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ABSTRACT 

A method for the preparation of submicron, monodispersed, 

spherical particles of aluminum hydrous oxide has been 

developed. The method consists of the hydrolysis of aluminum 

acetylacetonate in alcoholic solution by the direct addition 

of a base at room temperature. The effects of the process 

parameters including temperature, solvent, type and 

concentration of base, aluminum acetylacetonate concentration, 

and stirring time are examined as well as the process 

reproducibility, particle composition and particle stability. 

Results obtained have shown that monodispersed particles 

can be formed with a mean particle diameter of eighty five to 

two hundred and fifteen nanometers and the mean size is 

reproducible to within ten percent of the mean diameter. 

Particles that are redispersed in fresh solvent are stable for 

at least thirty days. 

A model is proposed which explains the kinetics of 

particle growth and the influence of experimental parameters 

such as temperature, pH, concentration and the solvent on the 

formation of particles. 
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1.0 Introduction 

Monosized submicron particles are useful as calibration 

standards, in scientific modeling studies, in the evaluation 

of contamination of electronic structures and in the synthesis 

of special ceramics (1,2). In the past, the only model 

monodispersed particles available to the electronics industry 

have been polystyrene latex particles. This limitation is due 

to the difficulty encountered in the preparation of monosized 

spherical particles of other materials. While polymer 

particles are semi-adequate for contamination studies, they 

do not truly represent the wide spectrum of particulate 

impurities that are known to cause problems during 

semiconductor processing. The removal of particulate 

contaminants is of paramount importance to the semiconductor 

industry and will become more crucial with future shrinking 

geometries. 2.5 micron geometries are sensitive to particles 

that are as small as 0.3 microns in diameter. The electrical 

functionality of future geometries of 0.5 micron are projected 

to be affected by particles as small as 0.05 micron (50 nm) 

in diameter (3). 

Particulate contamination is the number one cause of 

"killer" defects and in order to increase yields (and hence 

remain competitive) the industry must make a concerted effort 

to understand and eliminate contamination from processing. 
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With yields typically well below 90 percent, it is more 

profitable for the semiconductor companies to cut costs by 

improving yields rather than by reducing manufacturing costs 

(3). With the introduction of a 0.5 micron process planned 

for the near future (1991), major semiconductor companies are 

aggressively attacking the contamination issues (4). 

The impact of elemental and ionic contaminants on the 

electrical parameters of semiconductor devices has been 

studied in limited detail; however, the effects of metal oxide 

contamination have not been investigated. It was demonstrated 

that metallic contamination caused electrical defects such as 

an increase in the threshold voltage and decrease in the oxide 

breakdown voltage of semiconductor devices (5) . The effects 

of particulates in the form of oxides, however, are usually 

due to physical defects within subsequently deposited layers. 

One of the most common particulate contaminants in 

integrated circuit manufacturing is alumina. Alumina can be 

generated in-situ during several of the processing steps such 

as the etching of dielectric layers, from the corrosion of 

aluminum,or it can also be unintentionally introduced through 

chemicals, pyrex ware, sputtering systems, reactive ion 

etching, ion implant, people, vacuum chucks and photoresist 

(5) . 



13 

The explicit purpose for which this study was undertaken 

was to develop a stable dispersion of aluminum hydrous oxide 

particles which can be subsequently deposited onto integrated 

circuit wafers in order to model the effects that particles 

of different size and composition have on the electrical 

functionality of the integrated circuit. The particles will 

also be used to test the effectiveness of various liquid 

filtering systems. 

2.0 Background 

The development of monosized spherical particles is a 

relatively new field in chemistry and material science with 

the first study referenced in the literature for SiC>2 in 1967, 

when Stober and Fink prepared monosized silica for medical 

studies (6). In general, the most significant amount of work 

in this area has been done by Matijevic and his co-workers, 

who have prepared numerous oxides (7-23). 

Several techniques have been developed for preparing 

hydrous oxide particles; however, solution techniques are 

particularly advantageous due to the low process temperature 

requirements. Solution techniques include sol-gel, aerosol, 

emulsion techniques, and simple hydrolysis. Table One is a 

summary of typical processes which result in aluminum hydrous 

oxide particles. 



Tdfol.o I. A <t< >mf)a r i>11 of uovordl prticoiisc!; ("or (ho Kvri thesis 
of hydrom; aluminum oxide; from ;;olut.ion t ocliniques. 

Reference f 

Technique 

Procedure 

Initial Stability 

Proceas to 
Stabilise 

Shelve 
Life/Stablllxed 
Particles In 
Solution 

Reproducibility 

10 
Forced Hydrolysis 

alinlnun salts 
containing sulfate 
Ions are aged at 
least one day at 
98°C 

particles dissolve 
when solution 
cooled to room 
tewp. or adsorb on 
container walls at 
high temperatures 

add hot solution 
to NaOH at pH 9.7 

•extended" 

nean site not 
reproducible 

24 
Emulsion 

alinlnun sec 
butoxlde in a 
p e r f l u o r o -
p o l y e t h e r  
discharged with 
pressure Into 
water 

not stated 

perfluroether Is 
used as a 
functional end 
group 

not stated 

13 
Aerosol 

aluralnua sec* 
b u t o x i d e 
condensated in 
dropleta ft 
hydrolyzed by 
water vapor 

stable In air 

can be dispersed 
In water 

reproducible 

11 
Forced Hydrolysis 

otuninua sec* 
b u t o x l d e  
h y d r o l y z e d  
w/sulfate ft aged 
2 days at 99°C 

up to 6 days at 
99°C; dissolve at 
roca temperature 

centrifuge decant, 
redisperse In 
water at pH 10 

up to Z weeks 

not stated 

25 
Slipl* Hydrolysis 

alinlmn liopro-
poxlde added to 
water containing 
isopropanol at 
20°C In tha 
preaence of 
anaonfa 

not atated 

above solution fed 
Into reactor 
c o n t f i i n l n g  
ethylene glycol at 
W2C and 100 torr 
to diatill the 
alcoholic solvent 

renin dispersed 
w/o settling for 
one oonth; (not 
ststed whether 
tfxe ft dlst. are 
stable) 

not stated 

Nean/Std. 
Deviation 

-.5 p/n/narrow ave. diameter -
2 jun 

nodal diameter 
.18-.6 pra/narrow 

-.5 gm/narrow 60 rn/ 9r» (1SX) 
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Sol-gel techniques typically involve the acidic 

hydrolysis of an alkoxide in alcohol, in the presence of a 

catalyst, resulting in a fine suspension of colloidal 

particles. The term sol-gel is reserved for systems involving 

the hydrolysis of unstable metal organic compounds such as 

alkoxides. Sol-gel techniques are advantageous due to the 

inherent diversity in preparing single and multiple oxide 

systems. Spherical hydrous oxide particles with a wide size 

distribution have been prepared using this technique (11) . 

Silicon hydrous oxide (6, 31), titanium, zirconium and 

aluminum hydrous oxides have been prepared from the respective 

alkoxides frequently using ammonia as a catalyst (31) . In 

general, this technique is difficult to control due to the 

instability of the starting compound and the resulting 

particles are often porous (1). Unless the environment is 

tightly controlled, alkoxides will hydrolyze by moisture in 

air alone. This sensitivity to moisture yields a process 

which is not reproducible in mean particle diameter or size 

distribution. 

The aerosol process for generating powders consists of 

reacting an aerosol with a gas or water vapor. Uniform 

spherical aluminum hydrous oxide particles in the 10-40 nm 

size range with a wide size distribution have been formed by 

this process (2, 13, 14, 25-29). 

Emulsion precipitation involves the preparation of 
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particles by a chemical reaction between the dispersion and 

dispersed phases in an emulsion. Typically a metal alkoxide, 

contained within the dispersed droplets, is allowed to react 

with an alkali water solution. Spherical (hydrous oxide) 

particles in the micron size range are formed with a wide size 

distribution unless surfactant or cosurfactants are added to 

the solution. These additions are undesirable for the purposes 

of this study where control of the particle composition is 

critical. Aluminum hydrous oxide particles have been formed 

by this technique (24). 

The predominantly utilized method for making particles 

involves the hydrolysis of a metal salt in the presence of a 

complexing anion under basic conditions. If the starting 

compound can be easily hydrolyzed at ambient temperatures then 

it is considered a simple hydrolysis process. If high 

temperatures and extended periods of time are required, it is 

considered "forced hydrolysis." Particles formed at high 

temperatures have been found to be unstable at room 

temperature and require additional processing (10). Aluminum 

hydrous oxide particles have been successfully formed by this 

process (10, 18, 22, 30). 

The work reported in this thesis deals with the 

preparation of hydrous aluminum oxide particles by the 

hydrolysis of a highly stable (stability constants 

8.6;16.5;22.3) metal organic chelate, aluminum 
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acetylacetonate. The overall reaction can be written as 

follows: 

3 (OH- > 

A1 (CfltaCOCHCOCH3 )3 > AI2O3 nffcO + 3CH3COCHCOCH3 

The advantages of the process are the stability of the 

starting compound, the simplicity of the process steps, the 

low energy consumption, the reproducibility of particle size 

and distribution and the stability of the particles against 

flocculation. 

3.0 Materials 

All glassware was washed, rinsed in tap water, soaked in 

chromic acid, rinsed in de-ionized water and air dried. The 

solvents utilized (methanol, ethanol, and isopropanol) were 

of reagent grade. The aluminum acetylacetonate was obtained 

from Pflatz and Bauer, Waterbury, Ct. and was utilized without 

purification. 99.99% pure alumina (for FT-IR comparison) was 

obtained from Sumitomo Chemical Company. Sodium hydroxide, 

quaternary ammonium hydroxide, potassium hydroxide and 

ammonium hydroxide were of reagent grade. All bases were 

filtered with ashless No. 42 filter paper prior to use. 
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4.0 Experimental 

The aluminum acetylacetonate was added to the solvent and 

refluxed for one hour. After cooling, the solution was 

filtered with ashless No. 42 filter paper. The hydrolysis 

took place with stirring by magnetic stirrer and a 3/4 inch 

magnetic stirring bar, at room temperature and atmospheric 

pressure unless otherwise stated. The reaction vessel was a 

covered 150 cc beaker and the solution volume was 50 

milliliters, unless otherwise noted. The addition of base was 

in stoichiometric proportion (a hydroxide ion to aluminum 

cation ratio of three) unless otherwise stated. 

A typical hydrolysis experiment went as follows: 

A 50 milliliter aliquot of aluminum acetylacetonate in 

alcohol solution was hydrolyzed by the direct addition of a 

stoichiometric proportion of base while stirred. After at 

least five minutes (and up to eight hours, depending on the 

experiment) a sample was withdrawn from the beaker utilizing 

a disposable glass pipette and analyzed by a photon 

correlation spectrometer (particle size analyzer). 

The mean particle diameter and size distribution were 

determined by utilizing a Nicomp 260 Submicron Particle 

Analyzer (photon correlation spectrometer). The spectrometer 

was utilized in the Nicomp distribution mode for solid 

particles and measurements were made by relative volume. The 

Nicomp mode of analysis makes no assumptions about the shape 
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of the distribution and is able to distinguish bimodal 

distributions whereas the alternative mode of analysis, the 

Gaussian mode, forces a gaussian distribution. The accuracy 

of the analyzer was checked by utilizing standard spherical 

polystyrene latex particles made by Seradyn Corp. 

The Nicomp Analyzer has three parameters (the fit error, 

the residual and chi-squared) which give an indication of the 

fit of the actual particle distribution to the fitted 

distribution. The residual is an indication of dirt 

particles, air bubbles, or large particle aggregates which are 

"off-scale" and not being recorded. The fit error is the 

normalized root-mean-square difference between the theoretical 

(fitted) autocorrelation function and the actual measured one 

times 10,000. Good data are obtained when this value is less 

than 10 for a narrow single mode and less than three for a 

bimodal distribution with two narrow peaks. The chi-squared 

value is an indicator of how well the data fit a gaussian 

distribution. A good fit is obtained for values of 1.5 or 

less. 

The particles were examined with a Jeol JSM-840A scanning 

electron microscope. Samples were prepared for inspection by 

depositing them directly onto a carbon sample holder or by 

filtering the particles with a Meissner, Chemdyne 0.1 ^im 

membrane and mounting a section of the membrane on an aluminum 

sample holder which was subsequently sputter coated with 100 
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angstroms of gold-palladium. The method of directly 

depositing the particles onto a carbon sample holder was 

useful in observing bimodal distributions and very fine 

particles which may pass through the filter paper. However, 

the procedure resulted in poor contrast due to the amount of 

residuals deposited on the sample holder and due to the low 

particle density. 

Above ambient temperature experiments were run utilizing 

a double-jacketed reaction flask and circulating the water 

with a Masterline 2095 Bath and Circulator. 

Samples were prepared for Fourier Transform Infrared 

Spectroscopy by filtering and rinsing the particles with 

solvent, drying them at room temperature and pressing a pellet 

utilizing the KBr technique. The sample was analyzed 

utilizing a Beckman FT 1300 Spectrometer. 

Analysis for carbon was performed by Desert Analytics, 

Tucson, Arizona, using a Perkin Elmer 240-DF CHN analyzer. 

Inductively coupled plasma analysis for sodium and aluminum 

content was performed by Skyline Labs, Inc., Tucson, Arizona. 

X-ray analysis was performed with a GE XRD-5 X-ray 

DiffTactometer using a powder technique. Transmission 

electron microscopy was performed on a EM-200 Hitachi Electron 

Microscope. The isoelectric point was measured by electro

phoresis using a Zeta Meter. The particles were dispersed into 

0.005M KCL and the pH was adjusted with HC1 and NaOH. 



21 

5.0 Results and Discussion 

Several parameters were studied in order to optimize the 

conditions that yield reproducible suspensions of monosized 

particles in the submicron size range. The parameters 

considered were: the hydrolysis temperature, the stirring 

rate, the concentration of the starting solution, the type and 

concentration of the base, and hydroxide ion to aluminum 

cation ratio. These factors were examined in terms of their 

impact on particle size, distribution, morphology, stability 

and overall reproducibility of the process. 

The systems were then characterized and examined in order 

to optimize the dispersions for purposes of wafer deposition 

and subsequent correlation studies. The primary concern in 

this phase of development was the elimination of unwanted 

residuals (such as carbon, sodium and other bi-products of the 

hydrolysis reaction) which cause degradation to the integrated 

circuit structure, thus impairing the correlation between 

contaminant size and particle composition to electrical 

fallout. These residuals were minimized by filtering the 

particles from the mother liquid, rinsing them and then 

redispersing them in fresh filtered solvent. The long term 

stability of the dispersions was then examined. 
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5.1 Results 

5.1.1 Solvents 

The primary effect of the solvent was to dictate the 

metal acetylacetonate concentration range in which 

monodispersed spherical particles can be obtained. The most 

pertinent solvent characteristic is the viscosity. The 

viscosity and other properties of the solvents utilized are 

in Table 2 below. 

Table 2. Properties of Various Solvents at 25°C 

Solvent 

Methanol 

Ethanol 

Isopropanol 

Viscosity Density 
(centipoise) (g/cc) 

0.547 

1.102 

2.130 

0.7914 

0.7893 

0.7855 

Index of 
Refraction 

1.326 

1.359 

1.375 

The solubility of aluminum acetylacetonate in the three 

solvents was comparable after one hour of refluxing. 

Spherical particles were obtained with both ethanol and 

isopropanol. However, precipitation could not be induced 

when utilizing methanol. The isopropanol system produced 

monodispersed particles from concentrations of 0.0015M to 

0.005M such as those shown in the scanning electron micrograph 
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in Figure 1. Ethanol solutions produced a unimodal 

dispersion with a broad size distribution at concentrations 

of 0.01M through at least 0.05M. 

5.1.2 Solution Concentration 

The ethanol and isopropanol/acetylacetonate systems were 

examined in order to determine the effects of varying the 

aluminum concentration while maintaining a stoichiometric 

hydroxide ion concentration. The resulting mean particle size 

and standard deviations are shown in Figures 2 and 3. The 

ethanol system yielded bimodal particle distributions (as 

determined photon correlation spectroscopy) at concentrations 

of 0.007M-0.01M. These particles were observed to be non-

spherical (with no distinct shape) by scanning electron 

microscopy. At higher concentrations, unimodal solutions with 

a broad size distribution were formed. 

In contrast to the ethanol system, the isopropanol 

solutions resulted in three distinct regions at various 

concentrations: Monodispersed (0.0015M-0.005M); Bimodal 

(0.006M-0.01M); and Coagulation (above 0.01M). Figure 4 is 

a micrograph of particles from the coagulation regime. 

Isopropanol appears to be the most appropriate solvent for the 

aluminum acetylacetonate system. 
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Figure 1. Scanning electron micrograph of monodispersed 
aluminum (hydrous) oxide particles. (Condi
tions: 0.004M aluminum acetylacetonate in 
isopropanol, hydrolyzed under standard condi
tions [stoichiometric addition of 1M sodium 
hydroxide; 22+2 degrees C; stirring time of 
one hour].) 
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Figure 2. The effect of aluminum acetylacetonate con
centration (in ethanol) on the mean particle 
diameter and standard deviation as determined 
by photon correlation spectroscopy. (Standard 
conditions.) 
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Photograph: 1.4X 

Figure 4. Scanning electron micrograph of aluminum 
(hydrous) oxide particles formed from a 0.03M 
aluminum acetylacetonate in isopropanol. 
(Standard conditions.) 
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5.1.3 Comparison between Particle Size Measured by Photon 
Correlation Spectroscopy and Scanning Electron Microscopy 

A comparison was made between the values obtained for the 

mean particle diameters by photon correlation spectroscopy 

and by direct measurement from scanning electron micrographs. 

The photon correlation spectrometer was found to be fairly 

accurate in the monodispersed region of the aluminum 

acetylacetonate/isopropanol system. The mean particle 

diameter estimated by the particle size analyzer had a 

tendency to be approximately fifteen percent smaller than that 

measured by scanning electron microscopy as shown in Figure 

5. (The scanning electron microscope was found to be accurate 

to within one percent when analyzed utilizing a grid 

standard.) For particles produced in the ethanol systems, the 

size measured by photon electron spectroscopy was 

approximately forty percent too large for four different 

samples. 

The discrepancy in values obtained by the two methods 

was partially due to the approximation that the viscosity and 

index of refraction of the medium were equivalent to that of 

the solvent and partially due to the accuracy of the particle 

analyzer. When particles from a 0.004M solution were 

redispersed in clean isopropanol, they were approximately 

twenty percent larger than they were when in the original 
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Figure 5. Comparison of particle size distributions 
measured by A) scanning electron microscopy 
and B) photon correlation spectroscopy. 
(0.004M isopropanol solution, standard 
conditions.) 
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solution. Since the ethanol solutions were much more 

concentrated, the values would be expected to deviate more for 

ethanol solutions. When twelve samples from the same solution 

were analyzed by photon correlation spectroscopy, the standard 

deviation was nine percent of the mean particle diameter. 

When several samples were analyzed at one minute time 

intervals, it was found that the growth rates determined by 

the two methods agreed quite well. 

5.1.4 Growth Rates 

The growth rate of particles (in the concentration ranges 

which yielded various particle distribution classifications) 

was monitored in both isopropanol and ethanol systems. Mean 

particle diameters were used for this comparison in order to 

compensate for the effects of secondary nucleation. 

The growth rates resulting from various concentrations 

of aluminum acetylacetonate in isopropanol are shown in Figure 

6. Monodispersed particles grew at a rate of less than one 

nanometer per minute from ten to twenty minutes after 

hydrolysis. The samples were monitored continuously without 

stirring. Bimodal dispersions grew at a rate of approximately 

minus three nanometers per minute (under the same conditions) 

due to continual secondary nucleation. Particles resulting 

from higher concentrations grew at a rate of fifteen 

nanometers per minute. 
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Figure 6. Particle growth rate at various concentra 
tions of aluminum acetylacetonate in isopro 
panol. (Standard conditions.) 
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The ethanol solutions showed varying growth rates. The 

bimodal solutions (of non-spherical particles) had growth 

rates of approximately thirty nanometers per minute. The 

secondary nucleation in this case had already occurred prior 

to monitoring the solution and, in contrast to the isopropanol 

solutions, additional small nuclei were not forming. The 

modal diameters for both modes increased continuously. The 

particles grew at a rate of thirty nanometers per minute in 

the monodispersed region, as well. 

5.1.5 Base / Molarity and Concentration 

The molarity and strength of the base required for the 

hydrolysis of metal acetylacetonates is a function of the 

stability of the starting compound and is limited by the 

miscibility of the base in the starting solution. The metal 

acetylacetonates are highly stable compounds and require a 

strong base such as sodium hydroxide in order to hydrolyze 

them. Attempts at hydrolysis via ammonium hydroxide alone 

were unsuccessful. Table 3 summarizes the work done in an 

effort to produce monodispersed particles from potassium 

hydroxide and tetraethyl ammonium hydroxide. Examination by 

scanning electron microscopy showed a bimodal distribution of 

spherical particles for the solutions hydrolyzed with 1M 

potassium hydroxide and extremely fine (unresolvable) 
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particles for the 0.002M solution hydrolyzed with tetraethyl 

ammonium hydroxide. The majority of the experiments were done 

utilizing sodium hydroxide. 

Table 3. Experiments performed in an effort to form 
monodispersed particles by the hydrolysis of Aluminum 
Acetylacetonate with Potassium Hydroxide and Tetraethyl 
Ammonium Hydroxide. 

Aluminum 
Concentration 

0 . 0 0 1  

0 . 0 0 2  

0.004 

Base 
KOH 
1M 

1M 

1M 

Stirring 
Time 

lhr 

lhr 

20min 

lhr 

Temp.°C 

20 

22 

22 

Results 

bimodal 
X=175.5 o=49% 
(50 & 230nm) 

monodispersed 
X=249.8 O=10% 

monodispersed 
X=248.0 o=10% 

gelled 

0 . 0 0 1  

0 . 0 0 2  

0.004 

(Et)4 NOH 
1M 

1M 

1M 

20hrs 16-20 no reaction 

20hrs 16-20 500 & lOOnm 
particles, 

bimodal dist. 

lhr 18 very large 
particles,wide 
distribution 

0.004 2 . 8 M  20hrs 16-20 no reaction 
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The strength of the base that could be used was 

constrained by the miscibility of the base with the solvent 

and the quantity needed to meet stoichiometric requirements. 

10M sodium hydroxide was found to be immiscible in aluminum 

acetylacetonate solutions and 0.1M sodium hydroxide solution 

had to be used in such large amounts that the reaction mixture 

was diluted excessively and particle formation did not occur. 

1M sodium hydroxide solution exhibited good miscibility with 

aluminum acetylacetonate solutions in the concentration range 

of interest and hence was chosen for the investigation. 

The base was introduced to the solutions directly in all 

cases mentioned thus far. A few experiments were carried out 

in which the base was premixed with solvent (the sam^ solvent 

utilized for the starting solution) prior to adding it to the 

aluminum acetylacetonate solution. The results from these 

experiments were similar to those in which the base was added 

directly. Table 4. compares the results obtained from both 

methods. 

Table 4. Comparison of the mean particle diameter (nm) and 
standard deviation (percent of mean) for two methods 
of adding base in order to hydrolyze an aluminum 
acetylacetonate solution. 

Effective Solution Added Directly Added in solvent 
Concentration Mean Std. Dev. Mean Std. Dev. 

0.002 M 

0.004 M 

107 nm 

164 nm 

4% 

6% 

118 nm 5% 

144 nm 6% 
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The hydrolysis rate was enhanced by the addition of 

concentrated ammonium hydroxide (two percent by volume of 

18.75M) prior to final hydrolysis with 1M sodium hydroxide. 

The addition of ammonium hydroxide resulted in a decrease in 

the aluminum concentration at which monodispersed spherical 

particles were obtained from ethanol solutions (Figure 7) . 

However, a monodispersed region with a narrow size 

distribution was not observed in the isopropanol systems 

incorporating ammonium hydroxide (Figure 8). 

An experiment was run in order to ascertain the effects 

of hydroxide concentration at various aluminum concentrations 

(in the monodispersed region) and to determine the optimum 

concentration for obtaining a reproducible monodispersed 

dispersion. By working in an area where the mean particle 

size is least sensitive to hydroxide concentration, the 

reproducibility can be enhanced. 

Varying the hydroxide to aluminum concentration within 

the monodispersed region resulted in a linear relationship 

between mean particle diameter and hydroxide ion to aluminum 

cation ratio when the amount of base added was near 

stoichiometric in proportion as it is under normal processing 

conditions. The relationship deviated from linearity at 
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Figure 7. The effect of the addition of ammonium 
hydroxide prior to hydrolysis of ethanolic 
solutions of aluminum acetylacetonate. 
(Standard conditions with 1 ml ammonium 
hydroxide added five minutes prior to 
addition of sodium hydroxide.) 
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Figure 8. The effect of the addition of ammonium 
hydroxide prior to hydrolysis of aluminum 
acetylacetonate in isopropanol solutions. 
(Standard conditions with 1 ml ammonium 
hydroxide added five minutes prior to 
addition of sodium hydroxide.) 
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ratios below 2.25 for aluminum acetylacetonate concentration 

below 0.005M (Figure 9) . The effect of variations in hydroxide 

ion concentration on the mean diameter was minimized at a 

concentration of 0.002M. The shaded region in Figure 9 

indicates the monodispersed region where stable sols of a 

narrow size distribution (less than 10 percent) were obtained. 

Examination by scanning electron microscopy indicated that the 

particles, formed at high concentrations of hydroxide ions, 

lost their sphericity with aging. Low hydroxide ion to 

aluminum cation ratios resulted in low number densities of 

particles which were unresolvable with the scanning electron 

microscope indicating coagulation during specimen preparation 

(filtration). Figure 10 shows the aluminum concentrations and 

hydroxide ion concentrations required for the production of 

particles of a given size. 

When the effect of aluminum concentration (in the 

monodispersed region) was examined at fixed hydroxide ion 

concentrations the results varied as indicated by Figure 11. 

The variation in mean particle diameter with aluminum 

concentration was nearly linear (in this region) when 

stoichiometric proportions of base were added. 

The hydroxide ion concentration had the most significant 

effect on the variability of the particle size under a given 
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Figure 9. A plot showing the dependence of mean particle 
diameter on the hydroxide ion concentration at 
various concentrations of aluminum acetylacetonate 
in isopropanol. (Conditions: 22+2 degrees C; 
stirring time of one hour.) 
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Figure 10. A plot showing the hydroxide ion and aluminum 
concentrations necessary for the production of a 
given size particle. 
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Note: stoichiometric hydroxide ion concentrations 
are circled. (Conditions: 22+2 degrees C; stirring 
time of one hour.) 
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set of conditions. In the monodispersed region the solutions 

are so dilute that the amount of hydroxide ion concentration 

required is very small. Even slight variations in additions 

of the base resulted in a change in the mean particle 

diameter. A great accuracy in dispensing the small amounts of 

base was required or the reproducibility decreased. 

The process reproducibility was enhanced by utilizing an 

autodispense pipette as demonstrated by the process capability 

study for the 0.004M aluminum acetylacetonate/ isopropanol 

system (shown in Figure 12). 

5.1.6 Temperature 

The temperature of hydrolysis can directly effect the 

rate of reaction and possibly cause adverse effects to the 

particle size and distribution. Figure 13 shows the effect of 

hydrolysis temperature on the mean particle diameter in the 

isopropanol solutions. Discrete particles were not formed at 

50°C and the standard deviation of the mean particle diameter 

produced at 32° C started to fluctuate significantly at 

extended times. The mean particle size was relatively the same 

at temperatures of 15 to 32°C. All changes in size were within 

the normal process variation (less than ten percent). 
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Solution concentrations which resulted in bimodal 

dispersions of spherical particles when hydrolyzed at room 

temperature, yielded monodispersed particles when hydrolyzed 

at 10°C or lower. 

5.1.7 Stirring 

For the 0.002M aluminum solvent system, the mean particle 

size stabilized after one hour of stirring by a magnetic 

stirrer, when examined for extended periods of time at 

different temperatures under 32°C (Figure 13) . The results 

of stirring versus no stirring on the mean particle diameter 

and standard deviation were compared for a solution that was 

split after the initial five minutes of stirring. Subsequent 

stirring did not impact the mean size; however, the 

distribution was less stable for the unstirred solution. 

Hydrolysis did not occur without the initial stirring. 

An extended stirring experiment was performed on an 

0.001M aluminum acetylacetonate in isopropanol solution. 

After one hour of stirring, the solution was slightly cloudy 

but produced an inadequate photopulse rate for measurement on 

the particle analyzer. After twenty hours of stirring the 

solution produced an adequate photopulse rate and resulted in 

a mean particle diameter of 101.6 nanometers with a standard 

deviation of 4.3 nanometers (4%). 
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5.1.8 Seeding 

Surface scan equipment for the detection of particles on 

wafers must be calibrated in the submicron range in order to 

be utilized for subsequent correlation studies. Monodispersed 

solutions from 50 to 1000 nanometers (one micron) are 

desirable for calibration purposes. Unfortunately, large 

particles of a narrow distribution could not be obtained by 

a one-step hydrolysis process in the current system. 

Obtaining larger particles through a seeding process was a 

logical alternative. Utilizing particles formed from the 

process being investigated was advantageous for purposes of 

homogeneity as well as availability. Table 5 shows the 

results of several seeding experiments. 

A second experiment was also performed by adding one 

milliliter of 18.75M ammonium hydroxide to the solutions prior 

to hydrolysis with sodium hydroxide. The distribution 

remained monodispersed throughout the second addition of 

solution (Part 2c. above). After a fourth addition of fifty 

milliliters of 0.008M solution to 'a+b+c', the particles 

coagulated. 
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Table 5. The results of several seeding experiments. All 
experiments utilized stoichiometric addition of 
sodium hydroxide, room temperature hydrolysis, and 
were stirred for one hour after each addition. 

Procedure Effective Cone. 
Results 

Mean (nm) Std.Dev.(%) 

a.50mls 0.004M 0.004M 

b.+50mls 0.004M 0.002M* 

c.+50mls 0.004M to 0.002M 
50mls 'a+b' 

165.3 

201.6 

241.7 

5 

6 

d.+lOOmls 0.008M to 0.002M 
'a+b+c' 

250.3 

e.+lOOmls 0.008M to 0.004M 
lOOmls 'a+b+c+d* 

220.7 48 
(Bimodal) 

2. a. 50mls 0.004M 0.004M 175.4 8 

b.+50mls 0.008M 0.004M 217.1 10 

c.+50mls 0.008M to 0.004M 264.74 44 
50mls 'a+b' (Bimodal) 

3. a. 50mls 0.002M 0.002M 105.1 4 

b.+50mls 0.004M 0.002M 143.0 6 

4. a. 50mls 0.004M 0.004M 183.0 8 
b.+25mls 0.008M to 

25mls of 'a' 0.004M 231.9 9 
c.+50mls 0.008M to 

•b' 0.004M 228.3 9 
d.+lOOmls 0.008M to 

'c' 0.004M 249.9 10 

* The tabulated values assume that the aluminum in the 
original solution has been consumed. 
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5.1.9 Composition, Purity and Stability 

An inductively coupled plasma analysis showed that the 

particles (which were filtered, rinsed with isopropanol and 

dried at room temperature) contained an average of 23.12 

weight percent aluminum (with a standard deviation of 3.17 

percent) and an average of 11.1 percent sodium (with a 

standard deviation of 1.61 percent). The carbon content was 

found to be 3.17 weight percent by the combustion method. All 

samples used for the chemical analysis were prepared from a 

0.004M solution in isopropanol and hydrolyzed at 20+2 degrees 

C by addition of a stoichiometric proportion of 1M sodium 

hydroxide. 

A study was then done in order to determine whether or 

not the sodium could be removed from the particles and the 

mechanism by which sodium may be removed from the particles. 

The particles were again formed under the above conditions, 

rinsed in isopropanol, and dispersed into hot water. In one 

experiment the particle were immediately filtered from the 

water. In the other experiment the particles were boiled in 

water for one hour prior to filtration. Both were dried for 

three hours at 110°C. The particles which were immediately 

filtered were not ultrasonically redispersed while those which 

remained in the boiling water for one hour were. Table 6 

shows the elemental analysis results for these cases. 
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Table 6. Weight percent of carbon, sodium, and aluminum for 
particles which were formed from 0.004M isopropanol 
solutions, rinsed in isopropanol, dispersed into boiling 
water for various lengths of time prior to filtration and 
dried at 110°C for three hours. 

Time Weight Weight Weight 
Dispersed Percent Percent Percent 
in Water Carbon Sodium Aluminum 

0 1.87 0.57 33.75 

1 hour 1.65 0.38 40.60 

Figure 14 shows the FT-IR spectra for the starting 

material (aluminum acetylacetonate), high purity alumina 

dispersed in water and air dried, and particles that were 

prepared in isopropanol and either rinsed in isopropanol or 

rinsed in isopropanol and hot water. 

Examination by transmission electron microscopy revealed 

that the structure of the particles consisted of a core which 

appeared to be a coagulated mass of smaller particles (Figure 

15) . Figure 16 shows a TEM micrograph of a doublet and 

Figure 17 shows the particle size distribution. Figure 18 

shows a schematic representation of the particle structure. 

The particles were stabilized by removing them from 

solution (by filtration) after one hour of stirring, 

redispersing the particles into the same volume of pure 

filtered isopropanol, and ultrasonically dispersing the 

particles for thirty minutes (in ten minute increments of 

ultrasonically dispersing followed by ten minutes at rest.) 
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Figure 14. FT-IR Spectra from A) aluminum acetylace-
tonate, B) alumina, C) particles produced 
from a 0.004M isopropanol solution at room 
temperature. 
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Figure 15. TEM micrograph of particles formed by the 
standard process showing the internal 
structure of the particles. (0.004 M 
aluminum acetylacetonate in isopropanol, 
standard conditions.) 
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Magnification: 210,000x 
Mean Diameter: 142 nm 

Figure 16. TEM micrograph of particles formed by the 
standard process showing the formation of a 
doublet. (Conditions: 0.004 M aluminum 
acetylacetonate in isopropanol, 0.75X 
stoichiometric addition of 1 M sodium 
hydroxide, 22 degrees C, one hour stirring 
time.) 
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Figure 17. TEM micrograph of particles formed by the 
standard process showing the particle size 
distribution. (0.004 M aluminum acetylace-
tonate in isopropanol, standard conditions.) 
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Figure 18. Schematic representation of the particle 
structure showing approximate dimensions for 
a particle formed from a 0.004M solution 
under standard conditions. 
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The stability of the redispersed particles was monitored 

for thirty days. The particle analyzer reading varied 

slightly from day to day, with a mean particle diameter of 

198.8 nanometers and a standard deviation of 20.3 nanometers 

(10 percent), for a 0.004M solution prepared under standard 

conditions. However, this seemed to be due to the accuracy 

of the analyzer rather than a change in the particles, as the 

particles did not degrade with time as verified by scanning 

electron microscopy measurements. 

Redispersed particles from a 0.004M standard solution 

(one day old) were deposited onto two-inch wafers with a spin 

coater. An attempt was made to examine the particles with a 

Hamamatsu wafer surface inspection system; however, the 175-

nanometer particles were below the range of detection. Figure 

19 shows a scanning electron micrograph of particles deposited 

in such a manner. 

Figure 20 shows the plot of the zeta potential, of 

particles rinsed in isopropanol, versus pH. From the data, it 

can be seen that the isoelectric point occurs at a pH of 8.4. 
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Photograph: 1.4X 

Figure 19. Scanning electron micrograph of monodispersed 
aluminum hydrous oxide particles deposited 
onto a silicon wafer. (0.004 M aluminum 
acetylacetonate in isopropanol, standard 
conditions, redispersed in isopropanol.) 
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Figure 20. Zeta potential versus pH curve for the parti
cles synthesized under standard conditions 
from a 0.004M aluminum acetylacetonate 
solution. 
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5.2 Discussion of Process Parameters, Particle 
Characterization and Stabilization 

The aluminum concentration range from which spherical 

monodispersed particles could be obtained in ethanol was an 

order of magnitude higher than the concentration range in 

isopropanol. For the hydrolysis using 1 M sodium hydroxide 

solutions in ethanol and isopropanol, this concentration range 

could be roughly approximated by the equation: Ci = 10"x1 

where l<x<2 and "ri" is the viscosity of the medium. From the 

equation, it can be shown that a methanol system with a 

viscosity of 0.547 centipoise would have to be very 

concentrated and would require proportions of base which would 

result in immiscibility. This may explain why a process 

utilizing methanol could not be developed. 

In the ammonia catalyzed hydrolysis of alkoxides it was 

noted that the use of more viscous alcohols resulted in slower 

reaction rates, and larger particles with a broader size 

distribution (6) . This is directly in contrast to the results 

obtained for the hydrolysis of aluminum acetylacetonate; 

however, a direct comparison can not be made since solution 

concentrations and the type of base utilized are different. 

Both the concentration of the hydrolyzing base and the 

aluminum acetylacetonate affected the resulting mean particle 

diameter. The effect of the ratio of hydroxide ion to 

aluminum concentration {at constant aluminum concentration) 
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on the particle diameter was found to have a linear 

relationship in the region near stoichiometric proportions 

as displayed in Figure 9. When the aluminum concentration was 

varied at a fixed hydroxide ion concentration, the resulting 

plot of aluminum concentration versus mean particle diameter 

was again almost linear for stoichiometric additions of base 

(Figure 11). 

A comparison of Figure 3 to Figure 8 indicates that 

the addition of ammonium hydroxide prior to hydrolysis with 

NaOH did not change the mean diameter at the lower aluminum 

acetylacetonate concentrations of interest. It was shown in 

Figures 9 and 11 that if the base is a part of the reaction 

(assuming complete dissociation), an increase in its 

concentration will result in larger particles. Since this is 

not the case, it is believed that the ammonium hydroxide 

either undergoes partial dissociation or merely increases the 

miscibility of the base in the solution thus enhancing the 

reaction. This is supported by the fact that solutions of 

higher concentrations, which have immiscible proportions of 

sodium hydroxide added to them, were solubilized by the 

addition of ammonium hydroxide. Further evidence of this is 

given by the ethanol system, in which addition of ammonium 

hydroxide resulted in a narrower particle size distribution 

than that obtained by hydrolysis without ammonium hydroxide. 

The formation of monodispersed spherical particles is 
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a function of the rate of formation of aqueous alumina which 

will form particles and the rate of diffusional growth once 

particles have been nucleated. The balance between these two 

rates is the factor which determines the particle size 

distribution. If the concentration of dissolved alumina 

formed after initial nucleation can be adsorbed by the nuclei 

in the form of slow diffusional growth layer, then additional 

nuclei will not form and the resulting distribution will be 

monodispersed. If the rate of hydrolysis is so rapid that the 

additional product exceeds the limitations of diffusional 

growth (and sufficient product is formed), then secondary 

nucleation will occur and a multimodal dispersion may result. 

The reaction rate is primarily affected by concentration and 

temperature. 

The most significant effect of a reduction in temperature 

is to decrease the rate of formation of aqueous alumina. 

Concentrations in excess of 0.005 M resulted in bimodal 

dispersions when stirred for one hour at room temperature. 

These same solutions produced monodispersed particles when 

hydrolyzed at 5° C indicating that secondary nucleation could 

be arrested by decreasing the hydrolysis temperature. Hence, 

the strategy to form monodispersed particles in this situation 

appears to be one of reducing the hydrolysis rate. 

The spherical particles formed were verified to be 

amorphous by both TEM and x-ray diffraction. Previous 
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investigators have found that amorphous particles are 

typically produced when the hydrolysis products of metal ions 

polymerize. This polymerization can be direct through the 

formation of OH- or anion bridges. Crystalline particles are 

formed from the hydrolysis products of well defined ionic 

complexes (8,18) . 

Table 7 shows the identification of the infrared spectra 

peaks that were shown in Figure 14 and data obtained for 

aluminum hydrous oxide indicating that the material is clearly 

aluminum hydrous oxide (with some residual aluminum 

acetylacetonate). Aluminum acetylacetonate is characterized 

by a strong band in the vicinity of 1605 cm-1 range which is 

attributable to the carbonyl group vibration weakened by 

resonance between the C-O-M and C=0-M links. A second strong 

band is located near 1515 cm-1 which is most likely due to the 

C=C vibration. The very strong peak at 1400 cm-1 is due to 

the asymetric C-H deformation. (33). 

Infrared spectra of oxides and hydroxides of aluminum 

exhibit characteristic bands of Al-0 stretch, O-H bend, and 

OH stretch modes. The Al-0 stretch is a very strong or strong 

band located at a wavenumber of 720 to 780 cm-1 . The 0-H bend 

typically has two peaks from 950 to 1150 cm-1 that are medium 

to strong in intensity. The OH stretch consists of several 

peaks in the 1980 to 3500 cm-1 range (34). 
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Table 7. Infra-red Spectra of Aluminum Acetylacetonate, 
Alumina, and the Products of Hydrolysis as shown in Figure 
14 compared to A1(0H)3 (Ref. 34). (Wave Number vs. Intensity) 

Intensity: 
W Weak 
M Medium 
S Strong 

VS Very Strong 

Sample OH-Stretch OH-Bend Al-0 Stretch Unassigned 
(unless noted) 

A1(acac)3 3000 (W) 
2930 (W) 
2835 (W) 

2495 (W) 
2340 (W) 
1970 (W) 

1015 (S) 
935 (S) 

781 (M) 1605 (VS) C=0 
1530 (VS) C=C 
1400 (VS) CH 

asym.def. 
1280 (VS) 
1185 (M) 
700 (M) 
580 (M) 
490 (M) 

AI2 O3 3442 (W) 
2378 (W) 

743 (VS) 658 (M) 
588 (M) 
444 (M) 

Product 
from 

Isoprop. 
washed in 
IPA & water 

3430 (VS) 
2365 (S) 

1075 (S) 750 (M) 1643 (W) C=0 
1543 (W) C=C 
1403 (W) CH 
asym. def. 
622 (M) 
485 (M) 

Al(OH)3 
(Ref.33) 

3616 (M) 
3519 (S) 
3428 (VS) 
3378 (M) 
3361 (S) 

1015 (VS) 
964 (M) 

741 (S) 909 (W) 
826 (M) 
749 (S) 
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The potential factors that might affect the long-term 

stability of dispersions are: the pH (if one can be defined 

in the non-aqueous system under consideration) and 

consequential particle charge, the nascent size distribution 

of the particles and impurities and dopants. Several of these 

factors are inherent to the process. 

Particles are typically stable in a pH range above or 

below approximately two units from the isoelectric point. The 

isoelectric point of the prepared particles occurs at a pH of 

8.4 as shown in Figure 20. This value IEP is well within the 

range of those obtained for alumina (6.7-9.7,(35)). The final 

pH of a dispersion formed under standard conditions from a 

0.004M solution was approximately 11 thus the final dispersion 

of particles is electrically stable. 

With the exception of the dispersion made from 0.001 M 

solutions, all other unimodal dispersions were typically 

stable for one hour after stirring and eventually became 

bimodal due to secondary nucleation. The secondary nucleation 

can be arrested by removal and redispersion of particles in 

fresh solvent. The washing of particles is advantageous to 

sol stability because it removes excess reactant ions and 

organic groups derived from the starting materials adsorbed 

onto the particles. Removal of such contaminants is imperative 

to the long term stability of the solutions. 

The main objective of the research was to prepare 
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particles which can be used for electronic applications. The 

chemical analysis of the particles washed in isopropanol 

indicated a substantial amount of sodium (11.1 percent) which 

is a highly mobile ion which causes severe electrical 

degradation to integrated circuits. (Sodium levels in the 

parts per million range cause concern to the electronics 

industry.) Attempts made to remove the sodium by washing the 

particles in hot water and boiling the particles in hot water 

decreased the sodium content significantly (0.38 -0.57 

percent); however, boiling the particles in water for extended 

periods of time degraded the sphericity of the particles. 

Particles which were redispersed in isopropanol were 

stable for at least 30 days and the particles were easily 

spin-coated onto silicon wafers; however, ultrasonic 

dispersion just prior to deposition is mandatory in order to 

avoid clustering of the deposited particles. 

5.3 Particle Formation Theory 

The TEM micrographs of particles show a definite 

particulate structure to the core. The chemical analysis of 

particles washed in isopropanol has indicated a substantial 

amount of sodium in the particles. A plausible explanation 

for these observed characteristics could be as follows: 

The critical nuclei formed as a result of hydrolysis are 

originally negatively charged due to the alkaline nature of 
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the hydrolysis conditions. Under these conditions sodium ions 

would serve as counter ions and if present in sufficient 

quantity would result in coagulation of these nuclei. The 

diffusion layer that is observed occurs onto this coagulated 

mass of nuclei. Thus the sodium is trapped within the core 

of the particle. 

According to the DLVO (Derjaguin, Landau, Verwey, 

Overbeek) theory of colloid stability, coagulation begins to 

occur when repulsive and attractive forces between two 

particles are equivalent (36) . The "critical" coagulation 

concentration is the concentration of counter ions (ions with 

a charge opposite to that of the particles) required to 

suppress the repulsive forces between the particles to an 

extent that the attractive forces dominate. This theory of 

coagulation was applied in order to determine the minimum 

sodium concentration that will result in effective particle 

collisions. Calculations using the theory approximate the 

critical concentration of counter ion to be approximately 

equivalent to the amount that is available when stoichiometric 

proportions of sodium hydroxide are added to the aluminum 

concentration ranges which produced particles from ethanol and 

isopropanol (Appendix I) . The calculations indicated a 

minimum counter ion concentration of 0.003 M for particles 

formed in isopropanol, 0.007 M for particles formed in ethanol 

and 0.018 M for particles formed in methanol. 
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Under this theory the variables which affect the 

formation of particles are the solution pH, the temperature, 

and the counter ion concentration. The role of the pH in the 

process is such that a dispersion with a pH closer to the 

isoelectric point of the particles requires a smaller counter 

ion concentration (than a solution with a pH further away from 

the isoelectric point) in order for effective collisions to 

occur at a constant temperature. Increasing the temperature 

of the system, at constant pH, increases the repulsive force 

between particles and a larger counter ion concentration is 

required for coagulation. The occurrence of coagulation is 

ultimately determined by the critical counter ion 

concentration due to the increase in repulsive forces with 

decreasing concentration. If the counter ion concentration is 

depleted through adsorption or through entrapment during 

coagulation, then coagulation will be terminated once the 

counter ion concentration falls below the critical value. 

The minimum sodium concentration which will result in 

coagulation is 0.003 M according to calculation and 

experimental results. Thus a 0.004 M aluminum solution will 

have an excess of 0.009 M sodium if stoichiometric proportions 

of sodium hydroxide are added (assuming complete dissociation 

of the sodium hydroxide). In order for particle growth to be 

terminated through depletion of sodium, the final particles 

would require a 4:9 ratio of aluminum to sodium. The aluminum 



67 

to sodium ratio was found to be 2:1 so that it appears that 

growth is not terminated due to sodium depletion. 

In order to explain the termination of particle growth, 

the kinetics of particle formation were also studied. Three 

modes of particle growth (polynuclear, monolayer, and 

diffusional growth) have been proposed by Nielsen and the 

concept of a monolayer mechanism of growth has been used to 

model particle growth (37). 

The initial coagulation of the critical nuclei can be 

modeled by assuming the coagulation to be due to the formation 

of monolayers of critical nuclei onto another nuclei or due 

to bimolecular collisions of nuclei. The monolayer model 

assumes the larger particles to be stationary and the smaller 

particles to be moving and colliding into the larger 

particles. The bimolecular model assumes both particles to 

be moving and colliding into each other. The movement of the 

particles is in accordance to the Stokes-Einstein equation of 

diffusion, and the assumption that one particle is stationary 

and the other mobile becomes more valid as the difference in 

particle size increases for particles separated by the same 

distance (38). The observed induction time required for the 

critical nuclei to form must be included in the modeled growth 

curves. The equations which govern the particle growth rate 

according to the models are: 
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Bimolecular Collision Model 

t N  +  l  =  e 8/3 TT p 80 1 Id 1000 
C Ms o 1 1 d 

py/3 _2j|; [x3No n(10
-2 ) a3 2" 

4 P« RT 

Monolayer Model 

tn + i = a (2N+l)^>8/37r P solid lOOOV/3 -1 9 

where "tN+i- is the time for the N+l bimolecular collision to 

occur or for the "N+l" layer to form and "P" is the 

derivations and identification of other variables.) It can 

be seen from the equations that an increase in concentration 

"C" or a decrease in solution viscosity " n " (either by 

changing the medium or increasing the temperature) will 

decrease the time required for growth causing an increase in 

growth rate and final particle diameter. Figure 21 shows a 

comparison between the growth curves calculated from the 

models and experimental data for a 0.002 M aluminum in 

isopropanol solution under standard conditions, assuming a 

critical nuclei radius of three nanometers and the product to 

be natural Gibbsite (AI2O3 3H2O). The figure uses the observed 

induction time of 2.5 minutes. The momolayer model is somewhat 

accurate in the initial stages of growth but fails to predict 

probability of of collision. (See Appendix II for 
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Figure 21. Comparison of growth curves obtained from the 
bimolecular collision model, the monolayer 
model and experimental results for a 0.002M 
aluminum in isopropanol solution at room 
temperature. 
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the plateau in particle size. Diffusional growth eventually 

sets in as the production of nuclei decreases with the 

decreasing saturation level. 

6.0 Conclusion 

The conditions under which spherical monosized hydrous 

aluminum oxide particles can be formed by the hydrolysis of 

aluminum acetylacetonate have been identified and the 

particles have been characterized by FT-IR, TEM, and X-ray 

diffraction. Conditions of stability have been determined and 

limited work has been done in particulate deposition. 

A model has been developed which uses the theory of 

coagulation to explain the observed microstructure of the 

particles and an attempt has been made to explain the kinetics 

of particle growth. The model explains the dependence of 

experimental parameters on the formation of discrete particles 

and is somewhat accurate in modeling the initial growth stage 

of particles. However, neither the proposed kinetic model co

existing coagulation theories explain the termination of 

particle growth. 

The ultimate objective of the research was to make 

particles which can be used by the semiconductor industry. 

That would mean that the particles should contain as little 

sodium as possible. Unfortunately the best particles that 

this research could produce contain 0.57 percent sodium. It 
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may appear that these particles may not be suitable due to the 

high sodium content but at this time it is not clear whether 

the sodium is on the surface of the particles or inside the 

core of the particles. If the proposed model for the formation 

of the core of the particles is correct, the majority of the 

sodium will be trapped within the core with very little sodium 

in the outside diffusional layer. In that case, the sodium 

will not interfere with the usefulness of the particles. 

Further particle characterization by XPS is warranted. 
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Appendix I 

DLVO Theory Calculations 
(Ref. 36) 

Repulsive forces: 

$ a = 64 N„ k T Y „ 2  a C exp (-K S) 
K2 1000 

No = Avogadro's number 
a = particle radius 
k = Boltzman's constant 
T = temperature 
S = particle separation 
C = counter ion concentration 
1/K= double layer thickness 

Yo= dimensionless constant 

a) Calculations of "K" at room temperature 

K2 = a * P12 f 
£ O £ R R T 1000 

e o = dielectric constant of free space 
E R = dielectric constant of the medium 
C = counter ion concentration 
F = Faraday's constant 
R = gas constant 
T = temperature 

I. Isopropanol ( £r = 18.3) 

8 rc (96500 coul/mole)2 (C mole/liter) 1/2 

(ll.lxlO"12 ) (18.3 coul )(8.314 joule) (298K) (lOOOcc) 
volt cm K mole liter 

K. = 6.82 x 107 (C)1/2 cm-1 

II. Ethanol ( e R = 24.3) 

K. = 5.92 x 107 (C)1'2 cm-1 

III. Methanol ( = 32.8) 

K. = 5.09 x 107 (C)1/2 cm-1 
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b) Calculation of Yo (Ref. 36, Table 9.3,pg. 375) 

Surface potential: 

¥o = 0.059 (pzc-pH) = 0.059(8.4-11.0)=-0.153 volts 

From Table 9 . 3  (Ref.3 6 )  for equal to 1 5 3  millivolts, 
y o  equals 0 . 9 .  

c) Calculation of $r at a distance of 1/K<: 
Note: At a separation of 1/K or less, between two spheres, 

the attractive forces predominate. 

I. Isopropanol 

* R=64-n- (1.38 10-16ergs) (107 joules) (298K) (6.023 10"#) (0.9*) 
erg mole 

(6.822 ) (1014 ) 1/cnr1 (1000 cc/liter) 

x exp(-l) 

= 3.19 x 10-14 a where "a" is in centimeters. 

'll. Ethanol 

$ R = 4.23 x 10-*4 a 

III. Methanol 

$ r = 5.73 x IO-14 a 

2. Van der Waals Attractive forces: 

$ VDW = Ai31 a when S=l/K, $ VOW = -A131 K. a 
12 S 12 

The only value for the Hamaker constant (A131) available 
is 10 x lO-20 joules for alumina in ethanol (Ref. 39). 

I. Isopropanol 

$VDW = (-10x10-20 joules) (6. 82x10'(Ci/2) ) a 
12 

$VDW = -5.68 x 10"13 a (C"2) 
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II. Ethanol 

® vdw = -4.93 x 10-13 a (Ci/2) 

III. Methanol 

$  VDW = -4.24 x 10"13 a (C1'2) 

3. Calculation of the Critical Counter Ion Concentration 
(CCC) 

0 vow + $ r = 0 at the CCC. 

I. Isopropanol 

5.68 x 10-13 a (Ci/2) = 3.19 x 10-*« a 

CCC = 0.003 M 

II. Ethanol 

4.93 x 10"13 a (C1'2) = 4.23 x 10"14 a 

CCC = 0.007 M 

III. Methanol 

4.24 x 10"13 a (C1/2) = 5.73 x 10"14 a 

CCC = 0.018 M 
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Appendix II 
Kinetic Models 

The models assume that coagulation of particles occurs 
due to the effective collision of particles. In the 
bimolecular model the particles are both moving and growth 
occurs due to bimolecular collisions (Figure Il-la). In the 
monolayer model, the smaller particles are moving and 
colliding into larger stationary particles (Figure II-2a). The 
particles are initially separated by a distance "S" and each 
moving particle must travel a distance "X" in order for the 
collision to occur. The distance "X" must be multiplied by the 
probability that the moving particles will travel in a 
direction such that a collision will occur. In the event of 
a collision under the monolayer model, S=PX as shown in the 
Figure II-2b. In the event of a collision under the 
bimolecular model, S=2P2X as shown in Figure Il-lb. 

A) 

o 
O N'° 

o o 

Qo C0n" 

S  

3  
-  1  

" v  
X  

V 
. A .  

\ 

/ 

X  

r  

Y  

B) 

Figure II-l. A) Growth by the bimolecular model. B) particle 
separation and distance traveled under the 
bimolecular model. 

O O 

A) 

Figure II-2. 

0---€O 

B) 

A) Growth by the monolayer model. B) particle 
separation and distance traveled under the 
monolayer model. 
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1. Calculation of particle separation. 

Y = center to center particle separation (cm) 
VTOT = total solution volume (L) 
N P  = number of particles in VTOT 
Ncn = number of critical nuclei 
Ncn/p= number of nuclei per particle 
a = radius of the critical nuclei (cm) 
C = concentration of the solution (inole/L) 
M = molecular weight of the solid (g/mole) 

PSOLID = density of the solid formed (g/cc) 
R = radius of a particle (cm) 
N = number of layers formed or number of collisions 

/! /! / 

•
 

.91 / 

Y = ̂ (VTOTXIOOO cc/L)11 <3 

NP 

Figure II-2. Volume per particle 

N c n  =  C  (mole/L) VTOT ( L )  M(g/mole) 
(2 moles Al3*/mole A1203 )4/3tt a3 (cc) p s o L i D <g/cc) 

Bimolecular Model 
R= a2N/3 

Nc n / p = 2N 

N p  =  N c n  / N c n / p  
=  N c n  /2N 

and S = Y-2a 

Bimolecular Model 

S = 2" " a [O 

Monolayer Model 
R = a ( 1 + 2 N )  

N c n / p  =  V p a  r  t  i  c- 1  e/ V n  b-c 1  e  1  =  ( 1 + 2 N ) 3  

N p  =  N c  n  /  N c  n  /  p  
=  N c n  /  ( 1  +  2 N ) 3  

and S = Y-a -R therefore, 

PSOLID lOOcTN i'3 -2*1 
C M  J  J 

For natural Gibbsite (AI2O3 3H2O) M = 156.01 g/mole 
and PSOLID = 2.42 g/cc such that, 

S = 2N/3 a ( (130/C)1/3 -2) 
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Monolayer Model 

S - a (1+2N) TT PSOLID 1000 
C M 

^ 1/3 _!J _a 

For natural Gibbsite (AI2O3 3H2O) M = 156.01 g/mole 
and p SOLID = 2.42 g/cc such that, 

S = a(l+2N)((130/C)1/3 -1) -a 

2. Calculation of the distance "X" traveled by the particle. 

From the Stokes-Einstein equation, X2 = 2Dt : 

where: 
R = gas constant (erg/mole K) 
n = viscosity of the medium (cP) 
T = temperature (K) 
t = time (sec) 

No = Avogadro's number (#/mole) 
a = particle radius (cm) 

Bimolecular Model 

X = f 2(8.314xl07eros/moleK) (298K) 1 1/2 x t1'2 

[ 6 " (6.023xl023#/mole) ( n 10-2 )a2"/3 _J 

where the viscosity is in centipoise and the radius is 
in centimeters. 

For isopropanol, the viscosity is 2.13 centipoise at room 
temperature so that, 

X = f{20.5 x 1Q-14 ) tV/2 

V a 2"/3 ) 

Monolayer Model 

Similarly, 

X 



3. Calculation of the probability of collision. 
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The calculation of the probability is based on the angle 
of acceptance between the large particle and the small 
particle as shown in the figure below. 

Figure II-4. Angle of acceptance. 

Assuming z=a 
tan(0/2) = R + a 

Y 

P = (6/360) + {(J)/180) 
where e= 

Figure II-3. Probability of collision. 

Table II-l. Calculations of the probability of collision for 
a 0.002 M aluminum solution hydrolyzed at room 
temperature, assuming the critical nucleus to 
be 3 nanometers in diameter and assuming the 
product to be hydrous alumina. 

N e POLOM P2 (10" ) 
0 5.70 4.75 22.53 
1 3.80 3.17 10.02 
2 3.42 2.84 8.12 
3 3.26 2.71 7.37 
4 3.17 2.63 6.96 
5 3.11 2.59 6.71 
6 3.07 2.56 6.54 
7 3.04 2.53 6.42 
8 3.02 2.51 6.32 
9 3.00 2.50 6.25 
10 2.99 2.49 6.19 
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4. Calculation of the time required for the "N+l" collision 
to occur or the "N+l" layer to form. Solving the equation 
S=PX and S=2P2X for "t" results in the following: 
(Note: The Bimolecular Collision Model uses the probability 
for N=0 ie. the two particles are the same size.) 

Bimolecular Collision Model 

t N  +  l  =  Cj 8/3 T T  P a o l l d  

C Ms o 1 1 d  
lOOpy* -2 J 3N0 n (10~2 ) a3 2N 

4 P« RT 

Monolayer Model 

tN • 1 = f a(2N+l)/"8/3^ P»oiid lOOOV/3 -1 
C Mso I  I d  

L)" 

-12 
-a x 3No n(10~2 ) a 

P2 rt 

Table II-2. Calculation of the time for the "N+l" bimolecular 
collision to occur or the "N+l" monolayer to form and the 
diameter of particles formed from 0.002M aluminum 
solutions at room temperature, assuming a critical nuclei 
radius of 3 nanometers and assuming the product to be 
hydrous alumina. 

Monolayer Model Bimolecular Model 

Diameter(nm) t N  +  l  2  t N  +  l  Diameter(nm) t » H  4  t N  +  l  
N at N+l (sec) (sec) at N+l (sec) (sec) 

0 1 8  0 . 0 9  0 . 0 9  7 . 5  9 . 4 7  9 . 4 7  
1  3 0  1 . 7 9  1 . 8 8  9 . 5  1 8 . 9 3  2 8 . 4 0  
2  4 2  5 . 8 6  7 . 7 4  1 2 . 0  3 7 . 8 6  6 6 . 2 6  
3  5 4  9 . 8 1  1 7 . 5 5  1 5 . 0  7 5 . 7 3  1 4 1 . 9 9  
4  6 6  2 3 . 4 3  4 0 . 9 8  1 9 . 0  1 5 1 . 4 5  2 9 3 . 4 4  
5  7 8  3 6 . 3 4  7 7 . 3 2  2 4 . 0  3 0 2 . 9 0  5 9 6 . 3 4  
6  9 0  5 2 . 1 2  1 2 9 . 4 4  3 0 . 0  6 0 5 . 8 1  1 2 0 3 . 1 5  
7  1 0 2  7 0 . 7 2  2 0 0 . 1 6  3 8 . 0  1 2 1 1 . 6 1  2 4 1 3 . 7 6  
8  1 1 4  9 2 . 3 1  2 9 2 . 4 7  4 8 . 0  2 4 2 3 . 2 3  4 8 3 6 . 9 9  
9  1 2 6  1 1 6 . 6 3  4 0 9 . 1 0  6 0 . 5  4 8 4 6 . 4 5  9 6 8 3 . 4 4  
1 0  1 3 8  5 5 3 . 0 3  4 9 5 . 9 7  7 6 . 0  9 6 9 3 . 9 1  1 9 3 7 7 . 3 5  

The calculations are discontinued when the particles 
exceed the observed final particle diameter or the observed 
time required for the final size to be reached. 
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