conversion luminescence spectra of samples. Meanwhile, with the increase of Ho*" and Yb** doping
content, the up-conversion luminescence intensity increases first and then decreases. By increasing the doping contents
of Ho*" and Yb*" up to 1 at.% and 10 at.%, respectively, concentration quenching may appear by an electric quadrupole—
electric quadrupole interaction process. The pumping power dependence of luminescence indicates that the green and
red emissions of samples are excited by a two-photon absorption process. The color coordinates of Ho*" and Yb**
co-doped LasP30;5 crystals locate in the orange—red region.
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doped up-conversion luminescent materials, Ho** is
one of the most frequently utilized ions due to its
green/red up-converted emission band near 550/

1 Introduction

Rare earth-doped up-conversion luminescent
materials have gained increasing attention in the
last decade attributed to their enormous applications
in solid-state lasers [1], sensors [2], biocatalyst [3],
biolabeling [4], anti-counterfeiting [5], bioimaging
[6], drug delivery [7], photodynamic therapy [8],
solar energy [9], lighting and display [10], and
information storage [11]. It is well known that both
rare earth ions and host materials play key roles in
determining the properties of rare earth doped
luminescent materials [12]. Among the rare earth
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661 nm upon 980 nm laser pump [13]. However,
Ho** single-doped up-conversion luminescent
materials exhibit low-intensity emission due to the
low absorption cross-section of Ho®" around 980 nm.
Fortunately, Yb** is often used for co-doping with
Ho*" as sensitizer ions to highly improve up-
conversion luminescence properties of Ho** doped
phosphors because of the peak absorption cross-
section of Yb*" near 980 nm and the ability of
effective excitation energy transfer from Yb*
to Ho** [14]. In addition, Yb*" and Ho*" co-doped
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up-conversion luminescent materials usually emit
green light and are rarely used as red-emitting
up-conversion luminescent materials, which makes
the investigation of red-emitting Yb** and Ho®"
co-doped up-conversion luminescent materials very
interesting and important.

It should be noted that the energy transfer rate
from Yb*" to Ho" is strongly dependent on the host
matrix which has effects on the electronic
transitions of 4f levels. So far, various materials
have been proven as promising hosts for
up-conversion phosphors such as halides [15],
fluorides [5], sulfides [16], oxysulfides [17],
oxyfluorides [18], ferroelectric oxides [19], rare
earth oxides [20], rare earth phosphates [21], and so
on. Among them, rare earth phosphates have gained
attention as excellent host matrix candidates for
rare earth phosphors attributed to their fabulous
chemical and physical durability, low toxicity, and
suitable rare earth ions accommodation [21]. As a
member of the rare earth phosphate family,
lanthanum oxophosphate (LasP3Ois) has received
particular interest owing to the unique structure and
excellent properties. Recently, some reports were
published on the preparation, proton conductivity,
and down-shifting luminescence properties of
LasP3013 crystals. AMEZAWA et al [22]
synthesized pure phase LasP3Oi3 crystals and
observed considerable proton conductivity in wet
atmospheres. HATADA et al [23] successfully
prepared Las;P3Ois crystals and discovered the
dependence of the phase composition of samples on
the calcination temperature. LIU and WANG [24]
synthesized a polyphase Eu** doped LaPOs—
La;PO;—LasP3013 red phosphors by co-deposition
and high-temperature solid-state method, and
discussed the luminescence performance. However,
to the best of our knowledge, few studies have been
carried out on the up-conversion luminescence
properties of La;P301s phosphors.

In the present work, Ho*" and Yb*" co-doped
LasP3013 phosphors synthesized by a
high-temperature solid-state process to obtain a
red-emitting up-conversion luminescent material.
The structure, optical, and up-conversion
luminescence properties of the as-prepared
phosphors were explored. The up-conversion
luminescence mechanism and the concentration
quenching mechanism of Ho** and Yb*" co-doped
LasP30is crystals were also investigated.

were

2 Experimental

La;03 (99.99%), Yb203 (99.99%), Ho.0;
(99.99%), and NH4H>PO; (AR) were purchased
from the Aladdin Reagent Corporation. All the
reagents in the research are of analytical grade and
used as supplied without purification. In this study,
a high-temperature solid-phase method was used to
synthesize La;P30,3 phosphors. A typical procedure
is described as follows: first, 1.0720 g (3.290 mmol)
La;03, 0.0690 g (0.175 mmol) Yb,Os, 0.0132¢g
(0.035 mmol) Ho,0Os, and 0.3450 g (3.000 mmol)
NH4H,PO4 are loaded into a 100 mL ball mill jar,
and then 30 mL absolute ethanol was added as a
dispersant. Afterward, the mixture was ball-milled
at 4000 r/min at room temperature for 9 h and then
dried at 70 °C for 50 min to obtain a precursor.
Finally, the precursor was calcined at 1300 °C for
5 h in air to achieve the sample.

The phase structure of the prepared samples
was measured using a Bruker D8 Advance X-ray
diffractometer. The absorption spectrum of the
synthesized phosphor was detected with a UV—2450
ultraviolet—visible spectrophotometer. The up-
conversion photoluminescence (UPL) spectra were
characterized by an FL-4600 fluorescence
spectrometer with a 980 nm laser.

3 Results and discussion

3.1 Phase structures

Figure 1 depicts the XRD patterns for the
Las;P;015 samples with different Ho** doping
amounts. As presented in Fig. 1, some prominent
peaks, which are located at 26=12.027°, 25.165°,
26.984°, 28.399°, 29.208°, 30.168°, and 33.705°,
can be assigned to La;P3015 (JCPDS No. 33-0719).
Meanwhile, some slight diffraction peaks assigned
to LaPOs; (JCPDS No. 12-0283) can also be
observed in all patterns, as denoted by diamond
in Fig. 1. Moreover, no peaks related to other
impurities are found in the XRD patterns, implying
that Ho®" and Yb*" are ideally introduced into the
LasP30s crystal. These results reveal that all the
samples are mixtures of monoclinic structure
LasP3013 crystals with P21/n space group [24] and
minor monoclinic LaPO, crystals. It can be also
found in the pattern that the half-height widths of
diffraction peaks for the samples vary with the Ho*"
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Fig. 1 XRD patterns of La;P30,3 samples with different
Ho** doping amounts (5 at.% Yb>")

doping amounts. Taking the strongest diffraction
peak at around 26=27.001° as an example, as the
Ho** doping contents are 0.5, 1.0, 1.5, and 2.0 at.%,
the half-height widths of the diffraction peak are
(0.123+£0.004)°, (0.102+0.003)°, (0.117+0.004)°,
and (0.131+£0.005)°, respectively, suggesting that
the higher crystallinity of the sample with a Ho**
doping content of 1% than that of the other
samples.

The XRD patterns of the LasP305 samples
with different Yb*" doping amounts are described
in Fig. 2. As shown in Fig. 2, all samples display
similar XRD patterns to those in Fig. 1, revealing
that the as-obtained products are mixtures of
La;P;015 crystals and minor LaPO4 crystals. It
should be noted that the intensities of the diffraction
peaks of samples are found to change with
increasing Yb*" doping amount. The intensities of
the (431), (T24 ), and (232) peaks, which located
at around 26=26.77°, 28.19°, and 29.04°,
respectively, decrease. However, the intensity of the
(532) peak at about 26=29.52° increases. This
means that the Yb*" doping level affects the growth
orientation of the samples. In addition, the peaks of
samples shift to a high degree with the rise of Yb**
doping amount, as illustrated in the inset in Fig. 2.
The reason is that the ionic radium of Ho®* and
Yb** is smaller than that of La®>". The more the
amounts of Yb*" and Ho*" ions are doped into the
La;P;0s lattice (Yb and Ho replacing the La site),
the smaller the unit cell parameters of samples are,
and the more the diffraction peaks shift toward the
larger angles [25]. The above results imply that
Ho** and Yb*" ions successfully enter the La;P3Os
matrix lattice by occupying La®" sites.
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Fig. 2 XRD patterns of La;P3;013 samples with different
Yb** doping amounts (1 at.% Ho*")

3.2 UV-visible diffuse reflectance spectrum of

La7P3018: 2% H03+, 5% Yb3+

The UV-visible diffuse reflectance spectrum
(UV—Vis DRS) of the representative La;P30s:
2% Ho*", 5% Yb*" is presented in Fig. 3(a). As
exhibited in Fig. 3(a), the sample shows a strong
absorption in UV range with an adsorption edge at
about 290 nm. The optical band gap is determined
by the following equation [26]:

ohv=B(hv—Es)’ (D)

where o is the absorption coefficient, B is an
appropriate constant, Av is the energy of the
incident photon, E; is the optical band gap, and y is
a constant which characterizes the electronic
transition of the optical absorption. Theoretically,
y decides the transition characteristics of a
semiconductor (y=1/2 for direct transition or y=2
for indirect transition). As shown in the inset in
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Fig.3 UV-visible diffuse reflectance spectrum of

LasP301s: 2% Ho*", 5% Yb** (inset shows zoom in range

of 400—-680 nm) (a); Curve of (ahv)"? versus hv (inset
shows curve of In(ahv) vs In(hv—E,)) (b)
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Fig. 3(b), the slope of In(ahv) against In(ho—E,) is
about 2.16, indicating that La;P;O,3 is an indirect
semiconductor and y should be 2 [26]. The plot of
(ahv)'? versus photon energy (hv) is shown in
Fig. 3(b), from which the optical band gap of
LasP3O13 is estimated to be 4.10eV [27].
Additionally, some small absorption bands at
400—680 nm (the inset of Fig. 3(a)) appear due to
the Ho*" doped in the La;P;0;s crystals. The weak
absorption bands located at about 418, 449, 455,
461, 473, 486, 539, and 650 nm correspond to the
electronic transitions of Ho*" from the ground level
3L to 5G5, 5F1, 5G6, SKg, SFz, 5F3, 5F4/582, and 5F5,
respectively, which are consistent with the previous
reports [28], indicating that Ho®" is successfully
doped into the La;P30,3 matrix.

3.3 Up-conversion luminescence properties of
Ho*" and Yb*" co-doped La;P3Os crystals
Figures4 and 5 show the up-conversion

luminescence spectra of Ho** and Yb** co-doped

LasP3013 samples with different doping amounts

excited by a 980 nm laser. The results show that the

up-conversion emission spectra of the Ho*" and

Yb** co-doped LasP;0;s samples are constituted by

some similar emission bands under the excitation of

980 nm. The three emission bands located at 486,

550, and 661 nm can be observed, attributing to

the "Fz—°ls, 3S2/F4—°1s, and Fs—°Ig transitions

of Ho®" ions, respectively [29]. Meanwhile, the
intensities of the peaks at 550 and 661 nm are much
stronger than those at 486 nm. Interestingly, the red
emission peak at 661 nm dominates the emission
spectra of samples, while in general the most
substantial up-conversion emission peak is located

/16)(:980 nm 1.5%
0.5%
1% 2%
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Fig. 4 Up-conversion emission spectra of La;P30is:
x% Ho’", 5% Yb** (x=0.5, 1, 1.5, 2, 2.5, 3) samples
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Fig. 5 Up-conversion emission spectra of La;P30is:

1% Ho*", y% Yb** (=0, 6, 8, 10, 12, 14, 16) samples

in the green region for the Ho*" and Yb** co-doped
materials such as halides [15], ferroelectric
oxides [19], and rare earth oxides [20]. This may be
attributed to the unique crystal structure of the
LasP30;5 matrix.

It can also be seen from Fig. 4 that the up-
conversion luminescence intensity of the sample
varies with the doping amount of Ho*', but the
positions of the up-conversion luminescence peaks
are almost the same. As the Ho** doping level
increases, the intensity of luminescence increases
initially and then decreases, reaching the maximum
when the Ho®" doping content is 1%, suggesting
that concentration quenching happens if the Ho**
doping content is above 1%. As mentioned above,
Ho®' ions play a role as activators in La;P;Ois to
emit light as irradiated by 980 nm laser with the
help of Yb*". When the doping of Yb*" is controlled
at a level amount, increasing the doping amount of
Ho*" in LasP;0;s will result in both positive and
negative effects for luminescence. On the one hand,
higher doping amount of Ho®* means more
activators in LasP30;s, which leads to a higher
luminescence intensity. On the other hand,
increasing doping amount of Ho** means reducing
the distances between Ho*" ions in La;P3;O;s, which
raises the probability of non-radiative cross-
relaxation among Ho®" ions to decrease the
luminescence intensity. When the doping level of
Ho** exceeds 1%, the dominant role of the positive
effect is replaced by the negative effect, thus the
decrease of Iluminescence intensity and the
occurrence of concentration quenching [30].

Figure 5 shows the up-conversion emission
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spectra of La;P;01s: 1% Ho*', 1% Yb** samples
with different Yb*" doping levels. It is illustrated
that the up-conversion Iuminescence intensities
increase first with the increase of Yb** doping
amount and reach the maximum value at 10%, and
then decrease accordingly. The decrease of the
emission intensity at high Yb*" doping level
may be explained by concentration quenching
attributed to the fact that the energy transfer rate
among rare earth ions is inversely proportional to
the sixth power of the distance between donors and
acceptors [31]. When the Yb** doping amount is
controlled below 10%, the relatively higher Yb**
content in the LasP3O;s allows more energy
transfer from Yb*' to Ho*", which enhances the
up-conversion luminescence intensity. As the Yb*"
doping amount is raised above 10%, the distance
between rare earth ions reduces, leading to the
increase of the rate of energy back transfer (EBT)
from Ho*" to Yb*" [32] and the probability of non-
radiative energy transfer [33] among Yb** ions, thus
the decrease of the up-conversion luminescence
intensity.

Generally, there are three possible mechanisms
for concentration quenching, including radiation
reabsorption, energy transfer, and electric multipole
interaction [34]. Radiation reabsorption mechanism
can be ruled out because the fluorescence spectra do
not overlap, as shown in Fig. 4 and Fig. 5 [35]. The
critical distance (Rc) for energy transfer between
activators can be calculated as follows [36]:

3V
4nNx,

=23 (2
where V is the unit cell volume, x. is the critical
quenching concentration, and N is the number of
La;P3;013 molecule units in the unit cell. For
La;P:01s, V is 3585.03 A3, x. is 0.01, and N is 4.
The calculated Rc is 55.53 A, which is far greater
than the critical distance (5 A) for energy transfer.
So, the energy transfer mechanism is also excluded,
indicating that the concentration quenching
mechanism for the prepared sample can only be the
electric multipole interaction. In order to confirm
this point, the electric multipole interaction effect is
analyzed. van UITERT [37] suggests that the
relationship between doping concentration and
integrated luminescence intensity follows

(L}K{Hﬁ[x(y)]g”}* 3)
x(y)

where [ is integrated luminescence intensity; x(y)
is doping content; K and f are constants for a
particular host under fixed excitation conditions;
O is the electric multipole interaction parameter
that takes values of 6, 8, and 10 for electric
dipole—electric dipole interaction (d—d), electric
dipole—electric quadrupole interaction (d—p), and
electric quadrupole—electric quadrupole interaction
(p—p), respectively [37]. According to the above
equation, the value of —(0/3 can be estimated as the
slope of 1g(//x) versus lg x plot.

Figure 6 illustrates the plot of 1g(//x) against
lg x for the La7P;01s: x% Ho*", 5% Yb*" samples. It
can be seen that the slope of the fitting line is —2.76.
So, the O is found to be approximately 8,
confirming that the concentration quenching
mechanism of Ho®" up-conversion emission is the
electric dipole—electric quadrupole interaction.

Similarly, the plot of lg (I/y) against Igy is
also applied for the La;P;Oi5: 1% Ho*', y% Yb**
samples, as shown in Fig. 7. The slope of the fitting

3.0} .

2.8 , , . L L
-20 -19 -1.8 -1.7 -1.6 -15
lgx
Fig. 6 Plot of 1g(//x) against lg x for La;P301s: x% Ho%*,
5% Yb*" samples

3.0

-1.00 -095 -0.90 -0.85 -0.80
lgy

Fig. 7 Plot of lg(//y) against Ig y for La;P301s: 1% Ho™,
% Yb>" samples
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line is —3.3, so the corresponding Q is close to 10,
revealing that the concentration quenching
mechanism of Ho*" and Yb*" co-doping in the
La;P;013 sample is dominated by electric
quadrupole—electric quadrupole interaction.

Figure 8 illustrates the up-conversion emission
spectra of LasP;01s: 1% Ho', 10% Yb** excited at
different pump powers. It can be observed that the
up-conversion luminescence intensity of the sample
gradually increases with rising pump power from
0.55 to 3.45 W. The relation between up-conversion
luminescence intensity and pumping power can be
described by the following formula:

[e<P" 4

where P is pumping power, and the index 7 is the
number of near-infrared photons required for the
up-conversion luminescence process that can be
measured as the slope of 1g 7 versus Ig P plot [38].
The double-logarithmic plots of the integrated
up-conversion luminescence intensities of green
and red emission bands and pumping power are
shown in Fig. 9. It can be ascertained that the slopes
for the green band at 550 nm and the red emission
at 661 nm are 1.71 and 1.43, respectively, indicating
that the °S,/°F4—°Is energy level transition at
550 nm and the *Fs—°Is energy level transition at
661 nm are both two-photon absorption process as
the calculated n-values are close to 2. The reason
why the index n for green and red emission bands is
greater than 1 and less than 2 may be ascribed to the
decrease of the up-conversion emission intensity,
which is resulted from the non-radiative transitions
in the sample and the thermal effects caused by the
strong absorption of the sample [39].

Jex=980 nm

0.55 W=7 \
_ V— N\ )28\

1 1

450 500 550 600 650
Wavelength/nm

N
700 750

Fig. 8 Up-conversion emission spectra of La;P30is:
1% Ho*", 10% Yb*" excited by different pumping powers
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Fig. 9 Relationships of Ig 7 vs Ig P with linear fittings for
green and red emission bands of LasP3Oi5: 1% Ho’",
10% Yb**

A possible energy transfer process for the
up-conversion  luminescence mechanism  for
LasP;01s: 1% Ho, 10% Yb** sample is schematically
depicted in Fig. 10. It can be seen that there is not
level of Ho*" ion matching the energy of 980 nm
near-infrared photons, which means that the
absorption of the photons of 980 nm by Ho*" ions
may not happen. In contrast, the excited *Fs;, level
of Yb*" ion is consistent with the energy of 980 nm
photons, suggesting that the Yb*" ion can easily
absorb the photons of 980 nm laser and then be
used as effective sensitizers to transfer absorbed
energy to Ho*" ions for the up-conversion process.
As for the Yb** and Ho** co-doped LasP;Ois
crystals, many valence electrons of Yb*" are
populated to the 2Fs» level via a ground state
absorption (GSA) process induced by 980 nm laser
excitation. Some excited electrons decay to the
ground state, while some transfer the excitation
energy to Ho’" ions to undergo an energy transfer
(ET1) process to promote the valence electrons of
Ho’" to the 51 level. A part of the I level electrons
of Ho** may relax non-radiatively to the °I; level,
and then be excited into the °Fs level through an
excited state absorption (ESA1) process due to the
excitation of 980 nm laser, followed by the decay to
the ground state °Is radiating 661 nm red light.
Meanwhile, another part of excited °Is level
electrons of Ho®" can be further promoted to the
3S,/°F4 state via an excited state absorption (ESA2)
process induced by 980 nm laser excitation or an
energy transfer (ET2) process from excited
electrons of Yb*" ions. The 3S»/°F4 level electrons
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then relax radiatively to the °lg state emitting
photons in green light (550 nm). It should be noted
that some electrons in the 3S»/°F4 level may decay
non-radiatively to the °Fs level followed by
radiative relaxing to the ground state, °Is, which
may lead to the emission of red light at 661 nm. In
addition, a few °Fs level electrons can be excited to
the °F; level by a cross-relaxation (CR) process, °Fs
+ 31; —°F5 + °I5, and then decay to the ground state
and radiate a weak blue (°F3—°Is) up-conversion
emission at 486 nm [40].

Figure 11 shows the calculated coordinates for
the LasP;01s5: x% Ho*", 10% Yb*" samples with
different Ho** doping contents in the CIE
chromaticity diagram. It can be seen that the
up-conversion emissions of the La;P;01s: x% Ho*",
10% Yb*" samples all locate in the orange-red
region. By taking La;P301s: 1% Ho*", 10% Yb** for

25t °Fs R
5S,/°F, .
20F SE, .+ |ESA2
% s Sh ESA]
AN |
= > ; — ?Fs,
£10p s = !
g1 ': :
5 -
05k b SR E :
. 1= = = 1
slals [cr '
[}
0k Sl 1 %F,,
HO3+ Yb3+

Fig. 10 Schematic diagram of possible up-conversion
luminescence mechanism for La;P301s: 1% Ho®", 10% Yb**
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Fig. 11 CIE chromaticity diagram for La;P301s: x% Ho®*,
10% Yb*" samples (1—x=0.5; 2—x=1; 3—x=1.5; 4—
x=2)
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example, the calculated color coordinate is (0.6167,
0.3757). The CIE coordinate calculation results
indicate that the LasP;Ois: x% Ho*", 10% Yb**
crystals are potential orange—red up-conversion
luminescent materials.

4 Conclusions

(1) A series of Ho*/Yb** co-doped LasP;0;s
up-conversion phosphors were synthesized using a
high-temperature solid-state reaction at 1300 °C.
XRD patterns reveal that the as-prepared samples
are mixtures of monoclinic LasP3O;s crystals and
minor monoclinic LaPOj crystals.

(2) UV—Vis DRS results indicate that La;P3O3
crystal is an indirect semiconductor with an optical
band gap value of 4.10 eV.

(3) Under the excitation of 980 nm
near-infrared light, the Ho*/Yb*" co-doped
La;P30:s phosphors show the characteristic blue,
green, and red up-conversion emission of Ho*" ions
at 486 nm (°Fs—Is), 550 nm (°F4/°S,—Is), and
661 nm (°Fs—Is), respectively. The red emission
band at 661 nm dominates the up-conversion
luminescence spectra of samples. The calculated
coordinates of samples all locate in the orange—red
region.

(4) With the increase of Ho* and Yb*" doping
levels, the up-conversion luminescence intensity
increases at first and then decreases. With
increasing the doping contents of Ho*" and Yb** up
to 1% and 10%, respectively, concentration
quenching appears due to the electric quadrupole—
electric quadrupole interaction.

(5) The pumping power dependence of up-
conversion luminescence indicates that the 550 nm
and 661 nm up-conversion emissions of Ho*" and
Yb** co-doped LasP;0i5 phosphors are attributed to
a two-photon absorption process.
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