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ABSTRACT

Nanocrystalline ceria particles were prepared by using the ultrasonic spray pyrolysis method. The prepared ceria particles

were found to be spherical and non-agglomerated by the SEM and TEM analyses. It was found that carrier gas influences the

size and morphology. It was found that the air stream of carrier gas results in porous agglomerated structure of ceria abrasives,

whereas solid nano-sphere can be obtained in a more oxidizing atmosphere.
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1. Introduction

eria (CeO
2
) is an important abrasive material espe-

cially for glass and SiO
2
 polishing for display and

semiconductor devices. This material’s importance is espe-

cially true for the CMP (Chemical Mechanical Planariza-

tion) application in the semiconductor industry. As the

feature dimension shrinks below 100 nm, ceria CMP slurry

becomes more important because CMP scratches due to

abrasive significantly influences the yield of semiconductor

device. Recently, the concept of spherical and porous ceria

abrasive is emerging because the hardness and sharp facet

of abrasive can be scratch sources. Therefore, there has

been an effort to get porous and spherical ceria particles as

well as to eliminate abnormally large particles by classifica-

tion.

Porosity plays an important role in the scratch issue.

Abrasive composed of small microcrystals by agglomeration

is known to show better performance in scratch perfor-

mance than in conventional methods.1) Controlling the

porosity of ceria abrasive by USP (Ultrasonic Spray Pyroly-

sis) was the goal of this study, which might be useful for

scratch reduction in the CMP process. If the morphology of

porous agglomerate is partly induced, especially for larger

particles in size distribution, the porous abrasive can be bro-

ken into small ones under the down force in CMP process,

which results in scratch reduction.

Ceria particles can be prepared by using various tech-

niques such as mechanochemical process,2) hydrothermal

synthesis,3) microemulsion,4) jet milling,5) and sol-gel meth-

ods.6) However, it is still challenging to get an abrasive with-

out having a sharp facet and edge. Feng et al. obtained

spherical ceria particle by using the liquid flame pyrolysis

technique, but doping of titanium is required.7) The syn-

thetic method by Xu et al.8) requires additional equipment

to obtain spherical solid ceria and its particle size is large

for CMP abrasive which means that a diameter of ~100 nm

is needed . In this study, the preparation conditions to get

spherical solid ceria abrasive by using ultrasonic spray

pyrolysis synthesis was investigated. 

2. Experimental Procedure

2.1. Preparation of powder

The ceria powder was prepared by using an ultrasonic

spray pyrolysis. Cerium acetate hydrate (Aldrich 99.9%;

1.5% or 0.15%) was dissolved in water and mixed with

ethanol.(1 :2 W/EtOH) The precursor solution was sprayed

into fine mist by using a conventional ultrasonic nebulizer

with a resonant frequency of 1.65Mhz. The dry air stream

or Ar/O
2
 flow of 2L/min carried the mist into a high temper-

ature tubular quartz reactor. The length and diameter of

reactor were 1000 mm and 70 mm, respectively. The mist

was ignited by a 3-zone furnace, which led to combustion of

metal precursor and generation of cerium oxide particles.

The ceria powder in the stream was collected into the pow-

der collector. (Please refer to supplementary information for

more information about the equipment.)

2.2. Characterization of sample

The obtained samples were examined by XRD (X-ray dif-

fraction), TEM (Transmission Electron Microscopy), and

SEM (Scanning Electron Microscopy). Powder XRD pat-

terns were recorded at room temperature on a Rigaku

RINT-2000 diffractometer with a CuKα radiation source. X-

ray tube voltage and current were at 40 kV and 100 mA,

respectively. High resolution TEM experiments were con-

ducted using an electron microscope (model JEM-4010;

JEOL Ltd., Tokyo, Japan), operating at an accelerating vol-
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atage of 400 kV. A drop of sample solution, in which powder

was dispersed in ethanol, was placed onto a 300-mesh cop-

per grid coated with carbon. Field Emission-SEM images

were obtained with JSM-6701F (JEOL Ltd) with an acceler-

ating voltage of 15 kV. The samples were prepared by

attaching the powder to the carbon adhesive, which was

coated with platinum by sputtering. 

3. Results and discussion

The spray pyrolytic method was effectively applied

to nanoparticle synthesis because the produced ceramic par-

ticles had narrow size distributions, uniform shapes, and

controlled purity.8,9) In addition, there are the advantages in

the manufacturing process such as simple operation, contin-

uous process, easy control of chemical uniformity and sto-

ichiometric composition in multi-component metal oxides.

Pyrolytic method, however, has a drawback of its own

porous structure formation because of insufficient solute dif-

fusion and particle densification due to its fast evaporation

rate. Because of the solute concentration gradient created

during the evaporation of droplets, the precipitation of sol-

ute occurs first at the supersaturated surface when time for

solute diffusion in droplet is not available. It was also dis-

covered that experimental conditions in large scale synthe-

sis such as high solution concentration, short residence

time, and high temperature variation results in a more hol-

low and/or porous structure.10) The morphology of particles

is strongly influenced by the preparation condition in spray

pyrolysis and, therefore, the research direction in spray

pyrolysis has been focused on the control of the particle mor-

Fig. 1. Typical X-ray diffraction patterns of the ceria nano-
sphere obtained from cerium acetate precursor in air
at 750oC.

Fig. 2. FE-SEM images for ceria nano-sphere produced from (a) cerium acetate 1.5% in O
2
 flowing atmosphere (b)cerium acetate

1.5% in air (c) cerium acetate 0.15% in air at 750oC. Porous agglomerate are found especially for large particles(>1 µm). 
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In this work, the particles were prepared under the condi-

tion such as low solution concentration, long residence time,

and low gas flow rate in order to obtain more solid morphol-

ogy. The fragility of ceria abrasive was evidently beneficial

to scratch performance. However, hollow and fractured

nature of the abrasive should reduce the removal rate of

CMP slurry as a trade-off. Therefore, appropriate hardness

and fracture toughness are required to maintain the

removal rate (the polishing rate) without decreasing produc-

tivity per unit time of CMP process.

Figure shows the X-ray diffraction patterns of the samples

obtained at 750oC. The pattern is consistent with the char-

acteristic peaks of CeO
2
 with the CaF

2
 structure without

impurity phase and broad feature of XRD peak implies

nano-sized crystallization of ceria occurred. The yellow color

of the as-prepared sample also excludes any carbon compo-

nent remaining inside the particles. It was reported that

ceria from aqueous precursor solution exhibits higher crys-

tallinity than from the polymeric precursor solution.11) 

 Fig. 2 shows that crystalline ceria nano-spheres were syn-

thesized through ultrasonic spray pyrolysis of cerium acetate

precursor without any doping of metal ion. The ceria pre-

pared in an Ar(40%)/O
2
(60%) atmosphere at 750oC has spher-

ical and solid morphology. The particle size ranged from

100 nm to 1000 nm and the mean size was around 300 nm.

However, the abrasive prepared in an air flow of 750oC (pre-

cursor 1.5%) showed some porous agglomerated structure for

larger particles, which is composed of small nanoparticles

with <10 nm. The abrasive prepared from lower solution con-

centration (0.15%) exhibited a similar particle size and more

uniform size distribution. As shown in Fig. 3, when the pre-

cursor concentration was changed from 1.5% to 0.15%, the

mean particle size exhibited no significant change (~130 nm)

because the sintering between necked primary particles was

determined in the post drying stage.12) 

The high resolution TEM image (Fig. 3) clearly shows that

each particle is non-agglomerated and the shape is close to

an ideal nano-sphere. As shown in the HRTEM images, the

sample prepared in Ar/O
2
 flow shows solid spherical shape,

while on the other hand, the ceria prepared in the air

stream are porous agglomerates of nanoparticles(<10 nm),

which is not clear in the FE-SEM images. The ceria spheres

prepared in air exhibited more porous structure in which

primary grains are loosely bound to each other, which is

well consistent with the fact that the less dense and agglom-

erated nano-clusters are more frequently found in FE-SEM

(Fig. 2) for a large particle with the size of around 1 µm. 

4. Conclusion

The effects of the preparation condition on the morphology

of ceria particles were investigated in the ultrasonic spray

pyrolysis. In the oxidizing atmosphere, a solid nanosphere

was found, whereas less dense and porous structure

resulted from the stream of air, which corresponded to rela-

tively large particles in size distribution.  
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