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Upconversion (UC) properties of Y2O3:Ho3+/Yb3+ spherical particles synthesized by spray pyrolysis 
were investigated by changing the dopant concentration and calcination temperature. Citric acid (CA), 
ethylene glycol (EG) and N, N-dimethylformamide (DMF) were used to control the microstructure of 
Y2O3:Ho3+/Yb3+ particles. In terms of achieving the highest UC green emission intensity, the optimal 
concentrations of Ho3+ and Yb3+ were found to be 0.3% and 3.0%, respectively. In addition, the UC 
intensity of Y2O3:Ho3+/Yb3+ showed a linear relationship with the crystallite size. The use of organic 
additives allows Y2O3:Ho3+/Yb3+ particles to have a spherical and dense structure, resulting in signifi-
cantly reducing the surface area while maintaining high crystallinity. As a result, the UC emission inten-
sity of Y2O3:Ho3+/Yb3+ particles having a dense structure showed the UC emission intensity about 3.8 
times higher than that of hollow particles prepared without organic additives. From those results, when 
Y2O3:Ho3+/Yb3+ particles are prepared by the spray pyrolysis process, the use of the CA/EG/DMF mix-
tures as organic additives has been suggested as an effective way to substantially increase the UC emis-
sion intensity.
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I. INTRODUCTION

Upconversion (UC) phosphors can emit visible light 
through by near-infrared (NIR) excitation and have many 
applications including sensors, solar cells, optics, and se-
curity inks [1–5]. The UC luminescence intensity or color 
varies depending on the dopant type and host composition. 
To achieve excellent UC luminescence, the host materi-
als should have low phonon energy [6, 7], and the dopants 
should effectively absorb NIR light with an appropriate en-
ergy level structure. Rare-earth (RE) ions such as Er3+, Ho3+ 
and Ym3+ are the primary activators for UC phosphors be-
cause of their good energy level structure. Yb3+ has a large 
absorption cross-section area with an energy level structure 
suitable for transferring the absorbed photon energy to oth-
er UC activators mentioned above. As a result, the Yb3+ co-

doping as a sensitizer can enlarge the absorption of 980 nm 
NIR photons and improve UC emission through effective 
energy transfer (ET) to activators [8]. 

Luminous efficiency and color purity are key criteria for 
the selection and evaluation of phosphors. In particular, the 
high luminescence intensity of phosphors is indispensable 
in most applications. Therefore, it is important to develop a 
method to improve the emission intensity. The phase purity, 
crystallinity and microstructure of phosphors, which are di-
rectly affected by the synthetic method and heat-treatment 
conditions, are important factors that have a great influ-
ence on the luminescence properties [9–13]. The higher 
the crystallinity, the higher the luminescence that can be 
obtained due to the reduction of bulk defects known as non-
luminescent sites [14–16]. Also, phosphor particles with a 
dense structure often show better luminescence than porous 
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particles [17, 18]. Accordingly, many researchers are mak-
ing great efforts to find new synthetic conditions or novel 
synthetic methods by which phosphor particles with both 
high crystallinity and a dense structure can be achieved. 
Given this, spray pyrolysis is considered one of the prom-
ising synthetic techniques. Spray pyrolysis as an aerosol 
process can continuously produce particles from precursor 
droplets through drying and pyrolysis processes in a high 
temperature reactor [19, 20]. The resulting particles are 
spherical, with micron to submicron size, and exhibit a nar-
row size distribution. So, the spray pyrolysis has been ap-
plied to prepare a variety of phosphors [21–24]. 

Yttrium oxide (Y2O3) is known as one of the promising 
UC host materials because it has a low phonon energy as 
well as an ionic radius similar to that of RE dopants [25, 26]. 
Under the excitation of 980 nm laser, Ho3+/Yb3+ co-doped 
Y2O3 has an intense green emission due to the 5F4/

5S2 → 5I8 
transition of Ho3+ and the effective ET from Yb3+ to Ho3+ 
in the Y2O3 host [26]. In addition, the co-doping of Li+ 
or Zn2+ was reported to enhance the UC luminescence of 
Y2O3:Ho3+/Yb3+ [27, 28]. Until now, liquid-phase synthetic 
approaches were applied to prepare the Y2O3:Ho3+/Yb3+ 
particles. To the best of our knowledge, there are no reports 

of synthesizing Y2O3:Ho3+/Yb3+ particles using spray py-
rolysis. Therefore, in this work, Y2O3:Ho3+/Yb3+ particles 
were synthesized by spray pyrolysis and the influence of 
crystallinity and microstructure on the UC properties of 
Y2O3:Ho3+/Yb3+ were investigated.  

II. EXPERIMENTS

Y2O3 (99.99%; MilliporeSigma, MO, USA), Ho2O3 
(99.99%; Alfa Aesar, MA, USA) and Yb(NO3)3·5H2O 
(99.99%; Alfa Aeser, MA, USA) were used as the starting 
precursors to prepare (Y2-x-y,Hox,Yby)O3 particles. Citric 
acid (CA), ethylene glycol (EG) and N, N-dimethylfor-
mamide (DMF) were used as organic additives. Y2O3:Ho3+/
Yb3+ particles were synthesized by a spray pyrolysis 
method. The apparatus consists of an ultrasonic aerosol 
generator with 12 vibrators of 1.7 MHz, a quartz reactor 
(OD = 55 mm, length = 1200 mm) and a Teflon bag filter. 
To prepare spray solutions, Y2O3 and Ho2O3 precursors 
were dissolved by using nitric acid HNO3 (60%; Samchun 
Chemicals, Seoul, Korea) with purified water in advance. 
Next, Yb(NO3)3·5H2O and organic additives were added to 
the previous solution. The concentration of precursor solu-

FIG. 1. UC emission spectra (a, c) and emission intensity as a function of mole % of dopants (b, d) for (Y2-x-y,Hox,Yby)O3 particles 
prepared by spray pyrolysis. 
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tion was fixed at 0.2 M. In (Y2-x-y,Hox,Yby)O3, the Ho3+ con-
tent was controlled from 0.05 mol% (x = 0.001) to 0.75% (x 
= 0.015) and the Yb3+ content from 1.0% (y = 0.02) to 7.5% 
(y = 0.15). To control the microstructure of Y2O3:Ho3+/Yb3+, 
the CA/EG or CA/EG/DMF mixtures were added to the 
precursor solution. The concentration of CA, EG and DMF 
were fixed at 0.1 M, 0.1 M and 1.0 M, respectively. The 
precursor solution prepared was turned to droplets via the 
aerosol generator and carried into the quartz reactor main-
tained at 900 °C by air of 30 liter/min. The resulting pow-
ders were collected by the Teflon bag filter installed at the 
end of the quartz reactor and calcined within a box furnace 
for 3 h at different temperatures of 1000 to 1400 °C. 

The UC spectrum of the prepared Y2O3:Ho3+/Yb3+ pow-
ders was measured using a fluorescence spectrometer LS55 
(Perkin Elmer, MA, USA) under excitation of a 980 nm 
IR laser PL980P330J (Optoenergy, Chiba, Japan) of about 
810 mW. X-ray diffraction patterns were obtained using an 
X-ray diffractometer Miniflex 600 (Rigaku,Tokyo, Japan) 
to confirm the crystal structure of all samples. Changes in 
particle morphology and microstructure were monitored by 
scanning electron microscopy (SEM), MIRA (TESCAN, 
Brno, Czechia). The surface area of the prepared Y2O3:Ho3+/
Yb3+ powders was obtained by the BET (Brunauer-Emmett-
Teller) method from the nitrogen adsorption isotherms mea-
sured at 77 K using a ASAP 2010 apparatus (Micromeritics 
Instrument Co., GA, USA) after pretreatment at 200 °C 
under vacuum. 

III. RESULTS AND DISCUSSION

The activator concentration is an important factor in 
determining the luminescence intensity of a phosphor. 
As the activator concentration increases, the luminescent 
site increases, so that the luminescence intensity may in-
crease. However, there are critical concentrations at which 
emissions reach a maximum. When the activator content 

exceeds the critical concentration, non-luminescent ET 
between the activators occurs, resulting in the concentra-
tion quenching, which reduces the luminescence intensity. 
Even with the same phosphor, the critical concentration 
may differ depending on the synthesis method. This is be-
cause the distribution of the activator in the host lattice is 
affected by the synthesis method. Therefore, the optimal 
activator concentration should generally be determined 
experimentally. In order to find the optimal Ho3+ and Yb3+ 
concentrations, the UC emission of Y2O3:Ho3+/Yb3+ was 
monitored by varying the dopant concentration without us-
ing organic additives. Figure 1 shows the effect of the Ho3+ 
and Yb3+ concentrations on the UC properties. Y2O3:Ho3+/
Yb3+ prepared exhibits an intense green peak at 555 nm due 
to the 5F4/

5S2 → 5I8 transition of Ho3+. There are also weak 
red and NIR peaks, which are due to the 5F5 → 5I8 (672 nm) 
and 5F4/

5S2 → 5I7 (765 nm) transitions of Ho3+, respectively. 
In Fig. 1(b), the UC emission intensity is shown as a func-
tion of Ho3+ concentration. At a constant Yb3+ concentra-
tion (1.0%), as the Ho3+ concentration increases, the UC 
emission intensity of Y2O3:Ho3+/Yb3+ increases, reaching its 
maximum value at x = 0.006 (0.3%), then rapidly decreas-
ing. At the fixed Ho3+ concentration (0.3%), the UC emis-
sion of Y2O3:Ho3+/Yb3+ was monitored with increasing Yb3+ 
concentration. The resulting UC emission spectra and the 
green emission intensity are shown in Figs. 1(c) and 1(d), 
respectively. The green UC intensity shows the maximum 
at the Yb3+ concentration of 3.0%. No significant change 
in the emission peak shape was observed by the change of 
Ho3+ and Yb3+ concentrations. From this, it was found that 
the optimum concentrations of Ho3+ and Yb3+ for obtaining 
maximum luminescence intensity were 0.3% and 3.0%, re-
spectively.

To see the effect of post thermal treatment on the UC in-
tensity, the prepared Y2O3:Ho3+/Yb3+ particles were calcined 
at different temperature from 1000 to 1400 °C. Figure 2 
shows the UC spectra and XRD patterns of Y2O3:Ho3+/Yb3+ 

FIG. 2. UC spectra (a) and XRD patterns (b) of Y2O3:Ho3+/Yb3+(0.3%/3%) powders calcined at different temperatures. 

θ
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(0.3%/3.0%) powders. The UC intensity gradually increas-
es as the calcination temperature increases. The observed 
XRD patterns are well matched with JCPDS #43-1036, 
indicating that the prepared Y2O3:Ho3+/Yb3+ particles have 
a cubic phase. In addition, no impurity peaks are detected 
over the entire calcination temperature range. The average 
crystallite size of the prepared Y2O3:Ho3+/Yb3+ particles 
was calculated by Scherrer’s formula using the XRD data 
for the peak of (222) plane in cubic Y2O3. The resulting 
crystallite size is shown within Fig. 2(b). As the calcina-
tion temperature increases from 1000 °C to 1400 °C, the 
crystallite size steadily increases from 37.1 nm to 52.4 nm. 
Figure 3(a) shows the UC emission intensity and crystallite 
size as a function of calcination temperature. UC emission 
and crystallite size increase with increasing temperature. In 
polycrystalline oxides, the larger the crystal size, the higher 
the crystallinity. Increased crystallinity reduces bulk defects 
that can act as non-luminescent sites. Figure 3(b) shows the 
relationship between crystallite size and UC intensity for 
Y2O3:Ho3+/Yb3+ phosphors. The UC intensity increases lin-
early with the crystallite size. Therefore, the increase in UC 
intensity with increasing the calcination temperature is due 
to the enhancement of crystallinity. 

The particle morphology of Y2O3:Ho3+/Yb3+ prepared 
was monitored by SEM analysis. As shown in Fig. 4(a), 
the as-prepared Y2O3:Ho3+/Yb3+particles are spherical but 

hollow. When particles are prepared by spray pyrolysis, 
hollow structures are frequently observed because the rapid 
evaporation of water initiates the precipitation of precursors 
on the surface of the droplets, forming a porous layer due to 
the gaseous compounds released by pyrolysis. Figures 4(b) 
and 4(c) show the SEM images of Y2O3:Ho3+/Yb3+ particles 
obtained after the calcination at 1200 and 1400 °C. The 
sample calcined at 1200 °C has the spherical morphology 
and the porous shell layer consists of nano-sized crystals. 
Even at 1400 °C, the particles are close to spherical but still 
porous. 

Porous structures are not good for UC emission be-
cause they provide many surface areas with defects that 
kill luminescence. Thus, a dense structure is expected to 
be better than a porous structure. In this work, organic ad-
ditives including CA/EG and CA/EG/DMF mixture were 
introduced into the precursor solution to make spherical 
particles with a dense structure. Figure 5 shows the SEM 
images of as-prepared particles prepared using different or-
ganic additives. All the as-prepared particles have spherical 
morphology, but their inner structures are different depend-
ing on the type of organic additives. As shown in Fig. 5(a) 
and 5(b), when no additives were used, the resulting par-
ticles are hollow. In the case of using the CA/EG mixture, 
most of the particles prepared have a filled morphology. As 
shown in Figs. 5(c) and 5(d), however, they are still porous 

FIG. 4. SEM photos of Y2O3:Ho3+/Yb3+ particles prepared by spray pyrolysis: (a) As-prepared, (b) 1200 ℃, and (c) 1400 ℃.

FIG. 3. UC emission intensity and crystallite size of Y2O3:Ho3+/Yb3+(0.3%/3%) calcined at different temperatures (a). Green 
emission intensity as a function of crystallite size (b).
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and some large particles are hollow. When the mixture of 
CA, EG and DMF is added to the precursor solution, the 
resulting particles are dense as shown in Figs. 5(e) and 5(f). 
The different microstructure of the as-prepared particles 
can be identified by the post thermal treatment. From the 
SEM images shown in Fig. 4, it is clear that the Y2O3:Ho3+/
Yb3+ particles prepared without any organic additives have 
hollow structures. Figure 6 shows the SEM images of the 
Y2O3:Ho3+/Yb3+ particles prepared using organic additives 
and calcined at 1200 °C. Y2O3:Ho3+/Yb3+ particles prepared 
with organic additives have the different microstructure 
compared to those synthesized without organic additives. 
When the Y2O3:Ho3+/Yb3+ particles are prepared using the 

CA/EG mixture, the hollowness, such as the structure of a 
soccer ball, disappeared, but most of particles have pores 
large enough to be visible to the naked eye in the SEM 
photo. As shown in Fig. 6(b), relatively large particles show 
the porous structure like an ant-cave structure. Also, there 
are relatively small particles with a dense structure without 
observable pores as shown in Fig. 6(c). In the case of using 
the CA/EG/DMF mixture as an organic additive, the result-
ing Y2O3:Ho3+/Yb3+ particles have a dense structure and no 
pores visible to the naked eye in the SEM photos. Such a 
dense structure can be identified in both large and small 
particles, as shown in Figs. 6(e) and 6(f). 

Figure 7 is a schematic diagram showing the proposed 

FIG. 5. SEM photos of as-prepared Y2O3:Ho3+/Yb3+ particles prepared from the precursor solution containing no additives (a, b), 
CA+EG (c, d) and CA+EG+DMF (e, f).

FIG. 6. SEM photos of Y2O3:Ho3+/Yb3+ particles prepared using the additives of CA/EG (a–c) and CA/EG/DMF (d–f). All samples 
were calcined at 1200 ℃.
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particle formation mechanism based on the experimental 
results on the microstructure of Y2O3:Ho3+/Yb3+ particles. 
When an organic additive is not used, surface precipitation 
occurs as the precursor droplets dry. Surface precipitation 
begins when the surface concentration of the salt precur-
sor reaches first at the point of supersaturation due to rapid 
water evaporation. This surface precipitation creates a po-
rous shell layer. This shell layer gradually thickens as the 
salt precursor precipitates on the inner surface of the shell 
with evaporation of water. Eventually, a complete hollow-
structured precursor precipitate is formed when the water 
vaporization of the droplets is complete. The pyrolysis 
of salt precursors produces many gaseous compounds. If 
the formed shell layer is sufficiently porous to allow these 
gaseous compounds to escape, finally hollow spherical par-
ticles are formed. When a mixture of CA and EG is added 
to the precursor solution, a very important reaction takes 
places in the step where the droplets are dried, unlike the 
case without organic additives. CA chelates the salt precur-
sors to become a metallic citrate, which can participate in 
esterification reactions with EG. The reaction of CA and 
EG with a metal precursor, called the Pechini process, is 
accelerated inside droplets with increasing temperature. 
The esterification reaction between metallic citrate and EG 
produces a polymeric matrix with all salt precursors immo-
bilized. Therefore, when using the CA/EG mixture as the 
organic additive, no surface precipitation occurs during the 
drying step. Conversely, as the water evaporates, gelation 
occurs through the Pechini process, which leads to volu-
metric precipitation of salt precursors and form a precursor 
precipitate of a filled structure instead of a hollow structure. 
The polymerized organic additive mixed with the salt pre-
cursor is thermally decomposed in the pyrolysis step to pro-

duce a large amount of gaseous compounds. These gases 
make the particles more porous. Resultantly, the Y2O3:Ho3+/
Yb3+ particles prepared using the CA/EG mixture have 
a spherical structure filled with many pores, such as ant 
cave structures. When particles are synthesized by spray 
pyrolysis, the microstructure is highly dependent on the 
drying properties of the solvent. The use of a drying control 
chemical agent (DCCA) slows the drying rate of the water 
and causes volumetric precipitation of salts in the water 
droplet. In general, DCCA is an organic liquid with a much 
higher boiling point than water. Therefore, the precipitate 
will coexist with DCCA after the water is completely evap-
orated, and precipitates can become dense because DCCA 
dries slowly at high temperature above 100 °C. When DMF 
is further used with the CA/EG mixture, particles of dense 
structure are produced. DMF acts as a DCCA because its 
boiling point is higher than that of water. Therefore, DMF 
allows a dense structure to be formed in the pyrolysis step 
after the drying of water is completed. 

Figure 8 shows the UC spectra and XRD (X-ray diffrac-
tion) patterns of Y2O3:Ho3+/Yb3+ particles prepared using 
organic additives and calcined at 1200 °C. The use of or-
ganic additives significantly improve the UC emission of 
Y2O3:Ho3+/Yb3+ particles, which can clearly be seen in the 
photo for UC emission under 980 nm NIR (Near-Infrared) 
illumination shown in the inset in Fig. 8(a). The highest UC 
emission is observed when using the CA/EG/DMF mixture 
as the organic additives. According to the XRD data, there 
is no difference in crystal phase regardless of the type of 
organic additive. To investigate the influence of organic ad-
ditives on the crystallinity of Y2O3:Ho3+/Yb3+ particles, the 
crystallite size was calculated using the Scherrer’s formula, 
and the resulting values are summarized in Table 1. The 

FIG. 7. Schematic diagram showing the formation mechanism of particles when using organic additives in the spray pyrolysis 
process.
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calculated crystallite sizes of Y2O3:Ho3+/Yb3+ particles syn-
thesized using CA/EG and CA/EG/DMF mixtures are about 
47.2 and 48.4 nm, respectively. Meanwhile, the Y2O3:Ho3+/
Yb3+ particles synthesized without organic additives have 
a crystallite size of about 46.4 nm. Thus, the organic ad-
ditives used improve the crystallinity of Y2O3:Ho3+/Yb3+ 
particles. This improved crystallinity is one of the reasons 
for increasing the UC emission intensity when Y2O3:Ho3+/
Yb3+ particles are prepared by spray pyrolysis using organic 
additives. To confirm the densification of Y2O3:Ho3+/Yb3+ 
particles through the introduction of organic additives, the 
BET surface area was measured and summarized in Table 
1. The BET surface area of the samples prepared using the 
CA/EG and CA/EG/DMF mixtures is 1.26 and 0.99 m2/g, 
respectively, which is much smaller than that of Y2O3:Ho3+/
Yb3+ (3.40 m2/g) prepared without organic additives. The 
reduction of the BET surface area reflects a decrease in sur-
face defects as the particles become denser. Therefore, the 
reduction in the surface area by the densification is helpful 
for increasing the UC emission. As a result, the UC emis-
sion intensity of Y2O3:Ho3+/Yb3+ particles prepared using 
the CA/EG/DMF mixture is about 3.8 times higher than the 
sample prepared without organic additives due to both crys-
tallinity enhancement and particle densification.

IV. CONCLUSIONS

Y2O3:Ho3+/Yb3+ spherical particles were synthesized by 
spray pyrolysis. To achieve the highest UC emission in-
tensity, the optimal concentrations of Ho3+ and Yb3+ were 
determined to be 0.3% and 3.0%, respectively. It was found 
that the UC intensity of Y2O3:Ho3+/Yb3+ had a linear rela-
tionship with the crystallite size. Y2O3:Ho3+/Yb3+ particles 
prepared without the use of organic additives have a hollow 
structure. The hollow and porous structure of Y2O3:Ho3+/
Yb3+ was successfully controlled by introducing organic ad-
ditives into the precursor aqueous solution. As a result, the 
Y2O3:Ho3+/Yb3+ particles prepared using the CA/EG/DMF 
mixture as an organic additive showed a completely spheri-
cal and dense morphology. Densification of Y2O3:Ho3+/Yb3+ 
was confirmed by the large reduction in surface area. Con-
sequently, the use of organic additives not only makes the 
particles dense, but also maintains high crystallinity, which 
could greatly improve the UC emission of Y2O3:Ho3+/Yb3+. 
From those results, it was concluded that the use of organic 
additives for spray pyrolysis was effective in substantially 
increasing the UC emission intensity of Y2O3:Ho3+/Yb3+. 
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