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ABSTRACT:  

A multi-shelled sphere with a quarter-wave thick shells is known to act as a spherical Bragg 

resonator with a complete photonic band gap and have potential applications in photonics. 

However, no fabrication techniques have been established. In this work, core-shell-shell particles 

with a quarter-wave thick shells were synthesized by chemical solution processes for the first 

time. It consists of a Ce
3+

 doped Y2O3 nano particle core, a SiO2 first shell, and a Y2O3 second 

shell. The core and the second shell were fabricated by a homogeneous precipitation method and 

the first shell by a sol gel method. By carefully optimizing the reaction conditions, the shell 

thickness was controlled to a quarter optical wavelength for visible (500 nm) light with the 

standard deviation of thickness of the order of several nanometers. The scattering and 

photoluminescence spectra of single particles were studied, and they were well reproduced by 

Mie theory. The results indicate that luminescent properties of nano particles can be modified by 

a quarter-wave thick shells. The procedures can be extended for the fabrication of multi-shelled 

photonic bandgap structures, by simply repeating the SiO2 and Y2O3 coating processes.  
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A multi-shelled sphere with a quarter-wave thick shells is known to act as a spherical Bragg 

resonator.
1,2

 When the sphere consists of a core and alternating high and low refractive index 

shells, the shells work as a spherical Bragg mirror and photons can be confined inside the core 

three-dimensionally.
3
 As the core size decreases, the confinement region becomes smaller. It can 

reach a sub-100 nm scale, which is several orders of magnitude smaller than that in a 

conventional microsphere resonator utilizing whispering-gallery modes. The strong confinement 

significantly modifies the luminescent properties, such as radiative decay rate, of a luminescent 

dipole located inside the core due to the constructive or destructive interference of the near 

field.
4,5

 For example, in case of a Y2O3 nano particle with the radius of 65 nm, the coating of 12 

shells, consisting of TiO2 and SiO2, results in 500 times enhancement of the radiative decay rate 

at the resonant wavelength and suppression by 3 orders of magnitude at the off-resonant 

wavelength.
6
 The size of the 12 shelled particles is about 1 micrometer. The multi-shelled 

particles have potential applications to phosphors with inherently low quantum efficiency, such 

as quantum cutting
7,8

 and upconversion phosphors.
9-11

  

Fabrication of a multi-shelled sphere with a quarter-wave thick shells is very challenging. 

Renguo Xie, et al.
12

 formed multi-shells on the surface of CdSe nanocrystals by using a 

successive ion layer adhesion and reaction (SILAR) technique. Gia-Chi Chen, et al.
13

 formed 

multi-shells by using reverse micelle techniques, in which nanoparticles of desired shell material 

are sequentially adsorbed onto the core surface through electrostatic and 

hydrophilic/hydrophobic interactions. In these cases, however, the shells are thinner than several 

nanometers. This is one order of magnitude smaller than a quarter optical wavelength for visible 

light and is too thin to control the radiative decay rate. In case of a single shell, much thicker 

shells have been reported to be formed on the surface of nanoparticles. For example, a uniform 

Y2O3 shell was synthesized by simple chemical solution processes called as a homogeneous 

precipitation method.
14-17

 Uniform silica shells synthesized by a sol gel method have been also 

reported. In these reports, the shell thickness can be controlled in a wide range from nano- to 

submicron-scale.
18-25

 However, these coating techniques were used only for the formation of a 

single shell. In addition, there have been no reports on the precise control of the shell thickness 

to obtain a quarter-wave thick shells.  

In this work, we synthesize core-shell-shell particles with a quarter-wave thick shells. The 

particle consists of a Y2O3 core, a SiO2 first shell, and a Y2O3 second shell. Sol-gel and 

Page 2 of 11RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 

3 

homogeneous precipitation methods were used for synthesizing SiO2 and Y2O3 shells, 

respectively. We show that, by carefully optimizing the reaction conditions, the shell thickness 

can be controlled to a quarter optical wavelength for visible (500 nm) light with the standard 

deviation of the thickness of the order of several nanometers. The scattering and 

photoluminescence spectra of single particles are studied and they are well explained by Mie 

theory.
 26-30

  

Core-shell-shell particles were synthesized by chemical solution processes. Ce
3+

 doped Y2O3 

(Y2O3:Ce) core was fabricated by a homogeneous precipitation method. 0.01 M yttrium nitrate 

(Y(NO3)3•n-H2O, 99.99%), 0.1 mM cerium nitrate (Ce(NO3)3·6H2O, 98.0%) and 0.8 M urea 

((NH3)2CO, 99.0%) were dissolved in distilled water and the solution was heated at 75 °C for 6 

hours under vigorous stirring. The formed precipitates were then dried and annealed at 850 °C in 

2 hours to form Y2O3:Ce particles. Figure 1a shows a TEM image of Y2O3:Ce core particles. The 

particles are well dispersed and no agglomerates are seen. The inset is the higher magnification 

image. The particles are almost spherical. The radius of the Y2O3:Ce particles can be controlled 

from several tens to several hundreds nanometers by urea concentration (Figure S1). In this work, 

the average radius is controlled to 210 nm, corresponding to third quarter optical wavelength of 

500 nm for the Y2O3 refractive index (1.91). This size allows constructive interference of the 

dipole near field and leads to significant enhancement of the radiative decay rate if a quarter-

wave thick shells are formed.
 6

 The first SiO2 shell was prepared by a Stöber method. 3 ml NH3 

(aq, 28%), 200 l tetraethyl orthosilicate (TEOS) and 5 ml distilled water were added to 50 ml 

ethanol solution containing Y2O3:Ce core particles. After 5 hours stirring at room temperature, a 

SiO2 amorphous shell was formed. Figure 1b shows the TEM image of SiO2 coated Y2O3:Ce 

(Y2O3@SiO2) particles. The particles are spherical. In the inset, we can clearly see a SiO2 shell 

on the surface of a Y2O3 core particle. The shell thickness is about 90 nm. This corresponds to a 

quarter wavelengths of 500 mm for the SiO2 refractive index (1.45). SiO2 shell thickness can be 

controlled by the concentration of the precursor (TEOS) and the catalyst (NH3-aq) (Figure 

S2).
21,23,24

 The second shell of Y2O3 is synthesized by a homogeneous precipitation method. 0.01 

M yttrium nitrate and 0.8 M urea were added to distilled water containing the SiO2 coated 

Y2O3:Ce (SiO2@Y2O3) particles. The particles were then annealed at 950 °C to form a Y2O3 

shell. Figure 1c shows the TEM image of the Y2O3 coated Y2O3@SiO2 (Y2O3@SiO2@Y2O3) 

particles. Most of the particles are spherical. The SiO2 and Y2O3 shells cannot be seen because 
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the particles are too large for the electron beam to pass through. Figure 1d shows the size 

distribution of Y2O3:Ce, Y2O3@SiO2, and Y2O3@SiO2@Y2O3 particles, respectively. By coating 

the SiO2 and Y2O3 shells, the distribution shifts to larger sizes. The average radius of the 

Y2O3:Ce, Y2O3@SiO2, and Y2O3@SiO2@Y2O3 is 213.8, 304.3, and 370.6 nm, respectively. The 

difference in the size corresponds to the shell thickness. The thickness of the SiO2 and Y2O3 

shells are 91 and 65 nm, respectively. The SiO2 shell thickness is consistent with the TEM image 

in Figure 1b. The Y2O3 shell thickness is controlled to 65 nm, corresponding to a quarter optical 

wavelengths of 500 nm for the Y2O3 refractive index (1.91). It should be noted here that the size 

distribution does not increase by the coatings. The standard deviation () of the size distribution 

is 17.1 nm 17.3 nm, and 18.4 nm for the Y2O3:Ce, Y2O3@SiO2, and Y2O3@SiO2@Y2O3 

particles, respectively. This means that the shell thickness distribution is very small and the 

standard deviation is of the order of several nanometers. This is small enough to control the 

radiative decay rate by a quarter-wave thick shells.
6
  

 

Figure 1. TEM images of the prepared (a)Y2O3, (b)Y2O3@SiO2 and (c)Y2O3@SiO2@Y2O3 

particles. (d) The particle size distributions. 

 

It should be noted here that the reaction temperature (65 
o
C) and the urea concentration (0.2 M) 

for the Y2O3 shell coating process are lower than those for the Y2O3 core formation process 

(75
o
C, 0.8 M). In the milder reaction condition, heterogeneous nucleation on the surface of the 
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Y2O3@SiO2 particles dominates the homogeneous nucleation, resulting in the shell formation. 

Y2O3 shell thickness can be controlled from 30 to 70 nm by varying the amount of urea from 

0.10 to 0.30 M (Figure S3). This is much thicker than the report by G.Liu, et al., in which a 20 

nm thick Y2O3 shell was formed on the surface of SiO2 particles by using a similar method.
 31

  

 

 

Figure 2. Experimental and calculated scattering spectra of a single particle for the (a)Y2O3, 

(b)Y2O3@SiO2 and (c)Y2O3@SiO2@Y2O3 samples. Different colors are used for different 

particles. 

To evaluate the quality of the multi-shelled sphere, we measured the scattering and 

photoluminescence (PL) spectra of single particles. Figure 2a-c show some typical scattering 

spectra of Y2O3:Ce core particles, Y2O3@SiO2 particles, and Y2O3@SiO2@Y2O3 particles, 

respectively. The solid lines are the measured scattering spectra for 3 different particles and the 

dashed lines are scattering cross section spectra calculated by Mie theory.
29

 Different colors are 
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used for different particles. The particle sizes for the calculation were obtained from Figure 1d. 

Several Mie resonance peaks can be seen both in the calculated and experimental results, and the 

number of peaks increases as the number of shells increases. The peak wavelength of the 

measured scattering spectra agrees well with those of calculations, although the amplitudes are 

not fully reproduced. Qualitatively similar results were observed for other particles (Figure S4).  

 

 

Figure 3. Normalized PL spectra of a single particle for the (a)Y2O3@SiO2 and 

(b)Y2O3@SiO2@Y2O3 samples. Different colors are used for different particles. (c)Comparison 

of the normalized PL spectra of the Y2O3@SiO2 and Y2O3@SiO2@Y2O3 samples. (d) Ratio of 

the normalized PL intensity of the Y2O3@SiO2@Y2O3 particle to that of the Y2O3@SiO2 one 

(left axis) and the calculated ratio of the radiative decay rate of a luminescent dipole inside the 

core of the Y2O3@SiO2@Y2O3 particle to that of the Y2O3@SiO2 one (right axis).   
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Ce
3+

 doped Y2O3 nano particles are known to show a broad PL spectrum in the visible region.
 32

 

The broad spectrum is suitable to study the modification of radiative decay rate by the double 

shell. Figure 3a shows some typical PL spectra of single particles of the Y2O3@SiO2 sample. 

Different colors are used for different particles. The spectra are normalized to the peak intensity, 

because the intensity varies depending on the individual particles. The raw data are shown in 

Figure S5. The spectral shape is almost identical for all the particles, indicating that the local 

environment of Ce
3+

 is similar among these particles. Similarly, single Y2O3@SiO2@Y2O3 

particles show a broad PL spectrum, whose shape does not depend on the individual particles 

(Figure 3b). From figure 3a and 3b, we can notice that the spectral shape of the 

Y2O3@SiO2@Y2O3 particles is slightly different from that of the Y2O3@SiO2 particles.  Figure 

3c compares the spectral shape of single Y2O3@SiO2 and Y2O3@SiO2@Y2O3 particles. The 

particles were randomly chosen. We can see that the PL spectrum of a Y2O3@SiO2 particle 

becomes shaper after the Y2O3 shell coating. This sharpening was observed for other randomly 

chosen particles (Figure S6). The results imply that the Y2O3 shell coating modifies the PL 

property. Note that the local environment of Ce
3+

 is likely to be unchanged by the Y2O3 shell 

coating, because Ce
3+

 is placed inside the core surrounded by the SiO2 shell. To discuss the 

modification more quantitatively, the ratios of the PL intensity of the Y2O3@SiO2@Y2O3 

particle to that of the Y2O3@SiO2 one are shown in Figure 3d. The spectrum has two broad 

peaks around 480 and 580 nm. This can be explained by modification of radiative decay rate by 

the Y2O3 shell. The right axis shows the calculated radiative decay rate ratio of a luminescent 

dipole inside the core of Y2O3@SiO2 to that of Y2O3@SiO2@Y2O3. (The calculation procedures 

are shown in Supporting Information). We can see that the calculated ratio well reproduces the 

PL intensity ratio. The core radius and the thickness of the first and second shells are assumed to 

be 210, 91, and 65 nm, respectively, for the calculation. These are well consistent with the results 

of the TEM observations in Figure 1. Similar results were observed for other randomly chosen 

particles (Figure S7). Note that the radiative decay rate ratio is identical to the quantum 

efficiency ratio when the quantum efficiency is very small (See Supporting Information), and 

this is the case with the PL from Ce
3+

 doped in Y2O3 matrix.
33 

These results indicate that the 

core-shell-shell particles with a quarter-wave shell thickness were fabricated with high accuracy.  

In conclusion, we have synthesized core-shell-shell particles with a quarter-wave thick shells 

for the first time. It consists of the core of Ce
3+

 doped Y2O3 nano particle, the first shell of SiO2, 
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and the second shell of Y2O3. The core and the second shell were fabricated by a homogeneous 

precipitation method and the first shell by a sol gel method. The size of the particles is uniform 

and the standard deviation of the shell thickness distribution is of the order of several nanometers. 

The scattering and photoluminescence spectra of a single particle were modified by the shell 

coatings and the modification was well reproduced by calculations based on Mie theory. The 

results indicate that the core-shell-shell structure was fabricated with high accuracy. The SiO2 

and Y2O3 coating processes can be alternately repeated to increase the number of shells, which 

could be a possible approach for fabricating the multi-shelled sphere as a spherical Bragg 

resonator.   

 

SUPPORTING INFORMATION 

Measurement details of PL and scattering spectra of single particles; calculation procedures of 

normalized radiative decay rate and the relationship with quantum efficiency; TEM images of 

single Y2O3:Ce, Y2O3@SiO2, and Y2O3@SiO2@Y2O3 particles; PL and scattering spectra of 

single Y2O3:Ce, Y2O3@SiO2, and Y2O3@SiO2@Y2O3 particles. 
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