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TOM TAT

VAT LIEU PHAT QUANG Bi,M0O; PONG PHA TAP Ho*"/Er’":
TONG HQP, CAU TRUC, PHAT XA ANH SANG PA MAU SAC

Trong bai b&o nay, hé thong vdt ligu phdt quang ddng pha tap Ho**IEr®*" trén nén bismuth molybdate
(Bi;M0Os, ki hieu BMO) dugc tong hop thanh cong bang phuwong phap dot chdy. Cdu triic tinh thé, hinh
thai, thanh phan nguyén t6 va tinh chat quang di duwoc khao sat chi tiét. Két qua nhiéu xa tia X cho thdy vit
liéu BMO va BMO:Ho™> Er** ¢6 cdu triic don pha orthorhombic. Vat ligu BMO:Ho®* JEr*phat ra anh sang
xanh lyc manh duwdi kich thich bang birc xa kha kién theo co ché phdt xa chuyén déi xuéi (down- conversmn
DC) va phat ra dnh sdng xanh luc, vang va do khi duoc kich thich bang anh sang hong ngoai gan theo co
ché phat xa chuyén dsi ngiege (up-conversion, UC). Anh huong ciia nong do Ex** dén tinh chat phat quang
chuyén doi nguoc da dwoc khao sat. Dudi kich thich bang laser 975 nm hai dinh phat xa dwoc ghi nhdn tai
544 nm va 659 nm, tiong g véi cdc chuyén tiép tir mirc 52/5F4 va °Fg vé miic co ban *lg. Cac chdt phat
quang BMO: H03+/Er3+the hién kha nang phat quang da sdc manh ching té rang vt liéu da tong hop cé
tiém ndng g dung I6m trong cdc thiét bi LED va quang dién tir.
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dopant ions to enhance the CRI and lower
1. INTRODUCTION the CCT. The second approach focuses on
Rare-earth-doped inorganic luminescent the development of novel host materials
materials have  gained  widespread with superior luminescent properties to
utilization in recent years across diverse improve quantum efficiency and thermal
applications - including general lighting, stability [2]. Therefore, the development
display systems, fluorescent tagging, and of high-performance phosphors  with
safety indicators - due to their superior broad application potential has become a
chemical stability and environmental major research focus.

sustainability [1]. However, certain
luminescent materials continue to exhibit
limitations such as a low color rendering
index (CRI), elevated correlated color
temperature (CCT), reduced quantum
efficiency, and inadequate thermal
stability. At present, researchers are
actively working to overcome these
challenges  through  two  primary
strategies. The first strategy involves
tuning the type and concentration of

In luminescent materials, the host matrix
plays an important role in governing their
optical and luminescent properties. An
ideal host material should exhibit high
thermal and chemical stability, a robust
and stable crystal structure, facile
synthesis, cost-effectiveness, and
excellent dispersion capability for rare-
earth dopant ions. Recently, several high-
performance molybdate-based phosphors
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were reported, such as Bi,.
«M00g:xEu®* [3], which emitted intense
red light; Bi,MoOg:Yb**/Er¥*/Tm® [4],
which demonstrated excellent thermal

stability; Bi,MoOg:Er¥*/Yb*  [5],
Bi,M0Os: YD**/Er** /W (20%  mole:
Yb¥: 2% mole: Er*, W°) 6],

Bi,M0Os:Ho**/Yb*" [7], and Bi,0-GeO,-
Na,0-Ga,03:Er**/Ho”" [8], all of which
exhibited high luminescence efficiency;
and Bi,MoOg:Nd**/Yb* [9], which was
capable of near-infrared (NIR) emission.
To date, alongside the utilization of
ultraviolet (UV) and visible light,
increasing attention was directed towards
the harvesting of NIR light. Among the
various approaches, the most effective
method for exploiting NIR light was
doping rare-earth metal ions into
semiconductor crystal lattices to take
advantage of their abundant energy levels
through a process known as UC
luminescence. UC luminescence was a
phenomenon in which NIR light was
converted into visible or UV light through
mechanisms  such as  multiphoton
absorption or energy transfer [4-8].
Trivalent rare-earth ions, such as Ho®**,
Er¥*, Tm*, and Pr**, were commonly

chosen as activator ions for UC
luminescence due to their multiple energy
levels, which facilitated radiative

transitions. In particular, Ho** and Er**
ions were extensively studied due to their
multiple emissions in both the visible and
infrared regions. However, because of
their unsuitable energy levels, Ho®*" ions
could not be efficiently excited directly at
a wavelength of 975 nm [7]. In contrast,
Er** ions could be efficiently excited by
high-power laser diodes at 975 nm.
Consequently, co-doping with Ho**/Er**
ions could enhance UC luminescence
under NIR irradiation [8].

To the best of our knowledge, there were
no prior publications on Ho**/Er** co-
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doped BMO host. Accordingly, in this
study, Ho**/Er** co-doped BMO samples
with varying molar concentrations were
successfully synthesized. The BMO host
material, characterized by its low phonon
energy, effectively facilitated efficient UC
luminescence processes. Under excitation
with a high-power laser diode (Aex = 975
nm), the optimal concentrations of the
rare-earth ions were determined by
analyzing the emission intensities in the
visible region.

2. MATERIALS AND METHODS

2.1. Synthesis of Ho*/Er®" co-doped
BMO

All chemicals used in the experiments
were of analytical grade and were used
without  further  purification.  The
Ho**/Er** co-doped BMO materials with
X% Ho>* and y% Er®" were synthesized
by a combustion method using urea as the
fuel with a molar ratio of urea to BMO of
20 : 1. The combustion technique offered
several advantages, such as short reaction
times and high reaction temperatures,
which were achieved through exothermic
combustion reactions. Initially, aqueous
solutions of BIi(NOg3);, (NH4)sM070,4,
Ho(NO3)s3, and Er(NOs); were mixed in a
molar ratio of Bi : Mo : Ho : Er = (200 - x
-y) 100 : x : y to form a homogeneous
solution. Urea, which served both as fuel
and reducing agent, was then slowly
added to the solution under magnetic
stirring and heated to approximately 80
°C. After stirring and removing water
vapor, a moist salt mixture was obtained.
This moist mixture was transferred to a
crucible, covered, and subjected to
combustion at 400 °C for 4 hours. The
resulting material was naturally cooled to
room temperature and ground using an
agate mortar. Finally, the obtained
powder was annealed at 600 °C for 2
hours to ensure complete phase formation
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and enhance the crystallinity of the
material [10]. The synthesis conditions,
including the molar ratios of the precursor
salts and combustion temperature, were
carefully optimized to ensure the proper
incorporation of Ho®* and Er®* ions into
the BMO matrix. The annealing step was
essential to improve the crystallinity and
luminescent properties of the synthesized
phosphors, which were then characterized
for  their  structural, optical and
luminescent properties.

2.2. Characterization

The crystal structure of the synthesized
samples was determined by powder X-ray
diffraction (XRD) using a Bruker D8-
Advance diffractometer. The diffraction
patterns were analyzed to identify the
phase purity and crystallinity of the
materials. Energy-dispersive  X-ray
spectroscopy (EDX) was employed to
determine the elemental composition of
the samples, utilizing a HORIBA detector
(model 7593-H) coupled with a HITACHI
S-4800 field emission scanning electron
microscope (FESEM). The morphological
features of the synthesized samples were
examined through scanning electron
microscopy (SEM, HITACHI S-4800),
providing insights into the surface
structure and particle size distribution.
UV-Vis diffuse reflectance spectra were
obtained using a UV-Vis
spectrophotometer  (JASCO  V-770),
allowing for the evaluation of the optical
absorption characteristics of the materials
in the ultraviolet and visible regions.
Photoluminescence spectra for both DC
and UC emissions were recorded using a
Nanolog  fluorescence  spectrometer
(Horiba Jobin Yvon). These
measurements were crucial for analyzing
the luminescent properties and efficiency
of the materials under different excitation
conditions, providing insights into their
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potential applications in
display technologies.

3. RESULTS AND DISCUSSION

3.1. Structural
Analysis

lighting and

and Morphological

To examine the structural characteristics
of the materials, BMO and BZO samples
doped with 2% Ho** and 7% Er** were
synthesized, and their XRD patterns were
obtained, as shown in Fig. 1.
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Fig. 1. XRD patterns of BMO and
BMO:2%Ho®" , 7%Er*".

Fig. 1 indicated that y-BMO (koechlinite)
was the predominant phase, with lattice
parameters a = 5.502 A, b = 16.210 A,
and ¢ = 5.483 A, consistent with JCPDS
card number 21-0102 and belonging to
the orthorhombic space group Pca2; [5, 7,
10]. Additionally, the diffraction peak
intensities of the Ho**/Er®**-doped samples
were lower compared to the undoped
BMO, suggesting that the incorporation of
trivalent rare-earth ions disrupted the
cationic ordering within the crystal lattice.
No secondary phases or impurities were
detected in the doped samples.
Nevertheless, XRD analysis revealed the
presence of monoclinic modification of
bismuth molybdate, y(H)-Bi,M0Os (as
denoted in [10]), which formed at
temperatures exceeding 600 °C.
Subsequently, the elemental composition
of the BMO:Ho*, Er** material was
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examined using EDX, as illustrated in
Figure 2.

Element Atomic % Weight %

o 62.06 0.18
Mo 11.79 0.103
Ho 0.27 0.009
Er 0.86 0.034
Bi 25.02 0.674
Total 100 100

@
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Fig. 2. EDX spectrum of BMO:2%Ho>*, 7%Er*.

The results displayed in Fig. 2 confirmed
the presence of Bi, Mo, O, Ho, and Er
elements in the sample, with no detectable
impurity signals, indicating a high level of
compositional purity. The measured
atomic ratios of Bi: Mo : Ho: Er =203.6:
96 : 2.2 : 7 closely matched the theoretical
stoichiometry of 191:100:2:7, further
validating the successful incorporation of
dopant ions into the host lattice. To
further explore the optical properties of
the synthesized material, particularly its
photon absorption behavior, UV-Vis
spectroscopy was employed to determine
the optical band gap energy (Ey).

The examination of UV-Vis absorption
spectra show that the
BMO:2%Ho>* y%Er*" materials strongly
absorbed radiation in the near ultraviolet
and green regions. Moreover, the Eg
values for the as-prepared materials were
determined to be approximately 2.70 eV,
corresponding to an excitation wavelength
of 459 nm. This obtained E4 value was
lower compared to the reported values of
2.87 -2.97 eV [11].

The surface morphology of the material
and the particle size distribution diagram
in nanometer units were also determined,
as shown in Fig. 3.

The results in Fig. 3 showed that the
obtained material particles had a
spherical-like shape, with a tendency to
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distribute separately, and the average
particle size was approximately 64.4 nm.

Particles size (nm)&
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Fig. 3. SEM image of BMO:2%Ho0**, 7%Er®*.

3.2.
properties

Down and  up-conversion

3.2.1. Down-conversion transitions

To find the appropriate concentration of
Ho®*, the fluorescence spectra of the
BMO:x%Ho>* sample were recorded
using an excitation wavelength of 452
nm, where characteristic  visible
luminescence transitions of Ho®* were
observed: °S,/°F4 — ®lg (544 nm, blue)
and °Fs — °lg (659 nm, red) with
comparable intensities. Furthermore, the
best luminescence intensity reached its
maximum at a concentration of 2% Ho**,
so this concentration was chosen for co-
doping with Er**. Next, the effect of Er**
concentration on the fluorescence
performance of the BMO:2%Ho*" y%Er**
material was investigated (Fig. 4).

1200000

Ho'":*s,FF -1
1000000 "
Er: S?.q"\a-z

@
=1
=]
=1
=1
>

600000

Intensity (a.u)

BMO:2%Ho*,y%Er*
400000 —y=0
—y=1
—y=2
200000 - y=3
—y=4
—y=5
—_=T 22
0 T T : T
500 550 600 650
Wavelength (nm)

Fig. 4. The DC emission spectra of
BMO:2%Ho>* y%Er*.
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Fig. 4 showed that the doping of Er** into
the BMO:2%Ho>* material did not change
the position of the absorption peaks, but
the intensity showed significant changes.
Specifically, the Er** doped sample
increased the intensity of the blue
emission (°S,/°F4 — °lg) and decreases the
intensity of the red emission (°Fs — °lg)
compared to the undoped sample. This
indicated that the Er** ion, acting as a

sensitizer, enhanced the material's
absorption,  thereby increasing the
luminescence intensity.  Furthermore,

when Er** was doped, the blue emission
exhibited high purity, suggesting that the
emission wavelength of the material could
be effectively tuned towards blue light,
which was suitable for applications
requiring short wavelengths. Additionally,
the results from Fig. 6 also showed that
the blue emission intensity was strongest
at an Er¥" concentration of 4 mol%. At
higher Er®" concentrations, a quenching
effect occurred, leading to a decrease in
the emission intensity. The optimal
concentrations of 2% Ho®* and 4% Er®*
were Dboth higher than the optimal
concentrations of 0.5% Ho0,03 and 0.5%
Er,O3 reported in reference [8].

The color coordinates, color purity, and
correlated color temperature of the
phosphors were calculated, and the results
showed that the Ho*'/Er** co-doped
samples had high color purity, and their
color coordinates fell within the blue
region according to the International

Commission on  Illlumination (CIE)
system.

3.2.2. Up-conversion transitions

The UC emission spectra of the
BMO:2%Ho0>* y%Er**  samples  were

recorded under optical excitation at a
wavelength of 975 nm. In the wavelength
range from 500 to 700 nm, two emission
bands originating from the radiative
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transitions  within the erbium and
holmium ions were observed.
Specifically, the UC emission spectra of
the BMO:2%Ho®" y%Er®" system shifted
significantly towards the red region. This
indicated that the synthesized material
had the ability to generate a rich range of
colors depending on the excitation
wavelength. Based on the energy levels of
Ho®* and Er** [4-8, 12], the process of
NIR radiation excitation, energy transfer,
and emission of Ho>* ions was illustrated
in Fig. 5.
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Fig. 5. Schematic illustration for the energy
transfer mechanism of BMO:2%Ho*" y%Er*.

According to Fig. 5, under 975 nm
excitation ~ wavelength, Th®*  ions
transition from the ground state “lis, to
the excited state *l11. In this state, some
Er®" ions were further excited to the *F,
level, while other Er** ions transferred
energy to the °lg state of Ho®*, as these
two energy levels were quite close.
Similarly, from the *lis state, Er** ions
could be excited to the *Fy, level or
transferred the energy to the °l; state of
Ho®*. From the *F,, state, Er*" ions
relaxed to lower energy states through
non-radiative transitions. After energy
transfer, the °I; and °lg states of Ho®>" ions
were excited to the corresponding °Fs and
°F, levels. From here, Ho®" ions returned
to the ground state, producing blue
emission (°S,/°F4 — °lg) and red emission
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(°Fs — °lg). Additionally, the color
coordinates of the samples according to
the CIE were shown in Fig. 6.
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Fig. 6. CIE chromaticity diagram of
BMO:2%Ho** y%Er** under 975 nm laser diode
excitation

Fig 6 also showed that the
BMO:2%H0** y%Er*" materials exhibited
clear UC emission with tunable colors
ranging from blue to red, depending on
the Er’* content. These results indicated
that the Ho**/Er** doped BMO materials
were promising candidates for solid-state
lighting applications and safety signage.
To compare the fabrication methods in the
study of BMO materials doped with rare-
earth ions such as Ho** and Er*, the
common chemical synthesis could be
presented and compared in terms of
efficiency, cost, and applications of rare-
earth doped BMO or Fe oxides [13]. To
further enhance the material's
performance and application scope, future
studies should explore for synthesis of
rare-earth BMO by the polyol processes
and the heat treatment processes. Thus,
under NIR excitation at 975nm, by
varying the dopant concentration, the
synthesized phosphors exhibited strong
emissions in both the blue and red
regions, indicating their potential as
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phosphor materials for energy conversion
devices. This feature could be particularly
useful in agricultural lighting, as it
enabled the simultaneous emission of blue
and red light - the two primary absorption
bands of chlorophyll.

4. CONCLUSION

The BMO:Ho*, Er**  phosphors,
synthesized via the combustion method,
exhibit a single-phase v-BMO
(koechlinite) structure with excellent
luminescent properties under both DC and
UC excitation. Optimal DC performance
was achieved with 2 mol% Ho** and 4
mol% Er**, producing blue-emitting
phosphors with a high color purity of
approximately 98% under 452 nm
excitation. The gradual enhancement of
red/blue emission intensity ratio with
increasing Er** content under UC
conditions  further demonstrated its
spectral tunability. These characteristics
position the BMO:Ho*", Er** system as a

strong candidate for integration into
optoelectronic  components, including
LED lighting, optical sensors, safety

signage, and photonic devices used in
electronics and telecommunications.
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