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Aerosol Flame Synthesis and Manipulating
Upconversion Luminescence of Ultrasmall

Y2O3:Yb3+/Ho3+ Nanoparticles
Shuai Hu, Maohui Yuan, Linxuan Wang, Changqing Song, Zining Yang, Hongyan Wang, and Kai Han

Abstract—The synthesis of upconversion nanoparticles (UCNPs)
by flame aerosol is of great significance to realize industrial large-
scale production of UCNPs and develop nanotechnology further.
Here, for the first time, we successfully fabricated the ultrasmall
Y2O3:Yb3+/Ho3+ UCNPs by a self-build swirl flame spray py-
rolysis (SFSP) method with a high production rate of ∼40 g·
h−1. These flame-made UCNPs are all pure cubic phases with
an average ultrasmall size of ∼14 nm. Excited by 980 nm laser,
the synthesized UCNPs show bright green (2F4, 5S2 → 5I8) and
relatively weak red (5F5 → 5I8) upconversion luminescence (UCL).
Based on the UCL spectra of Y2O3:Yb3+/Ho3+ UCNPs, the opti-
mal doping concentrations of 6 mol% Yb3+ and 0.1 mol% Ho3+

were determined to reach the most intense UCL. The dependence
of UCL intensity and pump power was further analyzed, and it
indicated that the green and red UCL are two-photon processes. In
addition, the UCL properties with different synthesized conditions
were also demonstrated. The UCL mechanism of these flame-made
Y2O3:Yb3+/Ho3+ UCNPs were illustrated in detail. Our results
prove that industrial large-scale production of continuous one-step
synthesis of UCNPs by flame aerosol technology is completely
feasible and deserves further study.

Index Terms—Photonic materials, synthesis and fabrication
methods, luminiescence and fluorescence, optical properties of
photonic materials.

I. INTRODUCTION

UCNPs refer to the lanthanide-doped nanoparticles that
can harvest and convert near-infrared low-energy pho-

tons into visible or ultraviolet high-energy photons to realize
photon upconversion (UC), which are of broad applications in
the fields of three-dimensional display, anti-counterfeiting, laser
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materials, sensors, biological issues, and photovoltaics [1], [2].
Generally, the strategies of synthesizing UCNPs mainly focus
on wet chemical routes, including hydrothermal [3]–[5], sol-
gel [6]–[8], co-precipitation [9]–[11], thermal decomposition
[12]–[14] and ion exchange method [15], [16]. Moreover, some
newly emerging methods, such as laser ablation [17], [18],
solid state reaction [19]–[22], and electrospinning [23], [24]
are also used for fabricating the UCNPs. However, the UCNPs
fabricated by these routes are always accompanied by complex
chemical processes and harsh experimental conditions. In terms
of the traditional wet chemical method, the fabricated particles
always need further treatment like separation or drying, which
not only take times but also stop the continuous production of
UCNPs so that unfit the reuirements of industrial production.
Instead, the flame method can realize the rapid, one-step and
continuous preparation of UCNPs, which fabricates UCNPs in
seconds while keeping supply of precursors that exactly fitting
the mass continuous production requirement of industry and can
further promote the applications of nanotechnology in UCNPs
field. Otherwise, the liquid-feed flame aerosol method is easy
to realize automatic production for that the supply of fuel, oxi-
dant and precursor can be controlled through simple electronic
circuit systems and programs. The flame synthesis has been
successfully used in industry for several decades to manufacture
nanoparticles like carbon black, silica, alumina, and titania with
large-scale production, and the current production rate can reach
up to as large as 25 tons per hour [25]–[27]. Thus, the flame
aerosol technology can be potentially used to realize commercial
mass production of UCNPs, which will efficiently facilitate its
applications. However, rare efforts are made to conduct the
synthesis of UCNPs with flame aerosol technology.

Generally, the UCNPs are composed of inorganic matrix and
doping with appropriate rare-earth-ions [1], which has been
successfully demonstrated in Y2O3 [10], [28]–[31], NaYF4 [32],
LiYF4 [33], YVO4 [34], CaF2 [4] hosts. In these compounds,
Y2O3 is a typical UC matrix due to its outstanding charac-
ters such as large bandgap (∼5.8 eV), wide spectral range in
optical transparency (0.2∼8 μm), high refractive index (∼2),
low phonon energy (∼600 cm−1), high breakdown strength,
excellent thermal stability and electronic properties [10], [35],
[36]. Moreover, the radius of Y3+ ions is equivalent to those
doped target rare-earth-ions, which is beneficial to reduce the
influence of doping on the matrix lattice structure, further re-
duce lattice impurities and improve the UCL intensity [1], [10].
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Consequently, Y2O3 is a suitable candidate matrix for the flame
synthesis of UCNPs. To enhance the UCL efficiency, UCNPs are
usually doped with two different kinds of rare-earth-ions based
on the mechanism of sensitization and activation. Yb3+/Ho3+

co-doped nanomaterial is one of the most common systems
that can achieve efficient UCL owing to the highly resonant
energy-transfer between the sensitizer Yb3+ and activator Ho3+

ions. Under the 980 nm laser excitation, the Yb3+/Ho3+ co-
doped UCNPs usually emit bright green (2F4, 5S2 → 5I8) and
relatively weak red (5F5 → 5I8) UC emissions [1], [10], [29],
[30], [37]. However, up to now, there are so few related report
demonstrated on the flame-made Yb3+/Ho3+ co-doped UCNPs,
leading to their UCL properties remaining also unclear. Thus,
it is of great necessary to conduct Y2O3:Yb3+/Ho3+ UCNPs
synthesis experiment by the flame aerosol technology.

In this work, for the first time, we fabricated the ultrasmall
Y2O3:Yb3+/Ho3+ UCNPs by a self-build swirl-stabilized spray
flame reactor, confirming that as a rapid continuous one-step
method for synthesis of UCNPs with a high production rate.
Furthermore, their structural and UCL properties were also
systematically investigated in detail, which verifies that both
the Yb3+ and Ho3+ ions are successfully incorporated in the
Y2O3 matrix and exhibit intense UCL. In addition, the power
dependence on UCL intensity, impact of synthesis conditions
and the mechanism of the UCL are also discussed to further
support the observed experimental results.

II. EXPERIMENTAL

A. Raw Materials

The chemicals involved in this paper were purchased from Al-
addin Industrial Corporation including Y(NO)3·6H2O (99.9%),
Yb(NO)3·5H2O (99.9%), Ho(NO)3·5H2O (99.99%), n-Butanol
(99%) and 2-Ethylhexanoic acid (2-EHA) (>99%). All chemi-
cals were not further purified.

B. Synthesis of Y2O3:Yb3+/Ho3+ UCNPs by Swirl-Stabilized
Flame

To prepare Y2O3:Yb3+/Ho3+ UCNPs, we first have to con-
figure the precursor with the right rare-earth-ion concentrations.
The required chemicals were weighed according to the precalcu-
lated stoichiometric ratio, then mixed and dissolved in n-butanol.
2-EHA were added into the mixed n-butanol solution next for
replacing nitrate ions, so that the precursor can volatilize better
in the reaction process, and promote the formation of uniform ul-
trasmall nanoparticles according to the gas-to-particles reaction
route [28], [38]. Otherwise, there would be a considerable part of
large-size hollow particles in the synthesized nanoparticles that
were generated according to the droplets-to-particles reaction
route, which would have an unexpected impact on the UCL
properties of nanoparticles [28], [38], [39]. To avoid this trouble,
the molar ratio of rare-earth-ion cations to 2-EHA is set to 1:3
to ensure that 2-EHA can completely replace nitrate ions. The
mixed solution was dispersed by ultrasonic until there was no
obvious sediment, and then, the prepared precursor was added
into the syringe pump for the swirl-stabilized spray flame reactor

to be used in the next step. Y2O3:Yb3+/Ho3+ UCNPs are syn-
thesized by the self-build swirl-stabilized spray flame reactor,
as illustrated in Fig. 1. The reactor composes of two parts which
are the swirl-stabilized flame burner and the fine atomization
system. The swirl-stabilized flame burner owns eight tangential
slits with width in 1 mm and length in 15 mm, in which two
groups of non-adjacent slits are used to inject fuel (CH4, 3 L ·
min−1) and oxidant (Air, 30 L · min−1), respectively. The swirl
number of the burner is 32.72, which is much higher than that
required to establish rapid mixed combustion (>5.0), so that the
thermal circulation of high-temperature burned gas can form a
rapidly mixed combustion area in the outer ring of the reactor
[40]. In the swirl flame environment, the fuel and oxidant are
injected into the burner respectively, which can greatly eliminate
the risk of flashback. The flames generated by adjacent slits
can ignite each other to develop a tubular swirl flame, which
greatly improves the stability of flame and creates a stable
high-temperature environment for the continuous synthesis of
large-scale production of UCNPs [28], [40], [41].

The fine atomization system is located at the bottom of the
center of the reactor, and the core device of such system is two
fluid atomizing nozzles. The precursor liquid was injected into
the two fluid atomization nozzles by a syringe pump at a fixed
rate of 1200 mL· h−1. At the same time, air with rate of 15
L·min−1 was injected into the nozzle to atomize the precursor.
The precursor was evenly dispersed in the atomized air and
gradually developed into an aerosol. The uniformly dispersed
aerosol would pass through the pipe like swirl flame and be
ignited to form spray flame. Y2O3:Yb3+/Ho3+ UCNPs would
gradually nucleate and grow in the spray flame area and be
surged up by the thermal current. An aluminum water-cooled
stagnation substrate was adjusted to be directly above the spray
flame for the collection of UCNPs. A large temperature gradient
will be formed below the water-cooled stagnation substrate, and
the synthesized UCNPs will be finally deposited on the lower
surface of the substrate through thermophoresis process. Under
these conditions, the production rate of UCNPs is ∼40 g· h−1,
and the production rate can be further improved by increasing
the total metal concentration and feed rate of the precursor.

C. Characterization

The crystal morphology and composition of
Y2O3:Yb3+/Ho3+ UCNPs were confirmed by X-ray diffraction
(XRD) with Cu K radiation at 40 kV and 50 mA (Rigaku
SmartLab SE). The size and morphology of Y2O3:Yb3+/Ho3+

UCNPs were examined by transmission electron microscopy
(TEM, Titan G260-300). For photoluminescence measurements,
2 mg of the prepared sample particles were dispersed in 4 mL
ethanol by ultrasonic for 20 minutes. UCNPs were excited by
a 980 nm fiber coupled diode laser with a focusing diameter
of about 1.5 mm. The UC emission spectra were recorded
by a lens coupled grating monochromator (Omnil-l3072i,
Zolix) equipped with an integrated photomultiplier tube
(PMTH-S1-R928).
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Fig. 1. Schematic of the swirl-stabilized spray flame reactor for large-scale production synthesis of UCNPs.

III. RESULTS AND DISCUSSION

A. Structure and Morphology

The crystal phase and morphology characteristics of ultra-
small Y2O3:Yb3+/Ho3+ UCNPs were examined by XRD and
TEM. The results are shown in Fig. 2. The XRD patterns of
Y2O3:Yb3+/Ho3+ UCNPs with different doping concentration
ratios are shown in Fig. 2(a). From the XRD results, the diffrac-
tion peak positions and relative intensities of Y2O3:Yb3+/Ho3+

UCNPs are consistent with the pure cubic phase Y2O3 typical
PDF card (JCPDS file No. 86-1107) [28]. With the change of
doping concentration, there is no obvious diffraction peak drift
or impurity peaks in the XRD spectrum of Y2O3:Yb3+/Ho3+

UCNPs, indicating that the UCNPs with different doping ratios
are highly crystallized and are all pure Y2O3 cubic phases. The
incorporation of Yb3+ and Ho3+ ions has a little effect on the
crystalline phase of Y2O3 nanoparticles.

Fig. 2(b)–(g) present the representative TEM results of
Y2O3:Yb3+/Ho3+ UCNPs, which is consistent with the Y2O3

nanoparticles synthesized in other related studies [28], [41]–
[45]. Particle size distributions with different doping concen-
trations are offered inserts of the corresponding TEM im-
ages. From the results of particle size distribution, the average
size of Y2O3:Yb3+/Ho3+ UCNPs is ∼14 nm. The size of
Y2O3:Yb3+/Ho3+ UCNPs changes little for different doping
concentrations, indicating that the doping of Yb3+ and Ho3+

ions has no obvious effect on the particle size of Y2O3 nanopar-
ticles. Significantly, the flame-made Y2O3:Yb3+/Ho3+ UCNPs
are of∼14 nm, which are much smaller than those Y2O3 UCNPs
made by other methods [10], [30], [31]. The morphology of

Y2O3 nanoparticles synthesized by flame is mainly determined
by its crystalline phase and tends to be non-spherical. This
is because the high temperature environment and temperature
gradient in the flame reactor make Y2O3 nanoparticles be syn-
thesized so rapidly, which leads to the result that the sintering
time is shorter than the collision time so that the nanoparticles
change from amorphous state to crystalline state [28].

B. UCL Properties

The flame-made Y2O3:Yb3+/Ho3+ UCNPs were excited by
the 980 nm laser to figure out UCL properties. We get the optimal
doping concentration (Copt) of flame-made Y2O3: Yb3+/Ho3+

UCNPs by analyzing the impact of Yb3+ and Ho3+ doping
concentrations. The Copt refers to the doping concentration
obtaing the maximal UCL intensity [1]. The power dependence
on UCL intensity and the lifetime of such flame-made UCNPs
are also discussed in detail.

1) Impact of Yb3+ Concentration: To investigate the impact
of Yb3+ concentration onto the UCL properties of the flame-
made Y2O3: Yb3+/Ho3+ UCNPs and obtain the Copt of Yb3+,
a set of Y2O3:Yb3+/Ho3+ (x/1, x = 1, 2, 4, 6, 8, 10, 15 and
20 mol%) UCNPs were synthesized by SFSP method. Excited
by a 980 nm fiber coupled diode laser with a focusing diameter
of about 1.5 mm, the spectra of the samples were recorded,
as shown in Fig. 3(a). All UCL spectra consist of two major
Ho3+ emission bands: (1) the green emission band at ∼553
nm, assigned as the 5F4, 5S2 → 5I8 transitions; (2) the red
emission band at ∼669 nm, corresponding to the 5F5 → 5I8
transition, showing strong green and relatively weak red UCL
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Fig. 2. (a) XRD patterns of Y2O3:Yb3+/Ho3+ UCNPs with different doping concentration (x/1, x = 1, 6, 10 and 6 / y, y = 0.01, 0.1, 0.6 mol%). TEM images of
Y2O3:Yb3+/Ho3+ UCNPs; (b) Y2O3:Yb3+/Ho3+ (1/1 mol%); (c) Y2O3:Yb3+/Ho3+ (6/1 mol%); (d) Y2O3:Yb3+/Ho3+ (10/1 mol%); (e) Y2O3:Yb3+/Ho3+

(6/0.01 mol%); (f) Y2O3:Yb3+/Ho3+ (6/0.1 mol%); (g) Y2O3:Yb3+/Ho3+ (6/0.6 mol%).

[46]. Due to the reaction environment of high temperature flame,
the crystal field surrounding the Yb3+ and Ho3+ ions in UCNPs
were affected, leading vibrational peaks within emission bands
broadened and merged with each other so that cannot be seen.
We integrated different segments of these spectra, the total, green
and red UCL intensities of different Yb3+ doping concentration
UCNPs were determined and shown in Fig. 3(b). The total UCL
intensity of UCNPs was recorded and shown as the orange line
with hexagonal icon in Fig. 3(b). According to the orange line,
when the Ho3+ doping concentration is 1 mol%, the total UCL
intensity of UCNPs first enhances with the increase of Yb3+

concentration until reaches the maximum at the Yb3+ concentra-
tion is 6 mol%. After that, the concentration of Yb3+ continues
to increase and the UCL intensity was gradually weaken. For
explanation, when the Yb3+ concentration is lower than Copt,
the greater number of Yb3+ ions will transfer more energy to
Ho3+ ions, and the UCL efficiency of UCNPs enhances. When
the concentration of Yb3+ ions exceeds the Copt level, the energy
back transfer (EBT) process will gradually become the major
part in the UCL process, so that the UCL intensity is gradually
weaken [1]. Therefore, it can be considered that the Copt value
of Yb3+ is 6 mol% under this condition. The other two lines
in Fig. 3(b) further confirm that the Copt of Yb3+ is equal to 6
mol%, which respectively reflect the green (the green line with

circular icon) and red (the red line with diamond icon) UCL
intensities as a function of Yb3+ concentration, which are of the
same rule above. Fig. 3(c) displays the intensity ratio of red and
green UCL intensities (R/G ratio) of the samples with differ-
ent Yb3+ concentrations. The R/G ratio of Y2O3:Yb3+/Ho3+

UCNPs are all lower than 0.5, and it confirms that the UCNPs
mainly emit bright green and relatively weak red UCL, the red
UCL is much lower than that of green.

2) Impact of Ho3+ Concentration: According to the UCL
principle of UCNPs, when Ho3+ ions work as activators, with
the doping concentration gradually increasing from 0 to Copt,
the number of luminescence centers increases so that the UCL
intensity will gradually increase. When the Ho3+ concentration
exceeds Copt, owing to the strong interaction between adjacent
Ho3+ ions, the absorbed excitation energy produces a strong
cross-relaxation process between Ho3+ ions resulted in fluores-
cence quenching, so that the UCL intensity of UCNPs decreases
with the further increase of Ho3+ concentration. To obtain the
Copt of Ho3+, another set of Y2O3:Yb3+/Ho3+ (6/x, x = 0.01,
0.04, 0.08, 0.1, 0.2, 0.4, 0.6, 0.8, 1, 1.5 and 2 mol%) UCNPs
was synthesized by SFSP method, and the UCL spectra were
also recorded and shown in Fig. 4(a). The two obvious UCL
peaks of these spectra are exactly corresponding to the strong
green (∼553 nm) and relatively weak red (∼669 nm) UCL.
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Fig. 3. (a) UCL spectra of Y2O3:Yb3+/Ho3+ (x/1, x = 1, 2, 4, 6, 8, 10, 15 and 20 mol%) UCNPs at the power density of 565.9 W · cm−1. (b) The intensity of
UCL as a function of Yb3+ concentration. (c) R/G ratio curve varying with Yb3+ concentration.

Fig. 4. (a) UCL spectra of Y2O3:Yb3+/Ho3+ (6/y, y = 0.01, 0.04, 0.08, 0.1, 0.2, 0.4, 0.6, 0.8, 1, 1.5 and 2 mol%) UCNPs at the power density of
565.9 W · cm−1. (b) The intensity of UCL as a function of Ho3+ concentration. (c) R/G ratio curve varying with Ho3+ concentration.
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Fig. 5. (a) UCL spectra of Y2O3:Yb3+/Ho3+ (6/0.1 mol%) UCNPs excited by 980 nm laser with different pump power. (b) Pump power dependence of UCL
intensity of Y2O3:Yb3+/Ho3+ (6/0.1 mol%) UCNPs.

The same method was used to obtain the curves that reflect the
relationship between UCL intensity and Ho3+ concentration,
and the results are shown in Fig. 4(b). The orange line with
hexagonal icon in Fig. 4(b) reflects the total UCL intensity as a
function of Ho3+ concentration. According to the line, when the
Yb3+ doping concentration is equal to the Copt (6 mol%), the
total UCL intensity of UCNPs rapidly enhances to the maximum
where the Ho3+ concentration is only 0.1 mol%. After that, the
UCL intensity decreases fast while the concentration of Ho3+

continues to increase. To some extent, this may indicate that the
UCL capability of the flame-made Y2O3:Yb3+/Ho3+ UCNPs
is much more sensitive to the doping concentration of Ho3+

that compared to the influence of Yb3+ concentration. From
Fig. 4(b), it is clear that the Copt value of Ho3+ is 0.1 mol%
under this condition. The Copt level of Ho3+ is much lower,
because there is a stronger interaction between Ho3+ ions so
that factors which weaken UCL, like concentration quenching,
are easier to occur while the concentration of Ho3+ is little higher
[1]. The other two lines in Fig. 4(b) are related to the green (the
green line with circular icon) and red (the red line with diamond
icon) UCL intensities as a function of Ho3+ concentration, and
they further confirm that the Copt of Ho3+ is 0.1 mol% and
reflect the same rule. Fig. 4(c) displays the R/G ratio of these
samples with different Ho3+ concentration. The R/G ratios of
Y2O3:Yb3+/Ho3+ UCNPs are all lower than 0.3, and it means
the green UCL accounts for a higher proportion of the total UCL.
This indicates that the change of Ho3+ concentration shows
more impact in green UCL and less in red UCL. Compared
to the R/G ratio as the function of Yb3+ concentration, the
concentration of Ho3+ may play a more important role for UCL
of Y2O3:Yb3+/Ho3+ UCNPs.

3) Pump Power Dependence of UCL Intensity: It is well
known that there is a nonlinear dependence between UCL in-
tensity (Iuc) and laser pump power (P):

Iuc = αPn (1)

where n is the number of photons required to produce UCL, α
is the material correlation coefficient [1]. To further discuss the
UCL principle of Y2O3:Yb3+/Ho3+ UCNPs, the UCL spectra
which were excited by the 980 nm laser were measured as a
function of pump power, and the sample particles with Copt

of Yb3+ and Ho3+ (6 mol% and 0.1 mol%) were selected
for measurement. Fig. 5(a) shows the UCL spectra with the
excitation of different laser pump power. From these spectra, it
is clear to find that the UCL intensity of nanoparticles gradually
enhances with the increase of laser pump power from 1.5 to
4.0 W. Fig. 5(b) shows the linear relations between the UCL
intensities at 553 and 669 nm, and laser pump power after
taking the logarithm. The slope of the fitting curve reflects the
number of photons (n) required for UCL. The n values at 553
and 669 nm are ∼1.73 and ∼1.20 respectively, which are all
between 1 and 2, indicating that the corresponding UCL are
all two-photon processes. The experimentally measured value
of n is not an integer and the value is smaller than 2, which
is because of the cross-relaxation effect in the UC process and
the energy loss caused by non-radiative transition [11], [29],
[47]. The temperature quenching and thermal damage caused
by high-power laser heating will also make n smaller [47]. In
addition, the “saturation effect” caused by too high pump power
is also the reason for the decrease of measured n.

C. Impact of Synthesis Conditions

The self-build swirl-stabilized spray flame reactor is the key
part for our preparation of UCNPs, which is also different to
the traditional flame aerosol method. Generally, the speed of
inject fuel, oxidant and precursor parameters will mainly affect
the establishment of flame condition, and further affect the mor-
phology, size and optical properties of the UCNPs. Therefire, we
have further adjusted some synthesized parameters to compare
the UCL properties of the obtained Y2O3:Yb3+/Ho3+ UCNPs.
The synthesis conditions are given in Table I. The particle size
and production rates of UCNPs are still provided in Table I.
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TABLE I
SYNTHESIS CONDITIONS

Fig. 6. (a) UCL spectra of UCNPs and (b) intensity comparation of different emission band with condition from A to G.

Fig. 6(a) shows the UCL spectra of UCNPs with different
synthesis conditions from A to G and Fig. 6(b) compared their
intensities for different UCL. Obviously, the UCL properties
remain almost unchanged for Y2O3:Yb3+/Ho3+ UCNPs fabri-
cated with different synthesis conditions. The UCL properties
of flame-made Y2O3:Yb3+/Ho3+ UCNPs are of high stability,
and such a stability is meaningful for large scale industrial
production.

Different synthesis conditions mainly affect the production
rate of Y2O3:Yb3+/Ho3+ UCNPs. The production rates with
different synthesis conditions are recorded in Table I. The high-
est production rate was obtained with condition A. The fuel and
oxidant are used for building swirl flame, which are used for
stabilize the flame environment and ignite the spray flame. When
the speed of fuel and oxidant is not appropriate, the stability
of combustion will be reduced and production rate reduced
accordingly. The speed of precursor is the main parameter to
affect production rate of UCNPs, the higher speed of precursor
will generally accompany with better production rate, but if the
speed is so high that the precursor is not completely atomized,
production rate will also be affected.

D. UCL Mechanisms of Y2O3:Yb3+/Ho3+ UCNPs

The schematic energy level diagram is proposed and shown in
Fig. 7. for an in-depth understanding of the UCL mechanism of
Y2O3:Yb3+/Ho3+ UCNPs, The ground state absorption of Ho3+

Fig. 7. The energy transfer mechanisms for the UCL process in
Y2O3:Yb3+/Ho3+ UCNPs.

ions by 980 nm laser excitation can be finished with the assist
of Yb3+ ions. Yb3+ ions in the ground state (2F7/2) will absorb
excitation energy of 980 nm laser and be transitioned to 2F5/2

level (2F7/2 → 2F5/2), and then the excitation energy absorbed
by Yb3+ ions are transferred to Ho3+ ions in 5I8 level to realize
ground state absorption process. Phonon assisted non-resonant
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Fig. 8. Decay curves for transition (a) 5F4, 5S2 → 5I8 and (b) 5F5 → 5I8 of Y2O3: Yb3+/Ho3+ (x/1 mol%) UCNPs, and transition (c) 5F4, 5S2 → 5I8 and (d)
5F5 → 5I8 of Y2O3: Yb3+/Ho3+ (6/x mol%) UCNPs.

energy transfer plays an important role in this process because
there is an energy difference of ∼1580 cm−1 between the 2F5/2

level of Yb3+ ions and the 5I6 level of Ho3+ ions [1].
Ho3+ ions in 5I8 level can be transitioned to 5I6 level by the

above process. After that, Yb3+ ions will return to the ground
state and continue to repeat the sensitization process above.
Ho3+ ions in 5I6 level will then continue to absorb energy from
Yb3+ ions until be transitioned to5F4 or 5S2 level (5I6 → 5F4,
5S2). And part of Ho3+ ions at 5F4 level or 5S2 level can still
further drop to 5F5 level through non-radiative transition process.
In addition, Ho3+ ions at 5I6 level can still drop to 5I7 level
through non-radiative transition process, and then absorb the
energy until be transitioned to 5F5 level. Through all the above
process, the flame-made Y2O3: Yb3+/Ho3+ UCNPs will realize
the population of upper levels (5F4, 5S2 and 5F5). Next, Ho3+

ions in the upper levels can emit bright green (∼553 nm) and
relatively weak red (∼669 nm) UCL through 5F4, 5S2 → 5I8
and 5F5 → 5I8 processes, respectively [48], [49]. Moreover,
there is a strong EBT: 5F4, 5S2 (Ho3+) + 2F7/2 (Yb3+) →

5I6 (Ho3+) +2F5/2 (Yb3+) between Yb3+ ions and Ho3+ ions,
which decreased the population of Ho3+ ions at 5F4, 5S2 and
affected the lifetime of UCL [22], [28].

To further understand the UCL mechanisms, the decay curves
of Ho3+: 5F4, 5S2 → 5I8 and 5F5 → 5I8 transitions under the
excitation of 980 nm pulse laser were measured and displayed in
Fig. 8. The single exponential function was used to fit the decay
curve for obtaining lifetimes of green (553 nm) and red (669
nm) UCL, the results are shown in Fig. 8. It can be clearly seen
from Fig. 8(a) and (b) that the lifetime of green UCL exhibits
a gradual decline trend as increasing the Yb3+ concentration,
which drops from 374.06 to 143.21 μs. It is powerful evidence
to show the existence of EBT process 5F4, 5S2 (Ho3+) + 2F7/2

(Yb3+) → 5I6 (Ho3+) +2F5/2 (Yb3+) between Yb3+ ions and
Ho3+ ions [22], [28]. The EBT process will cause depopulation
of the 5F4, 5S2 state so that the green UCL lifetime decrease. As
the depopulation of the 5F4, 5S2 state, the non-radiative transition
process population (5F4, 5S2 → 5F5) decreases and results in
the red UCL lifetime showing same decline trend as increasing
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TABLE II
ENERGY TRANSFER EFFICIENCY FOR Y2O3:Yb3+/Ho3+ (X/1 mol %) UCNPS

the Yb3+ concentration, which drops from 577.03 to 166.37
μs. We still reported the lifetimes of green (553 nm) and red
(669 nm) UCL with different Ho3+ concentration (Fig. 8(c) and
(d)). The lifetime increases while Ho3+ concentration is lower
than 0.1 mol%, which is exactly the Copt of Ho3+. When the
concentration is over than 0.1 mol%, the absorbed excitation
energy produces a strong cross-relaxation process between Ho3+

ions resulted in fluorescence quenching so that the lifetime
decreases [1], [22].

Furthermore, Equation (2) was used for calculating the energy
transfer efficiency from Yb3+ ions to Ho3+ ions [50]:

ηET = 1− τY b/Ho

τHo
(2)

where τY b/Ho and τHo are the average lifetime of the transition
5F4, 5S2 → 5I8 (669 nm) of Ho3+ ions in Y2O3:Yb3+/Ho3+ (x/1
mol%) UCNPs doped with and without Yb3+ ions, respectively.
The results are show in Table II. The energy transfer efficiency
gradually increases from 40% to 77% as the doping Yb3+

ions vary from 1 to 20 mol%. In addition, the quantum yield
(QY) was also tested with integrating sphere. The flame-made
Y2O3:Yb3+/Ho3+ UCNPs get the average QY of ∼0.162%,
which is not too high, and it maybe caused by the ultrasmall
particle size. The surface area of the smaller UCNPs which
places a higher percentage of the dopant lanthanide ions closer to
the surface. This leads to an increase of non-radiative relaxations
of the emitting and intermediate levels by solvent molecules and
hence an overall decrease in the QY [51].

IV. CONCLUSION

In conclusion, SFSP was firstly used for synthesizing Y2O3:
Yb3+/Ho3+ UCNPs. We successfully fabricated the ultrasmall
Y2O3:Yb3+/Ho3+ UCNPs in a self-build swirl-stabilized spray
flame reactor with a high production rate of ∼40 g·h−1.
Y2O3:Yb3+/Ho3+ UCNPs synthesized by SFSP shows high
UCL stability with different preparation condition, which ex-
actly meet the needs of large-scale industrial production. Excited
by 980 nm laser, the synthesized UCNPs emit bright green (2F4,
5S2 → 2F5 / 2) and relatively weak red (5F5 → 5I8) UCL. All
these nanoparticles synthesized by SFSP are of cubic phase with
an average size of ∼14 nm. We still found the Copt of Yb3+ and
Ho3+ in Y2O3:Yb3+/Ho3+ UCNPs synthesized by SFSP, which
are 6 mol% for Yb3+ and 0.1 mol% for Ho3+. The UCL spectra
of Y2O3:Yb3+/Ho3+ UCNPs with different conditions were
given to confirm these results. In addition, the UCL mechanisms
of flame-made Y2O3:Yb3+/Ho3+ UCNPs were also discussed
in detail. Our results suggest that we successfully synthesized

ultrasmall Y2O3:Yb3+/Ho3+ UCNPs by SFSP method, and
such method is feasible to achieve large-scale production of
continuous one-step synthesis of UCNPs.
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