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ABSTRACT 

Nanostructured materials have drawn worldwide attention and have found 

applications in many fields. Research needs exist in the study of the thermodynamics and 

kinetics at the nanoscale. Experiments were performed to study the melting behavior of 

aluminvmi nanoparticles, to determine the effect of particle size on the oxidation of 

aluminum nanoparticles, and to develop low-/: nanoporous films. Results of differential 

scarming calorimetry (DSC) experiments indicate that with decreasing particle size, the 

melting response moves towards lower temperatures. The melting point depression is 

fovmd to be linear with the reciprocal of particle radius, as predicted by the Gibbs-

Thomson equation. The solid-liquid interfacial energy obtained is in good agreement with 

literature values. In addition, with decreasing particle size, the latent heat of fiision also 

decreases. The depression of the heat of fiision is larger than expected given the value of 

the surface tension, presumably because of the presence of defects in the nanosize 

crystals; the defect energy was foimd to increase with decreasing particle size. In 

addition, the derivation of the Gibbs-Thomson equation was discussed and shown to be 

valid to describe the melting point depression of aluminum nanoparticles. The oxidation 

reactions of the aluminum nanoparticles with oxygen gas and with molybdenum trioxide, 

the latter of which makes up a metastable intermolecular composite (MIC), are studied 

using DSC as a fianction of the size of the aluminum particles ranging from 30 nm to 160 

nm; comparisons are made to the behavior of micron-size aluminum particles. The results 

show that the fraction of aluminum that reacts prior to aluminum melting for aluminum 
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nanoparticles is considerably larger than that for micron-size aluminum for both AI/O2 

and AI/M0O3 reactions. Other methods of characterizing reactivity, such as the onset 

temperature of the reaction and the maximum rate of heat release, generally also show 

that the aluminum nanoparticles are more reactive than their micron-size counterparts. 

How e\ er, the heats of reaction are considerably lower than the theoretical values for the 

nanoparticles. The isoconversional method was used to calculate apparent activation 

energies, and for AI/O2 reaction, Eg ranges from 200 to 300 kJ/moI, which is in agreement 

with literature values. In addition, the values of Ea for AI/M0O3 reactions are comparable 

to those for the AI/O2 reaction, suggesting the same limiting reaction step in these two 

reactions. A supercritical CO2 (SCCO2) extraction process was performed for the 

preparation of nanoporous low-Â: (low dielectric constant) films from two nanohybrid 

films: i) plasma enhanced chemical vapor deposited (PECVD) composite films of 

tetravinyltetramethylcyclotetrasiloxane (TVTMCTS) and fluorocarbon (a-C:F) and ii) 

spin-on deposited (SOD) poly(methylsilsesquioxane)/poly(propyIene glycol) 

(PMSSQ/PPG) films. Aíter SCCO2 treatment, the TVTMCTS and a-C:¥ films show a 

decrease in dielectric constant Å: of about 10%-14%, whereas no change was found for 

TVTMCTS film only. Analysis of the Fourier transform infrared (FTIR) spectra of the 

samples confirms the decrease in the C-F absorption intensity after SCCO2 treatment. 

SCCO2 extracfion of PPG porogen from PMSSQ/PPG films is shown to produce 

nanoporous, ultralow-A: thin films. Both closed and open cell porous structures were 

prepared simplyby varying the porogen load. 
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CHAPTER 1 

INTRODUCTION 

1.1 Background 

1.1.1 Nanomaterials and properties 

Nanomaterials are commonly defined as those materials with dimensions in the 

range of 1 to 100 nm.''^ Such materials exhibit different properties from those in the 

corresponding bulk states due to both volume and surface effects.^ Examples of volume 

effects include changes in magnetic properties if the particles are smaller than the 

magnetic domain. changes in optical properties if the particles are smaller than the 

wavelength of light, and changes in electrical properties if the particles are comparable to 

the mean free path of electrons.^ Surface effects also increase with decreasing particle 

size, but these eífects arise due to the relative increase in surface area to volume as the 

particle dimensions decrease. For a sphere, the surface to volvmie ratio goes as 3/r.̂  

Hence, the surface to volume ratio for a spherical particle with a diameter of 1 nm is 1000 

times larger than that with a diameter of 1 iJ,m. This is important because with increasing 

surface area, there is increase in the proportion of surface atoms. Compared with atoms 

inside the particle, which are surrounded by their own, atoms on the surface are in a 

different environment since on the particle exterior side, they are in contact with the other 

types of atoms, such as air.^' ̂  The result is that surface atoms have different properties. 

As the ratio of surface atoms increases at the nanoscale, material properties will be 



affected. The study and cxploitation of such changes has resulted in new fields of study, 

i.e., nanoscience and nanotechnology.''^ 

1.1.2 Nanoscience and nanotechnology: specific interests 

Nanoscience and nanotechnology are considered to have high potential for 

leading to changes in paradigms, both in science and in engineering/technology.''^ 

Hence, their funding has increased considerably in recent years. For example, $500 

million of research was funded by the US govenmient in nanoscience and 

nanotechnology in 2001, an 83% increase compared with that in 2000.' Similar increases 

in 'nano' research have been observed in other countries, such as in Japan and throughout 

Europe. An industrially relevant area of nanotechnology deals with miniaturization of 

integrated circuits and other devices, such as MEMS (microelectromechanical systems^). 

But nanoscience and nanotechnology are broader than simply trying to make things 

smaller. In fact, one ftindamental area of interest is the size-dependent physical, chemical, 

and even biological properties of nanoparticles. ' In addition, researchers are interested 

in developing nanostructured materials by controUing the size, surface geometry, and 

ftinctionality or chemistry among many variables. ' The ultimate goal in nanotechnology 

is to synthesize novel systems or devices that can operate on the nanoscale ' , whereas 

the ultimate goal in nanoscience is an understanding of properties at the nanoscale. 



Melting behavior of nanoparticles 

The melting point and heat of ftision are important thermodynamic properties of 

materials, which are essential both from the fundamental perspective and from the 

practical purpose. Therefore, one particular interest in nanoscience is to study the size-

dependent melting point and heat of fusion of nanoparticles. Compared with bulk 

material, nanoparticles have lower melting points due to an increased surface to volume 

ratio as the size of particles decreases. The surface atoms are more loosely bound than 

bulk atoms and consequently facilitate the melting of the nanoparticles.^ The size-

dependent melting point depression of nanoparticles has been experimentally observed 

using various techniques, including scarming electron-diffraction, transmission electron 

microscopy, calorimetry, and other techniques.'*"^ A number of materials have been 

studied, including gold"*, silver^, indium^, aluminum^' *, and confmed low molecular 

organic materials^. For example, a melting depression of 500 K has been reported for 

gold nanoparticles of 1 nm-radius using scarming electron-diffraction technique''. In 

addition, as the particle size decreases, the surface energy becomes important; 

consequently, the heat of fusion is also expected to decrease by the energy required to 

make the free surface on melting. ' ° ' " The depression in the latent heat of fusion has 

indeed been observed experimentally with decreasing particle size. However, the melting 

phenomenon of material at the nanoscale is still not fuUy understood. Further 

experimental and theoretical investigations of the size-dependent meUing point 

depression and heat of fusion are needed. 



Metastable Intermolecular Composites 

In nanotechnology, a new class of nanostructured systems, metastable 

intermolecular compositc (MIC) materials, have been developed, in which the 

comentional micron-sized metal fuel and oxidizer components are replaced with 

nanoparticles. " The application of nanoparticles in MIC systems comes from the idea 

that the particle size has significant impact on properties, including the reaction kinetics 

in energy-release systems'^. With decreasing particle size, intermixing at molecular 

dimensions enhances the characteristics of the mixture over the traditional micron-sized 

energetic materials. In addition, the dramatic increase of surface area of nanoparticles 

allows more fiiel to be in contact with oxidizer. Because these solid reactions are usually 

dif iision-confrolled, increasing the contact area between the fiiel and oxidizers 

effectively reduces the heat and mass transfer distance. Therefore, compared with 

conventional energetic materials, MIC materials have significantly higher energy density 

and, consequently, have higher reactivity'^. MIC materials have found wide applications 

in propellants, explosives, primers, as well as in pyrotechnics. ' 

Aluminum nanoparticles have drawn more and more attention due to their wide 

applications and commercial availability, the latter of which has been made possible by 

advances in metal processing technology. Aluminum nanoparticles are becoming a 

corrmion ingredient in MIC materials because of their high mass caloricity and nontoxic 

combustion product.'^ They have been shovm to add energy and increase flame 

temperature in rocket propellants, elevate reaction temperature and improve the late-time 

effects in explosives. For example, nanoscale aluminum and tungsten oxides composites 



are proved to be a high-performance MIC material, which releases up to 1-2MJ/Kg of 

energy at a high rate of 20 MW'l The mixture of TNT and aluminum nanoparticles is 

demonstrated to have higher velocity and heat of detonation than that of TNT and 

micron-sized aluminum'"*. Nanoscale composites of aluminum and nickel are proved to 

have significantly reduced ignition times comparing with micron-scale composites, with 

0.2 s for nano-composites and 4 s for micron-sized composites'^. 

The incorporation of aluminum nanoparticles dramatically improves the 

performance of energetic materials. Aluminum nanoparticles used in such applications 

have an aluminum oxide passivation layer on the order of several nanometers thick in 

order to prevent agglomeration and increase stability. Limited work has been done to 

study the melting behavior of aluminum, especially for aluminum nanoparticles with such 

a thick oxide layer. ' In addition, the effect of particle size on the reactivity of aluminum 

nanoparticles in oxidation processes is still not well understood. The mechanism and 

reaction kinetics confrolling combustion of aluminum MIC materials need further 

investigation. Understanding the thermodynamic properties of aluminum nanoparticles is 

important for the application of aluminum nanoparticles; understanding the reaction 

kinetics of the nanoenergetic systems is essential for numerically modeling combustion 

behaviors and for tailoring a composite for a specific application. Therefore, it is 

important to investigate the thermal properties and reactivity of aluminum nanoparticles. 



Nanoporous low-^ dielectrics 

One important application of nanostructured materials is in the semiconductor 

indusfry. During the last a few decades, there is growing demand for higher speed 

computers and miniaturization of devices.'^ For example, when Intel introduced its 

microprocessor in 1971, the number of transistors on a single chip was 2,250 whereas 42 

million transistors were packed on a single chip in 2000, resulting both in much faster 

data processing and much lower cost per transistor.'^ The trend of miniaturization 

depends on the improvement and development of electronic materials to a large extent. 

Nanostructured materials are being introduced in electronic materials, such as in thick 

films pastes, mounting materials, as well as in interlayer dielectric materials.^ With 

decreasing feature sizes to sub-micron levels, the intercormect resistance-capacitance 

(RC) delay at the back-end-of-the-Iine (BEOL) becomes an important issue and can no 

longer be ignored. In order to reduce the RC delay lower dielectric constant (k) materials 

are needed to replace the standard interlayer dielectric material (SÍO2). For example, 

substitution of SÍO2 (k = 4.0) with a material with k =2.0 will reduce the delay by 50%. 

The Intemational Technology Roadmap for Semiconductors (ITRS) has suggested that 

for technology nodes < 65 imi, dielectrics with k<2.\ are needed.'^ 

A promising approach to obtain ultra low-A: materials is to use nanoporous films 

since the dielectric constant of air is close to 1.̂ ° Both chemical vapor deposition (CVD) 

and spin on deposition (SOD), which are commonly used techniques in the 

semiconductor manufacturing process, can be used to prepare porous films.^"' ̂ ' The 

general approach to make nanoporous film is the nanohybrid method, in which a 



composite fílm is prepared so that a thermally unstable phase (porogen) is phase 

separated in a thermally stable phase (usually a crosslinked matrix); a subsequent 

decomposition at high temperature removes the thermally unstable phase and generates a 

porous sfructures. The degree of porosity can be controlled by varying the composition of 

the mafrix and porogen materials. The morphology of the porous fílms is a crucial factor 

affecting the performance of the fílm.^' Generally, uniformly distributed closed pores are 

desirable to obtain good mechanical strength, to reduce electrical shorts, and to provide 

isofropic dielectric constant values. The phase separation process of generating the 

nanohybrid fílms decides the fínal morphology of the fílm, and it is both 

thermodynamically and kinetically controlled by the composition, curing conditions, and 

also film thickness. The usual method of creating pores is thermal decomposition of 

porogen phase, and an inherent disadvantage is that the process temperature window can 

be narrow because the thermal decomposition temperature must be substantially below 

the glass fransition (Tg) of the matrix to prevent coUapse of porous structure. Since many 

organic polymers have relatively low TgS compared to degradation temperatures, this 

consfraint can lead to incomplete porogen decomposition often resulting in char residue. 

An altemative method to generate nanoporous low- k films is to use supercritical 

CO2 (SCCO2) extraction. CO2 becomes a supercritical fluid, which has liquid-like 

density, gas-like diffusivity, and low viscosity when both temperature and pressure are 

above the critical point (31°C, 1070 psi).^^ SCCO2 is a good solvent for low molecular 

weight compounds and oligomers, especially those containing CO^-phiIic groups, such as 

siloxanes and perfluoro groups.^^ High molecular weight molecules having strong 



interactions with CO^ are also solublc, such as high molecular weight 

perfluoropolymers^'', and hydrofluorocarbon polymers^^ Therefore, SCCO2 has the 

ability to diffuse into the fílm and dissolve and remove a CO^-phiIic porogen phase from 

the mafrix via venting. In this process, the loosely bonded or porogen molecules are not 

decomposed but rather selectively extracted from the crosslinked matrix, so that the 

exfraction temperature can be signifícantly lower than that in the thermal decomposition 

method. 

1.2 Obiectives 

Nanostmctured materials have drawn woridwide attention and found applications 

in many fields, such as aluminum nanoparticles in MIC applications and nanoporous low-

k films in interlayer dielecfrics. However, research needs exist in the study of the 

thermodynamics and kinetics at the nanoscale. Limited work has been done to study the 

thermal behavior of aluminum nanoparticles, including the size dependent melting point 

and heat of ftision. Little is known about the reactivity and kinetics of oxidation of 

aluminum nanoparticles. Research is also needed for the development of nanoporous 

Iow-A:films using SCCO2 extraction. The objectives of this thesis research are as follows: 

to study the melting behavior of aluminum nanoparticles, which are generated through a 

gas condensation process and have a well-characterized oxide layer of several 

nanometers thick using differential scaiming calorimetry (DSC); to determine the effect 

of particle size on the reactivity and kinetics of aluminum oxidation reactions, which 

include the reaction of aluminum nanoparticles with oxygen and the reaction of 



aluminum nanoparticles with molybdenum frioxide; and to examine the effect of SCCO2 

freatment on two nanohybrid films: PECVD-deposited composite films of 

tefravinyltetramethylcyclotetrasiloxane (TVTMCTS) and fluorocarbon (a-C:F), and 

SOD-deposited poly(methylsilsesquioxane)/ poIy(propyIene glycol) (PMSSQ/PPG) 

films. 

1.3 Organization of dissertatíon 

This dissertation is divided into six secfíons. Chapters II, III, and IV provide 

background, experimental approaches and results for the three individual sub-objectives, 

respectively. There are inherent relationships between different chapters. Chapter II deals 

wdth the meking behavior of aluminum nanoparticles. Chapter III focuses on the 

oxidation of aluminum nanoparticles. Chapter IV is focused on the development of 

nanoporous films. Chapters V and VI give the general conclusions to the thesis work and 

suggestions for future work, respectively. Chapters II, III, and IV are arranged in joumal 

format. Chapter II and chapter III are currently in preparation. Chapter IV is based on 

three publications, including "Supercritical carbon dioxide extraction to produce low-^ 

plasma enhanced chemical vapor deposited dielectric films", Applied Physics Letters, 

81(23), 4407-4409 (2002), "Supercritical carbon dioxide extraction of porogens for the 

preparation of ultralow-dielectric-constantfilms", Applied Physics Letters, 82(24), 4328-

4330 (2003), and "Supercritical CO2 extraction of porogen phase: an altemative route to 

nanoporous dielectrics", Joumal of Material Research, to be published, October 2004. 

The research on the development of nanoporous films is in collaboration with Prof 



Gangopadhyay's group (previously in the Department of Physics at Texas Tech 

Uni^ersity, currently in the Department of Electrical Engineering at the University of 

Missouri, Cohmibia), including J. Lubguban, T. Rajagopalan, and B. Lahlouh. Their 

work includes PECVD film preparation and characterizations, such as FTIR and k 

measurements. Other coauthors involved in this research include A. Mallikarjunan 

(Polytechnic Institute) and H. C. Kim, W. Volksen, M. F. Toney, E. Huang, P. M. Rice, 

E. Delenia, and R. D. MiIIer (IBM) for preparation of PMSSQ/PPG films and film 

characterization. Our confribution to this work focused on the SCCO2 extraction process. 

In addition, we independently examined the effect of film thickness on pore size. This 

part of work is unpublished but is included in chapter 4. 
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CHAPTER 2 

THE MELTING BEHAVIOR OF ALUMINUM 

NANOPARTICLES 

2.1 Introduction 

2.1.1 Background 

The properties of nanoparticles, including the melting point depression and the 

size-dependent heat of fusion, have been of interest to researchers for the last sixty 

years. " Small particles have lower melting points than bulk material due to an increased 

proportion of surface atoms as the size of particles decreases. These atoms are more 

loosely bound than bulk atoms and consequently facilitate the melting of the 

nanoparticles'. The size-dependent melting point depression of nanoparticles has been 

experimentally observed using various techniques, such as scanning electron-diffraction, 

field emission, fransmission electron microscopy, x-ray diffraction, calorimetry, and 

other techniques.^"''* Many metals have been studied, including gold^"'', silver^, tin "̂̂ , 

indium^"'°, lead"' '^, and aluminum''*' '^. For gold nanoparticles obtained by the 

condensation of vapor gold on a carbon substrate, a 500 K depression has been reported 

for particles of 1 rmi-radius using scanning electron-diffraction technique . The melting 

behavior of several organic materials, and indiimi metal, at nanometer length scales, has 

also been studied using calorimetry by confining the liquid in controUed porous 

\f% 17 

glasses ' . 

13 



The melting point deprcssion for small crystals can be described in a classical 

thermodynamic approach based on the equality of the chemical potentials of the solid and 

liquid phases using the Laplace's formula to describe the relationship between the 

pressure in the liquid and the surface tension.'^"^' The form of the so-called Gibbs-

Thomson equation for spherical particles is as follows: 

T „ ( r ) = T . ( o o ) - M ^ (2.1) 
AHf(oo)pj 

where Tm(oo), AHf(oo), and ps are the bulk melting temperature, the bulk latent heat of 

fusion, and the solid phase density, respectively. r represents the radius of a spherical 

particle and Tm(r) is the melting point of a particle with radius r. QSI is the solid-Iiquid 

interfacial energy. The Gibbs-Thomson equation predicts a linear relationship between 

the melting point depression and the inverse of particle size and has been used to describe 

the behavior of low molecular weight organic liquids in confmed geometry'^, to describe 

1 "í 

the melting point depression of cadmium embedded in an alimiinum matrix , and to 
71 77 

explainthemeltingtemperaturesofpolymer lamellacrystals ' . 

In addition to the Gibbs-Thomson equation, other models explain the effect of 

particle size on the melting point based on different melting mechanisms.^"''' ̂ "' ' '̂ * The 

homogeneous melting model assumes the simultaneous existence of solid and liquid 

particles and then equates the chemical potentials of these phases.^' ^''° The liquid-skin 

melting model assumes that there is a liquid layer at the surface of solid particle. ' " ' 
1 1 1 - ^ 

The liquid nucleation and growth model assumes that the liquid layer is imstable. ' 

Although these models represent different proposed melting mechanisms of the small 
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particles, they essentially predict the same relationship as the Gibbs-Thomson equation 

except that the surface tension of the liquid in contact with solid asi is replaced by a 

which has been shown to differ slightly among the models'"' " . For the homogenous 

model, a = CTsv- aiv(ps/pi)^^^ for the liquid-skin model, a = asi/(l- to/r) - aiv(l- Ps/pi); and 

for the liquid nucleation and growth model, asi < a < 1.5(asv- aivps/pi), where asv and aiv 

represent solid-vapor and liquid-vapor interfacial energies, respectively, pi is the liquid 

phase densit>, and to represents the liquid-Iayer thickness. More recently, additional 

models have emerged considering the shape and envirormient of the nanocrystals 

including a unified model, which is free of any adjustable parameters^ '̂̂ ^*, and a liquid-

drop model"^. Basically, for particles with relatively free surfaces, the melting point 

7^ 7^ 

depends not only on the size, but also on the shape of the particle ' ; for particles 

embedded in a matrix, the melting point can be either higher or lower than the bulk 

value''-'-\ 

As the particle size decreases, the surface to volume ratio increases and the 

surface energy becomes important; consequently, the heat of fusion is also expected to be 

size-dependent.'°' '^' '^ In essence, the heat of fiision decreases by the energy required to 

make the free surface on melting ' : 

AHf(r) = AHf(oo)—^ (2.2) 

where AHf(r) represents the heat of ftision for a particle with radius r. As indicated by 

equation (2.2), AHf is expected to be linearly related to the reciprocal of the particle size. 

This equation can be derived based on the equilibrium of melting process and again using 
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Laplace's formula to describe the pressure effect'^ This expression has also been derived 

from the thermodynamic definition of heat of fusion by expanding enthalpy and chemical 

potential to first order with the melting point depression in ihe form of the Gibbs-

Thomson equation'^. The depression in the latent heat of fusion has indeed been observed 

experimentall> with decreasing particle size.^' ̂ ''°' '̂ "'̂  

In addition to equation (2.2), other explanations for a size-dependent heat of 

fusion are based on the liquid skin model^"^ where the liquid layer of atoms is assumed to 

not confribute to the melting process; as the particle size decreases, the fraction of the 

liquid layer increases relative to the core and the heat of fiision consequently appears to 

decrease. In confrast to equation (2.2), the liquid skin model predicts that the cubic root 

of the heat of fusion is linearly related to the reciprocal of the particle size: 

AH/"=AHf(oo) ' " ( l -^ ) . (2.3) 

r 

Although some studies have shown a linear relationship between the cubic root of heat of 

fusion and the reciprocal of particle size^'', other data are best described using a linear 

relationship between the heat of fusion and reciprocal particle size (equation (2.2))'°' '̂ ' '^. 

In this paper, both equations (2.2) and (2.3) are tested, and the results show that for range 

of aluminimi nanoparticle sizes studied, no significant difference exists between the two, 

although as discussed later, for our particles having an oxide layer, the liquid skin model 
is not expected to be applicable. 
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2.1.2 Research needs and obiectives 

Aluminum nanoparticles are of interest due to the variety of their applications, 

including propellants, munitions, pyrotechnics, additives for plastics, and powder 

metallurgy. Aluminum nanoparticles used in such applications have an aluminum oxide 

passivation layer on the order of several nanometers thick in order to prevent 

agglomeration and increase stability. Limited work has been done to study the melting 

behax'ior of aluminum •* '"\ especially for aluminum nanoparticles with such a thick oxide 

layer. Allen et al. have investigated the melting point depression of aluminum clusters 

using nanocalorimetry measurements'''. The aluminum nanoclusters were obtained 

through vapor-deposition of aluminum onto a SÍ3N4 surface. In-situ nanocalorimetry 

measurements were conducted inmiediately after the deposition, and therefore, the 

aluminvmi nanoparticles do not have an oxide layer. Allen et al. found that the melting 

point of these aluminum clusters is significantly reduced compared to the bulk value. 

Johnson et al. have studied the meUing behavior of aluminum powders generated using 

mechanical attrition'^. Depending on the atmosphere used in the mechanical attrition 

process (argon, oxygen, or hydrogen), different surface layers were formed. Both the 

melting point and heat of ftision of the aluminvmi nanopowders studied by Johnson 

decreased with decreasing particle size. However, the thickness of the surface layer was 

not well quantified; the results also indicated that the nature of the surface layer had no 

significant effect on the metting behavior. In the work reported here, we use differential 

scanning calorimetry (DSC) to study the melting behavior of aluminum nanoparticles that 
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are generated through a gas condensation process and have a well-characterized oxide 

layer several nanometers thick. 

2.2 Methodology 

2.2.1 Materials 

Five aluminum nanoparticle samples were used in this work. The aluminum 

nanoparticles were obtained from Technanogy (Irvine, CA), and the physical properties 

of tiiese nanoparticles are listed in Table 2.1. The sample with an average size of 12.5 nm 

radius has a broad size distribution with a standard deviation of 10.5 nm. The other four 

samples have narrow size distributions with standard deviations of less than 2 nm. Since 

the average particle size, which was obtained from an SEM experiment, reflects the 

number size distribution whereas the heat flow response in DSC experiments corresponds 

to the weight distribution of the sample, the number-average particle size is converted to 

weight-average size assuming that the particles have Gaussian distribution; the weight-

average size and standard deviation are showii in Table 2.1. For the 12.5 nm sample 

having wide size distribution the weight-average radius and standard deviation are 26.7 

and 8.67 nm, respectively; for the aluminum nanoparticles with narrow size distributions, 

there is almost no difference between the two values for both particle mean size and 

standard deviation. We note that log normal distribution has also been used to describe 

7íí 

the particle size distributions for particles generated using the same technique ; however, 

the Gaussian distribution describes the particle size distribution well for the vapor-

deposited indiimi nanoparticles from reference 10, and the active aluminum content 
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Table 2.1 Physical properties of aluminum nanoparticle samples 

Particle ^^^ll^^; 
radius* (nm) ,. , , 

radms (nm) 

Active AI content (%) Oxide layer thickness (nm) 

e 1- Our „ ,. Our Supplier , Supplier 
^^ measurement ^^ measurement 

12.5 ±10.50 26.7 ±8.7 54 47.5 1.8 5.3 

21.5 ±0.95 21.6 ±1.0 74 

31.5±1.55 31.7±1.6 82 

40.5 ±1.50 40.7 ±1.5 84 

46.0 ±1.25 46.1 ±1.3 83 

56.5 

68.5 

71.4 

72.3 

1.5 

1.4 

1.6 

1.9 

3.4 

3.3 

3.8 

4.2 

* Mean radius ± standard deviation, as reported by supplier. 
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calculated for our particles is closer to the experimental values when we assume a 

Gaussian disfribution than when we assume a log normal distribution. Other researchers 

ha\e also assumed a Gaussian distribution in their work^^ 

Pure aluminum is pyrophoric and thus each aluminum particle is coated with an 

AI2O3 passivation layer. The active aluminum content in Table 2.1 refers to the amount of 

acti\e aluminum tiiat is not in the form of AI2O3; it was obtained from mass gain 

measurements using a thermogravimetric analyzer (TGA) either by the supplier or by our 

measurements as described in the next section. The average aluminum core radius can be 

calculated from the active alvmiinum content: 

r = R, 

/ \ l / 3 
' P A I A C 

V' 

(2.4) 
, P A I + C ( P A I , 0 3 ~ P A I ) . 

where r stands for the radius of aluminum core, Ro is the corrected original particle size 

(including the oxide layer) based on the original particle size reported by the supplier and 

alumimmi content from the supplier and from our measurements, c is the active 

aluminimi content from our TGA experiments, and p^^^ (3.2 g/cm ) and p^ (2.702 

g/cm^)^° represent the density of amorphous aluminum oxide and aluminum at room 

temperature, respectively. The calculation of RQ is shown in Appendix A2.1. The 

thickness of the aluminum oxide layer is the difference between Ro and r. 

In addition to the nanoparticles, we also examined micron-size and bulk 

aluminum foil for comparison. A sample of micron-size particles (97.5%) with nominal 

sizes of 3.0 to 4.5 microns was purchased from Alfa Aesar (Milwaukee, WI) and a bulk 

aluminum sample, aluminum foil (99.999%), was purchased from Sigma-Aldrich. 
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Since the aim of this work is to examine the effect of aluminum particle size on 

tiie melting point depression and on the heat of fusion, we were interested in studying 

particles smaller than those available from the manufacturer. To that end, the aluminum 

nanoparticles with the average particle mean size of 21.6 nm were selectively oxidized in 

eitiier a Perkin Elmer TGA-7 or DSC-7 at 500°C under 25/75 O^/Ar atmosphere for 

various times ranging from 30 minutes to 20 hours in order to make the active aluminum 

core smaller. Based on the mass gained during oxidation, the final AI radius after 

oxidation can be calculated: 

' cm ' 

h vCflmoy 
(2.5) 

where r represents the alimiinum core radius, c represents the active aluminum content 

obtained from TGA as described later, and m is the mass of the sample after the 

oxidization process. The same symbols with a subscript 0 represent the values before 

oxidation. The active aluminum core size ranges from 18 run dowm to 8 nm after 

oxidation and the amorphous oxide layer is correspondingly thicker, ranging from 4 to 16 

nm. The reproducibility of aluminum core radius obtained from TGA and DSC 

oxidization processes are ± 0.3 and ± 0.6 rmi, respectively, based on three experiments 

conducted with the same oxidation tíme. 

2.2.2 Differential scarming calorimetry (DSC) 

The melting behavior of the alimiinimi nanoparticles was studied using a Perkin 

Elmer Pyris 1 DSC with an ethylene glycol/water cooling system to maintain a stable 
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DSC head temperature and to avoid frost build-up on the instmment. All the experiments 

were performed under an argon atmosphere. Both gold and alumina DSC pans were used 

in tiie experiment. The gold pans were used to examine the nanoparticles' melting 

behavior due to tiie higher thermal conductivity of gold. However, the gold pan could 

onh be used for aluminum nanoparticles having an oxide layer since the oxide layer 

pre\ents the amalgamation of gold and aluminimi; hence, the micron-sized aluminum 

particles and bulk aluminum foil were run in the alumina pans. The mass of the DSC 

samples varied from 1.00 mg to 3.50 mg. A scan rate of 5 K/min was used. The obtained 

heat flow responses were corrected using baseline subtraction. In addition, a minor 

correction to each DSC scan was made by a polynomial fit to points on the calorimetric 

trace before and after the melting response; the polynomial fit was subtracted from the 

scan so that the baseline before and after the melting peak is zero and curves could be 

easily compared. The extrapolated peak onset temperature was used to define the melting 

point because compared with the peak temperature, the extrapolated onset temperature is 

less dependent on heating rate and sample properties, such as thermal conductivity, mass, 

and sample thickness^*. The heat of fusion (J/g sample) was obtained by the integration 

of heat flow over the DSC melting peak, and the heat of fiision per gram of active 

aluminum was calculated based on the active alimiinum content in the sample as 

determined from our TGA measurements (see below). The reproducibility of DSC 

experiments based on repeat experiments of three samples are better than ± 0.5°C for the 

melting point and ± 5% for the heat of fusion. 
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The temperature of the instrument was calibrated using zinc, potassium sulfate, 

and potassium chromate at a heating rate of 5 K/min under argon atmosphere for both 

types of pans. The heat flow was calibrated using potassium sulfate. Calibration melting 

temperatures varied less than ± 0.2°C over the course of a month, as shown in Appendix 

Figure A2.1. 

2.2.3. Thermogravimetric analyzer (TGA) 

Although the aluminum nanoparticles were stored under argon atmosphere after 

delivery, they may have reacted with adventitious oxygen between the time that the 

supplier made the measurements of active alimiinum content and our DSC experiments. 

Therefore, the active alimiinum content was determined using a Perkin Elmer TGA-7. 

The temperature of the instrument was calibrated using nickel and iron at a heating rate 

of 5 K/min. The mass of the TGA samples varied from 1 to 3 mg and a 25/75 mixture of 

OjlAi was used as the analysis gas. AII the samples were held for 960 minutes at 830°C 

in order to completely oxidize the aluminum particles. The mass gain in TGA is 

attributed to oxidation of active aluminum and the mass gain was calculated from the 

absolute change in mass (%). The active aluminum content can be calculated using the 

following equation: 

c(o/o) = —Am(%) (2.6) 

where Am (%) is the mass gain in the TGA experiment. Table 2.1 shows that the active 

alumimmi content is lower and the oxide layer is thicker based on our measurements 
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compared to tiiose of the supplier. However, we also note that the active aluminum 

content changes less than 3% during the storage in our lab based on the results of TGA 

experiments conducted two months apart. 

2.3 Results 

2.3.1 DSC response 

Typical DSC melting responses of three size-distributed nanoparticles with 

narrow distribution (solid lines) and the one sample with broad distribution (dashed line) 

are shown in Figure 2.1 for the heating rate of 5 K/min. The heat flow was normalized by 

the active aluminum mass, which was calculated from the total sample mass and 

aluminimi content obtained from TGA. Figure 2.1 shows that with increasing particle 

size, the melting response moves to higher temperatures. For the 26.7 nm sample with 

broad size distribution, the melting response is broader than the samples with a narrow 

size distribution. Repeatable scans on a single DSC specimen give the same melting peak 

with changes in Tm and AHf within the error of measurements, which confirms that the 

oxide layer protects the aluminum core such that no agglomeration occurs between 

particles and that amalgamation with pan does not occurs. 

Typical DSC melting responses are shovm in Figure 2.2 for the 21.6 rmi particle 

in TGA 7 after oxidation to various extents to obtain smaller aluminum cores. The size of 

the alumimmi particle core for each curve was calculated from equation (2.5) and is 

indicated on the figure. The heat flow was normalized by the active aluminum mass, 

which was calculated from the TGA data. Figure 2.2 indicates that with decreasing 
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Figure 2.1 Melting response for aluminum nanoparticles at 5 K/min under argon 
atmosphere for samples in gold pans; heat flows are normalized by active aluminum mass 
in the sample as determined from TGA. The solid lines are for samples with narrow size 
distributions, whereas the dashed line is for the sample with broad distribution. The 
radius indicated is the weight-average radius. 
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Figure 2.2 Melting response at 5 K/min for 21.6 rmi particles oxidized in TGA 7 to 
various extents leading to an aluminum particle core of the size indicated. Heat flows are 
normalized by active aluminum mass in the sample as determined from TGA. 
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particle size, the melting response moves to lower temperatures, and in addition, AHf 

decreases. 

2.3.2 Melting point depression 

The melting point of the aluminum nanoparticles obtained from the onset 

temperature of the DSC mehing response, is plotted as a function of weight-average core 

radius in Figure 2.3 for all samples studied. With decreasing particle size, the melting 

point decreases wdth a depression of 4 K observed for aluminum nanoparticles of 46 nm 

radius and 13 K for alimiinum nanoparticles of 11 rmi. The inset shows the melting point 

plotted against the reciprocal of particle size. The solid line represents the best fit for the 

Gibbs-Thomson equation. Both the broad and narrow size-distributed particles, and the 

partially oxidized particles are in good agreement with the equation. Note that if we used 

the number-average radius of 12.5 nm for the broad distribution sample instead of 

weight-average size of 26.7 rmi, the sample would show a significant deviation form the 

rest of the data confirming the importance of using a weight-average size. The melting 

points of alimiinum nanoparticles partially oxidized in DSC 7 appear to be lower than 

those oxidized in TGA 7 presumably due to differences in oxidization in these two 

instmments. From the appearance of the samples oxidized in the TGA and DSC, the 

aluminum nanoparticles are more uniformly oxidized in DSC, i.e., the color is more 

uniform for the same extent of oxidization. The size distribution of the final sample 

should mirror the initial narrow size distribution if oxidation is uniform, whereas with 

less imiform oxidation (e. g., in the TGA) a broader distribution will result which should 
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Figure 2.3 Melting point depression for aluminum nanoparticles as a function of the 
weight-average aluminum core radius r. The inset shows the plot of Tm against the 
reciprocal of r to show the linear relationship. The solid line represents the best fit for the 
Gibbs-Thomson equation for all the data; the dashed lines show separate fits for TGA-
and DSC- oxidized samples. 
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shift the weight-avcrage radius to higher values; since we assume the distribution does 

not change with oxidation, the TGA-oxidized samples appear to have higher melting 

points. 

The best fit for the Gibbs-Thomson equation gives a value of 68 + 2 mJ/m^ for Osi 

taking Tn,(c») = 933.52 K^", AHf = 396 J/g^^ and ps(T„,) = 2.55 g/cm"'. This is in 

reasonable agreement with literature values: a value of 93 mJ/m^ was reported using 

nucleation experiments"; a value of 163 mJ/m^ was found by grain boundary groove 

measurements ; and a value of 149 mJ/m was obtained from molecular dynamic 

simulation '̂*. For aluminum nanoparticles oxidized in TGA and DSC, curve fits of the 

Gibbs-Thomson equation generate the approximately the same asi; values of 61 ± 1 and 

74 ± 2 mJ/m^ were obtained for aluminum particles oxidized in TGA and DSC, 

respectively, as represented by the dashed lines in Figure 2.3. 

A comparison of our results with those of Allen et al.''' and Johnson et al.^^ on the 

melting point depression of aluminum particles is shovm in Figure 2.4. For particle sizes 

bigger than 15 rmi, our data are in agreement with Allen's work; whereas for smaller size 

samples, the melting point depression is larger in Allen's work presumably because 

Allen's particles are oxide-free. On the other hand, neither our data nor Allen's data agree 

with Johnson's data for nanoparticles formed by milling in various gas environments; in 

the latter's work, particles of 20 rmi melted at bulk melting point and particles of 7 nm 

had a 98 K depression. The reason for the seeming discrepancy of Johnson's data is not 

clear, but is presumably due to differences in the shapes, stmcture, surface properties, 

and/or mechanical stresses of the nanoparticles formed by mechanical milling rather than 
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Figure 2.4 Comparison of our melting point depression of aluminum data for 
nanoparticles having an oxide layer to those from the work of Allen et al.^'* without an 
oxide layer, as well as to those of Johnson et ai^^ on milled aluminum nanoparticles. The 
solid lines represent the best fits for Gibbs-Thomson equation, and the dashed lines 
represent the best fits for the liquid skin model. 
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by \apor deposition. In addition, agglomeration may be an issue for mechanically milled 

particles. 

The inset in Figure 2.4 shows the data plotted against reciprocal of particle radius. 

The solid lines represent the best fit for Gibbs-Thomson equation of each data set. 

Thefigure shows that the trend of Allen's work follows Gibbs-Thomson equation 

>'ielding a value 135 ± 5 mJ/m' for Osû whereas Johnson's work does not fit the equation 

well. In Allen's work, the liquid-skin model was used to fit the data: 

í - \ 
2TJ«^) ^sl 

- ^ I v ( l - P s / P l ) 

TJr) = TJ«.) ^ilV^^ 1. (2.7) 
AHf(oo)pj 

Allen et al. '̂  obtained a value of 140 mJ/m^ for CTSI with a critical liquid shell thickness to 

of 1.2 rmi using a value of aiv = 914 mJ/m^. The dashed lines in Figure 2.4 represent the 

best fits for the liquid-skin model. For our data, a value of 137 ± 6 mJ/m^ was obtained 

for Gsi and a value of- 0.7 ± 0.6 nm for to was obtained. The fact that the liquid shell 

thickness is essentially zero for our data is perhaps expected because we do not expect to 

have a liquid layer present due to the oxide layer (i.e., the atoms at the particle surface 

wdll be less mobile if they are in contact with aluminum oxide as compared to surface 

atoms in contact with a gas). We note that the liquid-skin model could not explain 

Johnson's data either. In Johnson's work, a linear dependence between the melting point 

depression and the reciprocal of particle size was used to fit their data. Assuming the 

slope in the linear fit has the same expression as that in the Gibbs-Thomson equation, a 

value of 569 ± 23 mJ/m^ for CTSI was obtained, which is considerably higher than literature 
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values; however no theoretical reason exists to use the linear fit which gives an intercept 

value (at r = oo) of the melting point considerably higher than the bulk value. 

2.3.3 Heat of ftrsion depression 

The latent heat of fusion obtained from DSC experiments is shown in Figure 2.5, 

where the ratio of the heat of fusion obtained from DSC experiments to the bulk value is 

plotted against the weight-average aluminum core radius. For all the nano-size samples 

studied, the heats of fiision obtained from DSC experiments are lower than that of the 

bulk material, decreasing from 88% of the bulk value for the 46 rmi particles to 

approximately 20% for the smallest particles studied. The latent heat of fusion for 

aluminum foil and for 3-micron size particles equal the bulk value (396 J/g) within 1%. 

In addition, for the nanoparticle samples run in alumina pans, the values obtained are 

wåthin 2% of the values obtained in the gold pans, indicating that there is no systematic 

effect of pan type on the measured heat of fusion. 

The solid line in the inset in Figure 2.5 is the best fit for the size dependent heat of 

fusion from equation (2.2), from which a value of 3292 + 147 mJ/m^ was obtained for CTSI. 

This value is over an order of magnitude larger than that obtained from fitting the melting 

point depression to the Gibbs-Thomson equation and is similarly higher than values of CTSI 

reported in the literature. The dashed lines in Figure 2.5 represent the best fits for Gibbs-

Thomson equation for aluminum nanoparticles oxidized in the TGA and DSC, 

respectively, yielding values of 2839 ± 150 and 3644 ± 195 mJ/m^ for CTSI. The fact that 
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Figure 2.5 Normalized heat of íiision as a íunction of weight-average aluminum core 
radius. The inset shows the data plotted against the reciprocal of r. The solid line 
represents the best fit for equation (2.2) for all the data; the dashed lines show separate 
fits for TGA- and DSC- oxidized samples. 
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CTsi is considerably larger than expected indicates that there is an additional contribution 

to the depression in AHmot accounted for in equation (2.2). This suggestion wiU be 

discussed in more detail later. 

A comparison of our heat of fusion data with that of Johnson et al.^\ the only data 

set for AHf of aluminum nanoparticles in the literature, is shown in Figure 2.6. In 

Johnson's work, the heat of fiision of milled aluminum nanoparticles drops significantly 

with decreasing particle size, with the heat decreasing from the bulk value at a particle 

size of 20 nm. " Both our data and Johnson's data show a significant reduction of the heat 

of fiision with decreasing particle size, especially at smaller sizes. The inset shows the 

two data sets plotted against the reciprocal of particle size. The solid lines represent the 

best fits for equation (2.2), and the dashed lines are the best fits for the liquid-skin model 

(equation (2.3)). For our data, the liquid-skin model gives a reasonable fit except at the 

smallest particle sizes wdth to = 2.6 ± 0.2 nm, but we do not believe the model is 

physically realistic for our particles with an oxide layer as previously discussed. Neither 

the equation (2.2) nor the liquid-skin model predicts the trend for Johnson's data. In 

Johnson's work, a linear dependence of heat of fusion on reciprocal of particle size was 

used to fit their data similar to the metting point depression; from the slope of the best 

linear fit, a value of 4441 ± 160 mJ/m^ for CTSI was obtained, considerably higher than the 

value of CTsi obtained from their melting point depression. But again, the intercept at r = oo 

is considerably greater than the bulk heat of flision. 
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2.4 Discussion 

2.4.1. Effect of oxide layer 

As mentioned previously, the aluminum nanoparticles studied have an aluminum 

oxide layer, which may contribute to the differences between our results and those of 

other researchers. The confmement of the aluminum core by the oxide layer is expected 

to result in the core experiencing a compressive pressure due to the differential thermal 

expansion between the aluminum and aluminum oxide. This pressure effect depends on 

the temperature at which the oxide layer is formed (i.e., the stress-free temperature). 

Complicating the issue is the fact that the oxide layer, which is originally amorphous, 

crystallizes between 300 and 635°C during a DSC temperature scan^ .̂ 

The change in the melting point due to the pressure applied by the shell to the 

alvmiinum core can be calculated using the Clausius-Clapeyron equation, whereas the 

pressure in the aluminvim core can be obtained from the differential thermal expansion 

assuming that the oxide layer is not compliant: 

A T „ = T J P ) - T J l a t m ) 

= (P-latm) 
Tjoo) r 1 n (2.8) 

vPi Psy AHf(oo) 

P = K ( P ^ - P A i A X T . M - T . ) + latm (2.9) 

where P is the pressure, A(Tm) is the change of melting temperature due to the pressure 

effect, K is the bulk modulus of aluminum (= E/(3-6v), where E is Young's modulus and 

V is Poisson's ratio), PAĴ O, andp^i are the coefficients of thermal expansion for AI2O3 

and AI, respectively, Tm(oo) is the bulk melting point of aluminum, Tr is stress-free 
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temperature for the oxide which is assumed to be the end of point of crystallization 

(635°C -) and pi and ps represent the liquid and solid density of aluminum. On the other 

hand, if the oxide shell is compliant, the change in the melting point given by equation 

(2.8) will depend on particle size and shell thickness. In this case, the biaxial stress CT in 

the oxide la) er is given by: 

_(P- la tm)b '+5a^ .3 
CT = 

4 b^-a^ 
= Ys (2.10) 

where a and b are the radius of aluminum core and entire particle, respectively, P is the 

pressure due to the strain in the oxide layer, Y is the biaxial modulus of the oxide (= E/(l-

v)), and s is the biaxial sfrain. The compressive pressure is that induced by the 

diíferential thermal expansion minus that relieved by the compliance of the shell: 

P = ((P^-p^^03)(TJ=o)-T,)-((s + l)^-l))+latm (2.11) 

The material properties used to calculate the effect of the oxide shell on the 

melting point are given in Table 2.2. Assuming that the oxide shell is not compliant, a 

compressive pressure of 99 MPa is obtained with a resulting 6.5 K increase of Tm over 

the 1 atm value from equations (2.8) and (2.9), independent of particle size. On the other 

hand, if the oxide shell is compliant, the pressure change depends on the particle size. For 

example, for a particle with a = 9.81 imi and b = 24.18 rmi, a compressive pressure of 85 

MPa is obtained, lower than that assuming that the oxide shell is not compliant, with a 

resulting increase in Tm of 5.7 K. For a particle with a = 42.5 nm and b = 46.7 nm having 

a thirmer oxide layer, a compressive pressure of 32 MPa is obtained, resulting in a 

temperature increase of 2.1 K. The calculation assuming a compliant oxide layer is more 
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Table 2.2 Material properties for ATm(P) calculation 

Constant 

K 

PAI,O, 

PA. 

Pl 

Ps 

Y 

Value 

75GPa 

24x10"^ K"' 

77x10"^ K"' 

2.38 g/cm^ 

2.55 g/cm^ 

500 GPa 

Description 

Bulk modulus of AI 

Coefficient of thermal 
expansion of AI2O3 

Coefficient of thermal 
expansion of AI 

Liquid density of Al 

Soliddensity of Al 

Biaxial modulus of AI2O3 

Reference 

36 

36 

37 

36 

31 

36 

38 



reasonable. We plot the corrected melting point, i.e., Tm (P = 1 atm) in Figure 2.7 and 

compare the results with those of AUen. The good agreement indicates that the difference 

observed in Figure 2.4 is due to the pressure effects induced by the oxide layer. The solid 

line represents the best fit for Gibbs-Thomson equation and gives a value of 103 ± 2 

mJ/m* for CTSN in good agreement with literature values. 

The pressure effect due to the differential thermal expansion between the 

aluminum and aluminum oxide will also affect the value of heat of fusion: 

A(AHf) = AHf(P)-AHf(latm) 

= ;f(l-(PAi-PAiA)(Tn,M-T,))(P-latm). (2.12) 

The compressive pressure resutts in an increase in the heat of firsion. For example, for the 

sample with a = 9.81 nm and b = 24.18 nm an increase of 34 J/g (9% of the bulk value) of 

AHf over the value that would be measured at 1 atm is obtained. The modified heats of 

fusion for all the samples are shown in Figure 2.8. The best fit for equation (2.2) gives a 

value of 3811 ± 155 mJ/m^ for CTSI, which is a 16% increase compared with that obtained 

from the original data. 

2.4.2 Origin of depression of AHf 

The depression of the heat of fusion is considerably larger than that expected 

based on equation (2.2) with CTSI obtained from the melting point depression. The limited 

data in the literature on the heat of íusion depression for nanoparticles and for materials 

confmed to the nanometer length scale show similar results ' . For example, the heat of 
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fusion of heptane in the diameter of 4 nm pore is only about 30% of the bulk value, 

w hereas it is expected to be closer to 90% based on the CTSI calculated from melting point 

depression. For cis-decalin, the heat of fusion depression gave a value of 82 mJ/m^ and 

the melting point depression resulted in a value of 12 mJ/m^ for CTSI. For indium metal 

confined in porous glasses'^ the heats of fusion predicted from equation (2.2) using the 

CTsi obtained from the melting point depression are much larger than the measured values 

(e.g.. 27 J/g was predicted and 15 J/g was measured for indium confined in 8.2 nm 

pores). 

An explanation for the fact that the depression in the heat of flision is much bigger 

than expected based on the value of CTSI may be that for nanoscopic systems there are 

more lattice defects in the crystal. The nanoparticles with defects are in a higher energy 

state than regular particles, which causes the larger depression in the heat of íusion. Thus, 

we suggest that the experimental heat of fusion of our aluminum nanoparticles can be 

expressed in the following form: 

AH, (r) = AH, («.) - ^ - AH,,,,, (r) (2.13) 
Ps^ 

where the first two terms are the size-dependent heat of fiision using the CTSI obtained 

from the mehing point depression, and AHdefect(r) is the energy depression due to the 

defects, which should be size dependent. From equation (2.13), AHdefect(r) can be 

calculated using the value of CTSI obtained earlier (103 mJ/m^). The results are shown in 

Figure 2.9, where AHdefect(r) is plotted as a function of weight average particle radius and 

the value of AHf(r) in equation (2.13) is that corrected to latm. Figure 2.9 shows that the 
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smaller the particle size the larger the energy depression, indicating more defects. The 

solid lines in the insets, which show the depression versus r ' and r'̂ , represent the best 

linear tits with an intercept of zero, whereas the dashed lines show the best unconstrained 

linear fits. It is not clear which dependence is the better description. However, we note 

that a linear dependence of the defect energy with l/r^ would indicate that defect energy 

is related to surface area. Physically, this may be reasonable since defects may arise 

preferentially at the surface. 

2.4.3 Applicabilitv of Gibbs-Thomson and AHf equations 
to the solid-liquid transition 

The size-dependent melting point depression (Gibbs-Thomson equation) and heat 

of fusion depression (equation (2.2)) were derived initially for the liquid-gas transition 

for a liquid droplet in equilibrium with own vapor, as iUustrated by Defay and Prigogine 

'^. Here, we follow Defay and Prigogines' derivation but for the case of a solid particle 

with radius r in equilibriimi with its liquid. The pressure difference between the solid core 

and a liquid layer is given by the Laplace equation: 

p ^ - p ' = 2 ^ . (2.14) 

r 

The chemical potential of the solid phase (|i^) is equal to the liquid phase (|J,'), and both 

phases are govemed by the Gibbs-Duhem equation: 

s ' d T - v ' d p ' + d ^ ' = 0 (2.15) 

sMT-vMp^+dn^=0 (2.16) 
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whcre s, s', and v, v̂  are the molar entropies and molar volumes of the liquid and solid 

phases, respectively. At constant temperature, the above two equations give 

v'dp'=v'dp^ (2.17) 

and dp'=^d(í^) 
V - V r 

, s V , . 2 C T , , , 

d p ' = n — i < ^ i - ^ ) -
V -V r 

(2.18) 

(2.19) 

The heat of fiision is expressed as 

AHf =T(s ' -s^) (2.20) 

and on expansion. 

d(AHf) = T 
^^ds '^ 

.dp'J 
dp' 

ÍA.^\ "i fíA.,^\ ídv'^ ^ ds^ 

vdp j 
dp 

T y 

= T 
dv' 

V̂  /p 
dp' 

v d T , 
dp 

p y 

(2.21) 

From equations (2.18), (2.19) and (2.21), 

d(AHf) = -T 
^dv'^ 

vdTy 

^dv^^ 

v ' -v^ 

\ 

vdTy v ' -v^ 
p / 

d ( ^ ) 
r 

(2.22) 

and taking 

^dv^ 

vdTy 
= P (2.23) 

the equation becomes 

. 1 . . S 

d(AH,) = - T - ^ ( P ' - ( 3 ^ ) d ( ^ ) . 
V -V r 

(2.24) 

Integrating yields 

45 



AH,. =AHf(oo)- 'T'_ ' / ^ Q I O S 

V - V ^ ,1 . . s 
(P'-P^) 2CT,V^ 

= A H f ( o o ) - c ^ ^ ^ 
r 

(2.25) 

where c = T— r(p' - P'). Equation (2.25) reverts to equation (2.2) for the case of 

\' - v' 

vapor-liquid equilibrium and an ideal gas, in which v"" » v', P'' » p', and Tp" = 1.0. In 

our case, for the solid-liquid transifion of aluminum, T = 933.52K^", v' = 11.34 
i36 i31 r6 T^-\ 37 cm^mor . v^= 10.59 cmVmor', p'= 151x10"' K""', and p '= 77x10"' K"'", then 

AHf =AHf(oo)-1.04 
2CT,V^^ 

(2.26) 

Compared with equation (2.2), the correction is not large for the heat of fusion depression 

for the solid-liquid transition of aluminum. 

To derive the Gibbs-Thomson equation for the melting point depression, we can 

get the following from equations (2.15) and (2.16), 

(s ' -s ' )dT = v 'dp ' -vMp\ (2.27) 

Using equation (2.20) and assuming a constant extemal pressure such that p' is constant, 

then 

AHf 
dT = -vMp^ (2.28) 

From equation (2.14), 

d p ^ = d ( ^ ) . 
r 

(2.29) 

Substituting equation (2.29) unto equation (2.28), we obtain 
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dT V" 2c„^ 

Integration of equation (2.30) using equation (2.25) for AHf(r) gives 

^T,„(r)^ 2v̂ CT„ 
= l - c „ / ' , (2.31) 

AHf(oo)r 
vT.(°o)y 

where c = T-^ ^(P' - p ' ) . As already mentioned c = 1.0 for liquid-vapor equilibrium 
v' 

\' - V 

and an ideal gas and equation (2.31) reverts to the Gibbs-Thomson equation. For our 

situafron, conceming the solid-liquid transition of aluminum nanoparticles, c = 1.04. An 

expansion to the first term gives 

TJr) T ír) 
= l - c + c ""̂  ' . (2.32) 

T„(°o) 
vTJ^)y 

Substitution of equafron (2.32) into equafion (2.31) gives the Gibbs-Thomson equation. 

Therefore, the Gibbs-Thomson equation is valid to describe the melting point depression 

for our aluminum nanoparticles. It is noted that the expansion to first term, and hence the 

Gibbs-Thomson approximation, would not be valid for large depressions (small values of 

T Æ ( a ) ) ) . 

2.5 Summarv 

The melting behavior of aluminum nanoparticles having an aluminum oxide layer 

was examined using DSC. The weight-average aluminum core size studied ranges from 8 

rmi to 50 rmi. With decreasing particle size, the melting response moves towards lower 
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tempcratures. The solid-Iiquid interfacial energy obtained from the melting point 

depression using the Gibbs-Thomson equation was found to be 68 mJ/m^ in reasonable 

agreement with literature values. The liquid skin model does not adequately describe the 

melting point depression for our particles with an oxide layer. The pressure effect due to 

the oxide layer appears to explain the melting point difference between our data and the 

literature data on similarly formed particles without oxide layer. The value of CTSI obtained 

from fitting the Gibbs-Thomson equation to our data corrected to 1 atm is 103 mJ/m^, in 

good agreement with the literature. The heat of fvision was found to decrease with 

decreasing particle size; however, the depression was considerably larger than that 

expected based on the surface tension. This may be caused by the presence of defects in 

nanocrystals; the defect energy was found to increase with decreasing particle size. In 

addition, the derivation of the Gibbs-Thomson equation was discussed and shown to be 

valid to describe the melting point depression of aluminum nanoparticles. 
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Appendix 

A2.1 Calculation of original particle radius 

Although the aluminum nanoparticles were stored under argon atmosphere after 

deli\'er\, the\' may ha\'e reacted with adventitious oxygen between the time that the 

supplier made the measurements of active aluminum content and our DSC experiments. 

Therefore, \ve calculate the corrected original particle size R\ (R\ is Ro) from the particle 

size Ro and aluminum content CQ reported by the supplier and from the aluminum content 

Ci obtained from our measurements. Figure A2.1 shows two particles, the one on the left 

has a radius RQ and alvmiinum content CQ, whereas that on the right has radius R\ and 

aluminum content Ci. The aluminvmi core radius, ro, in Figure A2.1 is related to the 

aluminum content Co and particle radius R\ by the following equation: 

<^o=— f ^ ^ (A2.1) 

(Ro - h )PAIA"^' 'O PAI 

For one gram of particles with particle radius R\ and aluminum content co after storage 

the aluminum content Ci can be expressed as 

c = ^ ° ~ ^ (A2.2) 

1 + X 
108 

where x is the mass gain (oxygen). If ci and co are known, x can be calculated from 

equation (A2.2) with. Thus, the aluminum core radius, ri, is related to ro by the following 

equation: 

h ^ m^ ^ ^ o ~ ^ (A2.3) 
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Therefore, the corrected original particle radius R 1 is 

c, = • l": P : PA: 
3 3 

(R:' -r:")pAi,o,+1": P Al 

(A2.4) 

Storage 

CQ Cl 

Figure A2.1 Particle with radius Ro and aluminum content CQ as reported by the supplier 
(left) and particle with radius R\ and aluminum content Ci, the latter of which is based on 
our measurement. 
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A2.2 Calibration temperatures shift 

The temperature of the DSC was calibrated using zinc, potassium sulfate, and 

potassium chromate at a heating rate of 5 K/min. Due to the instrument conditions the 

melting points of calibration materials may shift with time. Therefore, the calibration 

temperatures were monitored and are shown in Figure A2.2 over a period of a month. 

The calibration error ranges from - 0.1 to 0.3 K, with an average value of 0.1 K. 
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Figure A2.2 Calibration temperatures shift as a function of time. 
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CHAPTER 3 

OXIDATION OF ALUMINUM NANOPARTICLES: 

EFFECT OF PARTICLE SIZE 

3.1 Introduction 

3.1.1 Metastable intermolecular composite 

Metastable intermolecular composite (MIC) materials are energetic materials in 

w hich the conventional micron-sized metal fiiel and oxidizer components are replaced 

with nano-scale powders.' The study of MIC materials was initiated and stimulated by 

the increasing research interest on nano-sized particles.'^ Nanoparticles are typically 

known to have particle diameters from 1 to 100 nm and they exhibit different behavior 

from their bulk state due to their high surface-area-to-volume ratio.^ For example, small 

particles have lower melting points than bulk material because of the increased 

proportion of loosely bound surface atoms, which facilitate the melting of the 

nanoparticles. For gold nanoparticles, a 500 K depression has been reported for particles 

of 1 rmi-radius.'' The use of nanoparticles should also afîect reaction rates in MIC 

systems. Since nanoparticles approach molecular dimensions, intermixing at this level 

enhances the characteristics of the mixture over the traditional micron-sized energetic 

materials. The dramatic increase of surface area of nanoparticles allows more fuel to be in 

contact with oxidizer. Because these solid reactions are usually dif usion-controlled, 

increasing the contact area between the fuel and oxidizers effectively reduces the heat and 

mass transfer distance. Therefore, compared with conventional energetic materials, MIC 
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materials have significant higher energy density and consequently have higher reactive 

power-. MIC materials have been found wide applications in propellants, explosives, 

primers, as well as in pyrotechnics.'' '̂  

3.1.2 Aluminum nanoparticles in MIC materials 

Aluminum nanopowder is becoming a common ingredient in MIC materials. It 

works as an efifective fiiel due to its high mass caloricity than other materials with 

comparable size and density.^ For example, the mass caloricity of aluminum is more than 

twice of that of magnesium. In addition, the combustion product of aluminum (AI2O3) is 

nontoxic. These features make aluminum very appropriate for energetic materials.^ 

Aluminum nanoparticles, which can be produced by electrical explosion of wires, gas 

condensation, and mechanic milling, are now commercially available, stimulating the 

study of aluminum in MIC applications.^ Aluminum nanoparticles have been shown to 

add energy and increase flame temperature in rocket propellants.' They can also be used 

in explosives to improve the late-time eíîects, to elevate reaction temperature, as well as 

to improve their underwater performance. ' " For example, nano-scale aluminum and 

timgsten oxide composites, high-performance MIC materials, release up to 1 -2 MJ/Kg of 

energy at a high rate of 20 MW.' Mixtures of TNT and aluminum nanoparticles have 

higher velocities and heats of detonation than mixtures of TNT and micron-sized 

aluminum.^ Nanoscale composites of aluminum and nickel have also been shown to 

significantly reduce ignition times compared with micron-scale composites; for example, 

0.2 s ignition times are observed for nanocomposites and 4 s for micron-sized 
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composites. For aluminum and molybdenum frioxide mixtures, the ignition time and 

ignition temperature arc dramatically lower for nanocomposites, and the burn rate is 

significantly enhanced, from 1 m/s for conventional thermite to 900 m/s for loose powder 

of nanocomposites.'°"'^ 

3.1.3 Thermal behavior of aluminum nanoparticles 

Since the incorporation of aluminum nanoparticles dramatically improves the 

performance of energetic materials, it is of interest to investigate the thermal behavior 

and reactivity of aluminum nanoparticles. In general, a high reactivity of aluminum 

nanoparticles is needed for the oxidation process in energetic reactions, and a low 

reactivity is preferred during their storage and transportation processes. Recently, the 

combustion or oxidation behavior of a type of aluminum nanoparticles, Alex, which are 

produced by electrical explosion of wires technique, has been extensively studied using 

various techniques, including differential scanning calorimetry (DSC), thermogravimetric 

analysis (TGA), simuftaneous thermogravimetric and differential thermal analysis (TG-

DTA), as well as accelerating rate calorimetry (ARC).^' '•'"'̂  It was shown that for the 

Alex aluminum nanoparticles heated in air, oxidation occurs at a lower temperature and 

has a higher rate compared with micron-sized aluminum.'^"'^ The reactivity of aluminum 

particles has also been shovm to increase with decreasing particle size . The 

incorporation of aluminum nanoparticle into several explosives, such as TNT and RDX, 

significantiy lower the onset decomposition temperature.'^ The effects of moisture and 

particle agglomeration have also been investigated. Aluminum nanoparticles are sensitive 
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to humidity. with complete reaction reported for 90 nm particles in a humid atmosphere.'^ 

In addition, the reactivity of agglomerated aluminum nanoparticles is lower than that of 

unagglomerated nanoparticles.'^ The reason is that the presence of agglomeration leads to 

heterogeneous mixing, which substantially affects the performance. In order to reduce 

agglomeration phenomenon, various materials were investigated to use as coatings of the 

aluminum nanoparticles other than native aluminum oxide, such as aluminum diboride'^ 

and fluoropoIymer^°. 

3.1.4 Research needs and objectives 

In addition to the aluminum nanoparticles generated through electrical explosion 

of wires process, limited work has been done to study other types of aluminum, such as 

nanoparticles generated through gas condensation process, which have spherical shape, 

and more uniformly distributed particles. ' The effect of particle size distribution on the 

reactivity of aluminum nanoparticle in oxidation processes is also still not well 

understood. Furthermore, the mechanism and reaction kinetics controlling combustion of 

MIC materials need fiirther investigation. Understanding the kinetics of this reaction are 

essential for numerically modeling combustion behaviors and for tailoring a composite 

for a specific application. Consequently, the objectives of this study are to determine the 

efifect of alimiinum particle size and size distribution on the reactivity and kinetics of 

aluminum oxidation using DSC dynamic scans. The systems studied include aluminum 

nanoparticles under oxygen atmosphere and aluminum/molybdenum trioxide (AI/M0O3) 

MIC mixtures under argon atmosphere. 
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3.2 Experimental 

3.2.1 Materials 

Nanoscale aluminum particles were obtained from Technanogy (Irvine, CA), and 

3-micron-size aluminum particles (3-4.5 î m, 97.5% purity) were purchased from Alfa 

Aesar (Milwaukee, WI). The physical properties of AI nanoparticles are listed in Table 

3.1. There are two size distributions: broad distribution and narrow distribution. The 

a\'erage particle diameter and standard deviation were obtained from SEM images. Since 

the average particle size obtained from SEM experiment reflects the number size 

distribution, whereas the heat flow response in DSC experiments corresponds to the 

weight disfribution of the sample, the number-average particle size is converted to 

weight-average size assuming that the particles have Gaussian distribution; the weight-

average sizes are shown in Table 3.1. We note that although the log normal distribution 

has been used to describe the particle size distribution for particles generated using the 

same technique,^' the Gaussian distribution describes the particle size distribution well 

for vapor-deposited indium nanoparticles^^, as shown in the Appendix, and the calculated 

active aluminum content of our particles is closer to the experimental values when we 

assume a Gaussian distribution than when we assume a log normal distribution, also 

shown in the Appendix. Other researchers have also assumed a Gaussian distribution in 

their work.'̂ ^ For two of the particle sizes studied having broad distributions, the standard 

deviations are not available; to obtain the weight average particle size we assumed that 

the ratio of the standard deviation to particle diameter for these samples was the same as 

for the other three broad size distributíons for which the standard deviation is reported. 
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Table 3.1 Properties of aluminum nanoparticle and MIC samples 

Particle 
diameter 

(nm) 

17 

25 

52 

76 

101 

43 

63 

81 

92 

Standard 
deviation 

(nm) 

12* 

21 

42 

56* 

56 

2 

3 

3 

3 

Weight 
ave. 

particle 
diameter 

(nm) 

31 

51 

105 

142 

160 

43 

63 

81 

92 

Al content (%) 

Supplier 

38 

54 

74 

80 

82 

74 

82 

84 

83 

Our 
measurement 

33 

47 

59 

~ 

~ 

57 

69 

71 

72 

Oxide 
layer 

thickness 
(nm) 

1.9 

1.8 

1.9 

2.3 

2.8 

1.5 

1.4 

1.6 

1.9 

AHmj 
(J/gAl) 

292 

300 

320 

340 

360 

325 

332 

340 

350 

^ 
actual 

1.05 

1.06 

0.96 

— 

— 

0.92 

1.00 

1.02 

1.05 

* Estimated based on the average ratio of standard deviation to particle size of the other 
three broad size distribution samples. 
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Pure aluminum is pyrophoric and thus each aluminum nanoparticle is coated with 

a I to 3 nm AI2O3 layer to protect the particles from premature reaction and 

agglomeration. As the particle size decreases the total percentage of AI2O3 increases and 

can become a considerable amount of the total powder. In Table 3.1, the aluminum 

content refers to the amount of active aluminum that is not in the form of AI2O3. The Al 

content was obtained from mass gain measurements using a TGA either by the supplier or 

by our measurements as described in a subsequent section. 

Molybdenum trioxide was obtained from Climax Molybdenum (Sahuarita, AZ) 

and is composed of rectangular sheet like particles approximately 1 |im in length and 20 

nm thick. To make the MIC samples, an appropriate amount of aluminum and 

molybdenum trioxide were immersed in a solvent of hexanes and mixed using ultra-sonic 

waves. The solution was poured into a glass container and after the solvent was 

completely evaporated the powders were carefiilly scratched off and put in a vial for 

further use. The equivalence ratio (^) of aluminum to molybdenum trioxide is fixed at 

1.2, where ^ is defined aŝ '*: 

OX4T 

^=) Q/'f^ (3.1) 

where F represents fiiel (Al), Ox is oxidizer (M0O3) and the subscripts ACT and ST 

indicate the actual and stoichiometric ratios. The stoichiometric F/Ox mass ratio for the 

reaction is 0.375 based on assuming the following global reactíon: 

2AI + M0O3 -^ AI2O3 + Mo. (3.2) 

The actíve aluminum content as obtained from the supplier (Table 3.1) is used in 
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determining ^. The equivalencc ratio of 1.2 was found to be optímum for this reaction 

based on burn rate and ignition sensitivity studies.'"' " The actual equivalence ratio based 

on the active aluminum content obtained from our TGA measurements is also shown in 

Table3.1. 

3.2.2 Differential scarming calorimetrv (DSC^ 

Dififerential scanning calorimetry (DSC) was performed using a Perkin Elmer 

DSC-7 instrument wdth an ethylene glycol/water cooling system maintained at 10°C. For 

tiie reaction of aluminum particles with oxygen, the runs were made under 25/75 

oxygen/argon atmosphere; for the MIC reaction of aluminum particles with molybdenum 

frioxide, the runs were made under argon atmosphere. Alimiina pans were used and 

sample sizes varied from 3 to 10 mg. Temperature scans were made as follows: the 

sample was held at 200°C for 20 minutes for the AI/O2 reactíon and for 60 minutes for the 

MIC reaction to purge the sample, followed by a temperature scan from 200 to 725°C at a 

specified heating rate. We note that longer purge times have no effect on the reaction, as 

showTi in the Appendix, where DSC scans at 10 K/min for the AI/O2 reaction are shown 

for the particle with a number-average diameter of 101 nm purged at 200°C for 20 

minutes and 4 hours, respectively. Heating rates of 3, 5, 10 and 20 K/min were used. The 

obtained heat flow responses were corrected using the baseline subtraction, which was 

obtained by rurming the empty reference and sample pans. The temperature of the 

instrument was calibrated using zinc and potassium chromate under argon atmosphere. 

Heat flow was calibrated using potassium chromate. 
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3.2.3 Thermogravimetric analvzer (TGA) 

Altiiough tíie aluminum nanoparticles were stored under argon atmosphere after 

delivery, they may have reacted with adventitious oxygen between the time that the 

supplier made the measurements of active aluminum content and our DSC experiments. 

Therefore, the active aluminum content was determined from mass uptake of oxygen 

using a Perkin Elmer TGA-7. The mass of the TGA samples varied from 1 to 3 mg and a 

25/75 mixture of O^/Ar was used as the analysis gas. Experiments were performed for 

960 minutes at 830°C. The mass gain in TGA is attributed to oxidation of active 

aluminum, as shown by the following reaction: 

4A1 + 3O2 ^ 2AI2O3 (3.3) 

and the mass gain was determined from the absolute change in mass (%) as measured by 

TGA. The active aluminum content can be calculated using the following equation: 

108 
c(%) = —Am(%) (3.4) 

where Am (%) is the mass gain in the TGA experiment. The calculated active aluminum 

content is shown in Table 3.1. Although our measurements generally show a lower active 

aluminum content compared to those of the supplier, the active aluminum content 

changes less than 3% during storage in our lab based on the results of TGA experiments 

conducted two months apart. 

3.2.4 Dataanalvsis 

Calculation of fraction of aluminum reacts prior to 
aluminum melting 

63 



For the reaction of the aluminum particles with oxygen the fraction of aluminum 

that reacts to form AI2O3 during DSC experiments can be determined from the mass gain 

and active aluminum content of the sample, as illustrated in equation (3.4). The fraction 

of aluminum that reacts prior to melting can also be independently determined from the 

area of tiie melting endotherm (AHm): 

AH 
Fraction AI Reacted = 1 ^— (3 5̂  

AH.,,(r) ^'-'^ 

where AHni,T(r) is the total heat of melting expected if none of the active aluminum reacts 

prior to meltíng. The bulk heat of fusion of aluminum is 396 J/g.̂ ^ However, the heat of 

fusion of aluminum nanoparticles decreases as the particle size decreases^^'^^; for 

example, AHm,T = 320 J/g for 40 nm particles. Therefore, the heat of fiision for each 

particle was determined experimentally in this work, and the values are shown in Table 

3.1; errors in AHm,T are estimated to be 5% ^̂ . Note that the difference in fraction of 

aluminum reacted using AHm,T(r) and AHm,T(°o) in equation (3.5) is small, ranging from 1 

to 8%. 

For the reaction of aluminum with molybdenum trioxide, there is no mass change 

upon the reaction. Hence, the fraction of aluminum reacted during the DSC scan is 

obtained from the heat of the DSC melting peak, as expressed by equation (3.5). 

Calculation of apparent activation energy 

The kinetics of solid state reactions is usually described by the foUowing 

equation: 
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da f F \ 
— = k(T)f(a) = Aexp — f(a) (3.6) 
dt vRTy 

where a is the degree of conversion, t is the time, T is the temperature, k(T) is the 

temperature-dependent rate constant, which is usually described by the Arrhenius 

equation, A and E are the preexponential factor and apparent activation energy, 

respecti\ eh'. and f(a) is the reaction model for the certain reaction.'̂ *" '̂ An 

isocomensional method in which DSC scans are made at a series of heating rates can be 

used to obtain kinetic parameters, and the apparent activation can be obtained from the 

following equation ': 

In(P) = c - | ^ (3.7) 

where c is a constant, (î is the heatíng rate, and Ea and T^ are the apparent actívation 

energy and temperature at a specific degree of conversion a. The advantage of this 

isoconversional method is that the activity energy can be obtained without specifying a 

certain reaction model; therefore, this method is a model-free method . 

3.3 Resuhs and discussion 

3.3.1 Aluminum/oxvgen reactíon 

Since the reactíons for MIC materials containing aluminum consist of the process 

of oxidization of aluminum, AI/O2 reactíons were first studied using DSC experiments. 

The efifect of aluminum particle size on the reactivity of AI/O2 reaction is demonsfrated in 

Figure 3.1, where DSC scans are shown for 52 nm and 3 îm Al samples at a heating rate 
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Figure 3.1 DSC heat flow per gram of actíve aluminum as a fimction of temperature for 
the AI and O2 reaction showing the effect of the size of the aluminum nanoparticle. The 
DSC scans were performed at 3 K/min under 25/75 O^/Ar atmosphere. 
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of 3 K/min. The heat flows are normalized by the active aluminum mass in the sample in 

order to make a valid comparison. Figure 3.1 shows that there is a large exothermic 

reaction peak present for the nanoparticle prior to the aluminum melting peak at 660°C 

due to tíie oxidation of aluminum by oxygen, whereas for the micron-size material, only a 

small exotherm is present prior to meltíng. In addition, compared with micron-size 

sample, the melting peak for the nanopowder sample is considerably smaller, suggesting 

that more aluminum in the nano-size sample has reacted in the oxidation process. The 

onset temperature for oxidatíon is also dramatícally reduced, being 510°C for the 52 nm 

sample \'ersus 560°C for the 3 ^m sample as determined from the extrapolated peak onset 

temperature (the temperature at which the ascending peak slope intersects the baseline). 

Hence, the reactivity of aluminum nanoparticles is considerably higher than micron-size 

sample. 

For the data shown in Figure 3.1, the fraction of aluminum that reacts prior to 

melting can be calculated either from the mass gain of the sample or firom the area of the 

melting peak, as explained in the data analysis section. The results for all the samples 

including nanoparticles with both narrow and broad size distributions and micron-size 

particle are shown in Figure 3.2 for DSC scans at 5 K/min as a function of reciprocal 

weight-average particle diameter. The fraction of aluminum that reacts prior to melting 

agrees between the two methods of calculatíon and increases with decreasing particle 

size. For the 3 îm sample, the fraction of aluminum that reacts prior to melting is less 

than 10%, whereas for particles of approximately 100 nm, the value increases to 80% and 

does not appear to increase flirther for smaller particles. Note that if the number-average 
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Figure 3.2 Fraction of active aluminum reacted prior to AI melting in AI/O2 reaction as a 
íimction of the reciprocal of the weight-average particle diameter for nanoparticles with 
both narrow and broad distribution and for a micron-size sample from DSC scans made at 
a heating rate of 5 K/min. Squares represent the results calculated from the mass gain of 
the sample; circles represent the results calculated from the aluminum melting peak 
(equation (3.5)) using the size-dependent heat of fiision. The dashed line is only intended 
to show the trend in the data. 
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particle size instead of weight-average size were used for the samples having broad 

distribution, the trend of the data would be obscured, confirming the importance of using 

the weight-a\'erage size. In this study, the effect of heating rate on the fraction of 

ahmiinum reacted prior to melting is also investigated, as shown in the Appendix. The 

fraction of aluminum that reacts prior to melting decreases and increases by 

approximateh' 5% at 10 K/min and 3 K/min, respectívely; this is as expected since at 

higher heating rates, the samples has less time to react. However, the trend for the 

fractíon of aluminum that reacts prior to melting as a flmction of particle size is the same 

as that at 5 K/min. 

The heat of reaction for AI/O2 reaction can be determined from the integrated heat 

of the exothermic peak and the fraction of aluminum reacted prior to aluminum melting. 

The results are shown in Figure 3.3 as a fiinction of the weight-average particle diameter 

for aluminum nanoparticles with both broad and narrow size distributions. At particle 

sizes less than approximately 100 rmi, the heat of reaction is 23 kJ/gAi, 75% of the 

theoretical value (31 kJ/gAî '̂ ). This value is consistent with a TG-DTA experiment for an 

aluminum nanoparticle (Alex) produced by electrical explosion of wires'^, in which a 

value of approximately 22 kJ/gAi was obtained. Although for particle sizes below 100 nm 

the heat of reactíon remains constant at 23 kJ/gAi, for particle sizes larger than 100 nm the 

value decreases with increasing particle size. An explanatíon for this unexpected result 

may be the presence of adventitious water in the larger diameter samples. We note that 

the heating rate has no effect on the heat of reactíon values, and the data shown in Figure 

3.3 are the average and standard deviation of all the values obtained at different 
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Figure 3.3 Heat of reaction for AI/O2 as a fimction of weight-average particle diameter. 
The values plotted and error bars are the average and standard deviation, respectively, of 
the heat of reaction obtained at various heating rates. Squares represent the results for the 
fraction of aluminum calculated from mass gain, and the circles represent results for the 
fraction of aluminum reacted calculated from the size of the aluminum melting peak 
using the size-dependent heat of fiision. The solid line indicates the bulk heat of reaction 
for AI/O2. The dashed line is only intended to show the trend in the data. 
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heatmg rates; i.c., although the fraction of aluminum reacted depends on heating rate, the 

heat of reaction per gram of aluminum reacted does not. 

The DSC heat flow curves for a broad distribution sample having a number-

average diameter of 25 nm and weight-average diameter of 51 nm and for a narrow 

disfribution sample having a particle diameter of 43 nm are shown in Figure 3.4, 

respectí\ ely. The reaction exothermic peak for the broad-distributíon 25 nm sample starts 

at significantíy lower temperature (approximately 50°C lower) than that of the 43 nm 

sample. In addition, the temperature range of the oxidatíon process for the 25 nm sample 

is relatively wider. Note that although the weight-average particle size for 25 nm sample 

is 51 imi. the oxidation fmished earlier than the narrow sample. These results indicate that 

broad-size distribution sample is more reactive than the narrow-size distribution sample. 

The onset and peak temperatures for all the samples are shown in Figure 3.5 for 

DSC scans at 5 K/min as a fimction of weight-average particle diameter. For samples 

with both narrow and broad size distributions, the onset and peak temperatures are not a 

sfrong fimction of particle size. The onset temperatures for samples with broad 

distributions remain constant at approximately 505°C, which is about 50°C lower than 

those samples with narrow distributíons. For the micron-size sample, the onset 

temperature is close to that with narrow distributions. The trend is the same for peak 

temperature, i.e., samples with narrow size distributions have a higher value than those 

with broad size distributions. Both the onset temperature and peak temperatures are 

affected by the heating rates as expected, with the values being an average of 10 K lower 
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Figure 3.4 DSC heat flow per gram of active aluminum as a fimction of temperature for a 
43 rmi diameter sample having a narrow size distributíon and for a 25 rmi diameter 
sample having broad distribution. The weight-average particle diameters are 43 and 51 
imi, respectively. The DSC scans were performed at 3 K/min under 25/75 O /̂Ar 
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Figure 3.5 Onset and peak temperatures as a function of weight-average particle diameter 
for the reaction of AI/O2 for DSC scans at 5 K/min. Squares represent the onset 
temperature, and circles represent the peak temperature. The dashed line is only intended 
to show the trend for the onset temperature. 
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for 3 K/min scanning rates and an avcrage of 10 K higher for 10 K/min scanning rates, as 

shown in the Appendix. 

The maximum oxidation rate per gram of aluminum reacted, which is determined 

by tíie heat flow rate at the exotherm peak (with heat flow normalized by the active 

aluminum content of the sample) is plotted against weight-average particle diameter for 

all the samples studied, as shown in Figure 3.6. With decreasing particle size, the 

maximum oxidatíon rate decreases from approximately 35 W/gAi for the particle of 60 

rmi diameter to 2 W/gAi for the micron-size sample. Although Figure 3.5 shows that the 

onset and peak temperatures are affected by the size distributions and not affected by the 

size of the particles, Figure 3.6 indicates that the maximum reaction rate is strongly 

dependent on the particles size and not on the size distribution. Other parameters to 

characterize reactivity of aluminvmi nanoparticles besides onset and peak temperatures 

include the specific heat release (J/g) and maximum oxidation rate (g/min) in TG-DTA 

experiment^' '^'^° and maximum self-heating rate (Rmax) in ARC experiment'^'^''. 

Consistent with our data, other researchers have shown that aluminum nanoparticles 

ranging from 130 to 280 nm have considerably higher values of specific heat release^ 

compared with 80 ^m aluminum particle, and that with decreasing particle size, the 

values increase^. On the other hand, the onset temperatures for these aluminum 

nanoparticles from TG-DTA experiments show no large differences within the range 

studied^, also in agreement with our DSC data. h is important to recognize that different 

measures of reactivity give different results, e.g., some measures indicate that particle 

size is important and that size distribution is unimportant, whereas others indicate the 
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oppositc. It is clear that a full description of reactivity requires multiple characterization 

methods. 

The kinetics of the reaction of the aluminum nanoparticles with oxygen was 

studied using tíie isoconvensional method to calculate the apparent activation energy. 

Figure 3.7 shows tíie natural logarithm of the heatíng rate as a function of the reciprocal 

DSC temperature at which a given conversion was obtained during the scan (from 0.1 to 

0.6 with the final conversion determined from the mass gain of the sample) for the 25 nm 

particle. From the slope of the fit, Ea can be calculated using equatíon (3.7) for a given 

conversion; the average values for £„ and standard deviations are shown in Figure 3.8 as 

a fimction of weight-average particle diameter. For all the nanoparticles studied, the 

activation energies are in the range of 200 to 300 kJ/mol. This is in reasonable agreement 

with literature values: a value of 164 kJ/moI was reported for oxidation of aluminum 

nanoparticles synthesized by gas condensation using TGA ; an average value of 254 

kj/mol was obtained by DSC and TGA experiments for oxidation of Alex aluminum 

nanoparticle'''; also for Alex particles, a value of 225 kJ/mol was reported using DTA 

experiments'^. From Figure 3.8 we can see that the apparent activation energies for 

particles with narrow distributions are slightly higher than those with broad distributions. 

For the aluminum nanoparticles with broad size distributions, the apparent activation 

energies are in the range of 220 + 20 kJ/mol, whereas for those with narrow size 

distributions, the apparent activatíon energies are in the range of 270 + 20 kJ/mol. This 

may be explained by the fact that for samples with wide size distribution, there are a 

considerably more particles of smaller sizes. The smaller particles react with oxygen 
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Figure 3.7 Natural logarithm of the heating rate versus the reciprocal temperature for 
various conversions, a, for the 25 rmi sample having broad distribution. The lines show 
the best linear fit. 
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more easily, and tiie reactíon heat generated may stimulate further oxidation of larger 

particles; thereby reducing the overall activation energy of the sample. 

3.3.2 Aluminum/Molybdemmi trioxide reaction 

The effect of aluminum nanoparticle size on the reactivity of the AI/M0O3 MIC 

reaction is also studied using DSC experiments. Figure 3.9 shows a comparison of DSC 

scans run at 5 K/min for the MIC samples containing 52 nm and 3 |j,m aluminum 

particles, respectively. For MIC sample containing 52 nm aluminum particles, there is a 

large exothermic peak followed by a small aluminum melting peak, whereas for the 

sample containing micron-sized aluminum, there is only a small exothermic peak and 

foUowed by a large melting peak. Figure 3.9 suggests that reducing aluminum particle 

size can sigrtíficantly increase the reactivity of AI/M0O3 MIC, consistent with the results 

observed for the reaction of aluminum with oxygen in this work. However, there are 

poignant differences between the MIC reactíon and AI/O2 reaction. First, the scale for 

heat flow for the reaction with oxygen gas is over ten tímes greater in Figure 3.1 than for 

the MIC reaction shown in Figure 3.9. In additíon, the MIC reaction appears to be more 

complex with several peaks showing up in the temperature range from 250 to 600°C. The 

apparent complexity may be due to the phase change of aluminum oxide (AI2O3) from the 

amorphous to the crystalline state during temperature scan""^^ which occurs in the same 

temperature range as the oxidatíon reactíon but is not notíceable in Figure 3.1 due to the 

scale of the heat flow. The phase of aluminum oxide formed by thermal oxidation 

depends on temperatíire: at low temperatures (< 300°C) an amorphous oxide film forms 
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Figure 3.9 DSC heat flow per gram of active aluminum as a fiinction of temperature for 
Al and Mo03 reaction showing the efifect of the size of the aluminum nanoparticle. The 
DSC scans were performed at 5 K/min argon atmosphere. 
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witíi limhing thickness; at higher temperatures (300-635°C), the amorphous phase starts 

to fransform into crystalline y- AbOâ "*. The temperature range of the AI2O3 

transformatíon process is the same as the AI/M0O3 reaction, which may cause 

theappearance of multiple peaks. DSC experiments were performed separately for 

aluminum nanoparticles and for M0O3 under argon atmosphere, and the resuhs suggest 

tíie existence of a phase transition of AI2O3 in the aluminum nanoparticles, as shown in 

the Appendix. For M0O3 no obvious peaks exist during the entire temperature scan, as 

also shown in the Appendix. 

The fraction of aluminum that reacts prior to meltíng is determined from the area 

of the melting endothermic peak, which reflects the amount of aluminum left in the 

sample. Figure 3.10 shows the fraction of aluminum reacted prior to melting for DSC 

scan at 5 K/min as a ftmction of reciprocal of the weight-average particle size calculated 

using the modified bulk heat of fusion. Compared with the sample containing micron-

sized aluminum particles, the samples containing nano-sized aluminum particles are 

considerably more reactive; for example, 70% of the aluminum reacts in the MIC 

reaction for the 30 rmi particles, whereas only 20% reacts for the 3 ^m aluminum 

particles. For the aluminum nanoparticles with broad size distributions, the fraction of 

aluminum reacted appears to increase with decreasing particles size. For the narrow size-

distribution aluminum nanoparticles, which are all less than 100 rmi, no significant 

differences exist for all four samples; this is consistent with the results for AI/O2 reaction 

in which the fractíon of aluminum that reacts before melting was independent of size for 

particles less than 100 nm. Note that since the actual equivalence ratio is lower than 1.2, 
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as shown in Table 3.1, the fraction of aluminum reacted prior to meltíng exceeds 83%, 

tíie expected maximum for an equivalence ratío of 1.2, for several samples. The effect of 

heatíng rate is significant for this reaction with the fraction of aluminum that reacts prior 

to melting decreasing with increasing heating rate; it is less than 35% for a heatíng rate of 

10 K/min, as shown in the Appendix. 

The heat of reaction for the AI/M0O3 MIC reactions obtained from the integrated 

heat of the exothermic peak, is shown in Figure 3.11, where the average heat of reaction 

is plotted against weight-average particle diameter. The heats of reactíon obtained are 

considerably lower tíian the tiieoretícal value (17 kJ/gAî )̂, consistent with the results for 

tiie AI/O2 reaction shown in Figure 3.3. For all the aluminum nanoparticles studied, the 

heats of reaction for MIC mixture are in the range of 6 + 4 kJ/gAi, approximately 35% of 

the theoretical value. The percentage of heat evolved per gram of aluminum reactíng is 

much lower than that for the AI/O2 reactíon, and the results also show more scatter. 

The onset and peak temperatures for the AI/M0O3 MIC reaction are shown in 

Figure 3.12 for DSC scan at 5 K/min. The onset temperatures of the MIC samples 

containing aluminum nanoparticles with broad size distributions remain constant at 

approximately 460°C, whereas those with narrow size distributions show onset 

temperatures at approximately 500°C. The onset temperature for the sample containing 

micron-size aluminum particle is 518°C, higher than any samples having aluminum 

nanoparticles. The aluminum particle size appears to have no significant efifect on the 

onset temperature for either narrow or broad size distributions for the AI/M0O3 reaction, 

consistent with the results for the AI/O2 reaction. The peak temperatures show a similar 
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trend but with larger variations compared with the onset temperatures. The values of 

onset and peak temperatures increase with increasing heating rate, as shown in the 

Appendix, and arc approximatcly 10 K higher for a heating rate of 10 K/min. 

The maximum reaction rate per gram of aluminum prior to aluminum melting for 

the AI/M0O3 MIC reaction is shown in Figure 3.13. With decreasing aluminum particle 

size, the maximum oxidation rate decreases and the trend is more obvious for the samples 

containing aluminum nanoparticles with broad size distributions. For the sample having 

micron-size aluminum, the maximum reaction rate is 0.6 W/gAi, whereas for the sample 

having 30 nm aluminvmi particles the value is approximately 10 times higher. The trend is 

similar to that for the AI/O2 reaction although the rates are considerably lower. 

The apparent activation energy for the MIC reaction is also investigated using the 

isoconversional method. Figure 3.14 shows the apparent activatíon energy versus weight-

average particle diameter. Particle size seems to have no significant effect on the apparent 

activation energy for AI/M0O3 reactíon, with most samples having an apparent energy of 

260 ± 20 kJ/mol, includmg both narrow and broad size distributíons, although one sample 

shows a considerably higher activation energy for an unknown reason. For most of the 

samples, the value of apparent actívatíon energy for AI/M0O3 reaction is essentially the 

same as that for AI/O2 reactíon (240 ± 30 vs 260 ± 20 kJ/mol), suggesting that the two 

reactions have the same limiting step. 
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3.4 Summary 

rhe oxidatíon rcactíons of aluminum nanoparticles with oxygen and 

molybdenum frioxide were investigated using DSC. Both broad and narrow size 

disfributions of aluminum nanoparticles have been investigated with the weight-average 

particle diameters ranging from 30 to 160 nm. The results show that the for both AI/O2 

and AI/M0O3 reactions, the aluminum nanoparticles react well before the meltíng of the 

aluminum compared with micron-size aluminum particle. The heats of reactíon are 

relativeh' lower than theoretical values with the values ranging from 10 to 25 kJ/gAi for 

the AI/O2 reaction. The onset and peak temperatures for both AI/O2 and 

Al/MoOsreactions are afifected by the size distributions with those for narrow-size 

distribution samples being approximately 50°C higher than those for broad-size 

distribution samples; no efifect of particle size was observed for onset and peak 

temperatures. On the other hand, the maximum reactíon rates for both reactions are 

sfrongly dependent on particle size, and with increasing particle size, the maximum 

reactíon rates increase. This indicates the need to fully characterize reactivity using 

multiple characterization methods. The isoconversional method was used to calculate 

activation energies, and for AI/O2 reaction, Ea ranges from 200 to 300 kJ/moI, which are 

in agreement with literature values. In addition, the values of Ea for AI/M0O3 reactions 

are comparable to those for the AI/O2 reactíon, suggestíng the same limiting reaction step 

in these two reactions. 
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Appendix 

A3.1 Gaussian versus log normal distributíon 

The issue of whether the distribution is Gaussian or log normal is an important 

one. Figure A3.1 shows the particle size distributions from reference 22 in which indium 

nanoparticles obtained by vapor deposition were studied. The solid lines represent the 

best fit for Gaussian disfribution, which appears to adequately describe the data. 

In addition to modeling the disfribution of vapor-deposited indium particles, we 

also compare the calculated weight-average particle size and active aluminum content of 

our nanoparticles assuming a Gaussian distribution and also assuming a log normal 

disfribution. Table A3.1 shows the results, where u and sd are the mean particle diameter 

and standard deviation, respectively, obtained from SEM experiments, and [i and a are 

the characteristic parameters for the Gaussian and log normal distributions obtained from 

u and sd. For the Gaussian distribution, 

P(d) 1 e x p f - M ] (A3.1) 

aV27 y Zd J 

where P(d) is the normalized probability and the moment and standard deviation are 

given by 

u = ^ (A3.2) 

sd = a. (A3.3) 

On the other hand, for the log normal distributíon. 
1 f ( Ind- ln^) ' 

P(d) = p=exp - ^ ^ . 
d l n a Æ l 2 In ' a 

(A3.4) 
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Figure A3.1 Particle size distributions for vapor-deposited indium nanoparticles^^. The 
solid lines represent the best Gaussian fit. 
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Table A3.1 Comparison of Gaussian and log normal distributions for broad size 
disfribution samples. 

Supplier 

u 
(nm) 

17 

25 

52 

76 

101 

sd 
(nm) 

12 

21 

42 

56 

56 

oxide 
tíiick 
ness 
(nm) 

1.9 

1.8 

1.9 

2.3 

2.8 

AI% 

38 

54 

74 

80 

82 

Gaussian distribution 

(nm) 

17 

25 

52 

76 

10 

a 
(nm) 

12 

21 

42 

56 

56 

M-wt 
(nm) 

31 

51 

105 

142 

160 

AI% 

63 

74 

87 

88 

87 

Log normal distribution 

(nm) 

13.7 

19.2 

40.4 

61.6 

88.3 

a 
(nm) 

1.93 

2.08 

2.03 

1.92 

1.68 

M'Wt 

(nm) 

62 

122 

231 

265 

226 

AI% 

72 

84 

91 

91 

89 
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and the moment and standard deviation are given by 

u = exp(In|.i+0.5In^a) (A3.5) 

sd=exp(21n^+In^a)(exp(lnVl)) (A3.6) 

The aluminum contents calculated assuming Gaussian distribution are closer to the 

experimental values than those assuming log normal distribution. In addition, the weight-

a\erage particle diameter for the 101 nm particle calculated assuming log normal 

disfribution is even smaller than tíie 52 nm and 76 nm particles due to its smaller a; since 

the trend in tíie data shown in Figure 3.2 would be distorted by this, it indicates that the 

log normal disfribution is not appropriate for our aluminum nanoparticles. 

A3.2 Efifects of pvirge time and heating rate 

The efifect of purge time on the reactíon is shown in Appendix Figure A3.2, where 

the DSC heat flow responses are shown as a ftinction of temperature for DSC scans at 10 

K/min for the particle with a number-average diameter of 101 rmi purged at 200°C for 20 

mins and 240 mins, respectively. The two curves give the heat of reaction and heat of 

melting within 3%, indicating that longer purge times have no efîect on the results 

The effects of heating rate on the fraction of aluminum reacted prior to melting 

for the AI/O2 reaction and for the AI/M0O3 reaction are shown in Figure A3.3 and Figure 

A3.4, respectively. Squares represent the results calculated from the mass gain of the 

sample; circles represent the results calculated from the aluminum melting peak (equation 

(3.5)) using the size-dependent heat of flision. Compared with Figure 3.2 for the AI/O2 

reaction and Figure 3.10 for the AI/M0O3 reaction, with increasing heating rate the 
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Figure A3.2 DSC heat flow response as a ftmction of temperature for the particle with a 
number-average diameter of 101 imi purged at 200°C for 20 mins and 240 mins, 
respectively. The DSC scans were performed at 10 K/min under 25/75 O /̂Ar. 
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Figure A3.3 Efifect of heating rates on the fraction of aluminum reacted prior to melting 
for the AI/O2 reaction (showing the same trend as that at heating rate of 5 K/min). 
Squares represent the results calculated from the mass gain of the sample; circles 
represent the results calculated from the aluminum melting peak (equation (3.5)) using 
the size-dependent heat of flision. 
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Figure A3.4 Fraction of aluminum reacted prior to melting for the AI/M0O3 reaction at 
DSCscanoflOK/min. 
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fraction of aluminum that reacts prior to mclting decreases, as expected. However, the 

fraction of aluminum that reacts prior to melting at different heating rates shows the same 

trend. 

The effects of heating rate on the onset and peak temperatures are shown in 

Figures A3.5 and A3.6 for the AI/O2 reactíon and Figure A3.7 for the AI/ M0O3 reactíon, 

respecti\ eh', where Figure A3.5 and Figure A3.6 show the onset and peak temperature as 

a function of weight average particle diameter for DSC scans at 3 K/min and 10 K /min, 

and Figure A3.7 shows that for the reaction of AI/M0O3 at DSC scan of 10 K/min. Both 

the onset temperature and peak temperatures are afifected by the heating rates as expected, 

with the values being an average of 10 K lower for 3 K/min scarming rates and an 

average of 10 K higher for 10 K/min scanning rates. 

Figure A3.8 shows the DSC heat flow responses as function of temperature for 

pure 25 nm aluminum nanoparticle and for pure M0O3 for DSC scans at 10 K/min under 

argon atmosphere. Multiple peaks show up for aluminum nanoparticle only, as reported 

in the literature^^, suggesting the existence of phase transition of aluminum oxide. 

However, without further evidence from other techniques, the peaks can not be assigned. 

The reaction of aluminum with chemisorbed water or oxygen could also be responsible 

for the observed peaks. 
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Figure A3.5 Onset and peak temperatures as a fimction of weight-average particle 
diameter for the reaction of AI/O2 at DSC scan of 3 K/min. Squares represent the onset 
temperature, and circles represent the peak temperature. 
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diameter for the reaction of AI/M0O3 at DSC scan of 10 K/min. Squares represent the 
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Figure A3.8 DSC heat flow per gram sample as a ftmctíon of temperature for AI 25 nm 
and M0O3, respectively. DSC scans were performed at 10 K/min under Argon. 

104 



CHAPTER 4 

DEVELOPMENT OF NANOPOROUS LOW-Â: 

DIELECTRICS VIA SUPERCRITICAL 

CO2 EXTRACTION 

4.1 Introduction 

4.1.1 Need for low-Â  materials 

With the growing demand for higher speed computers, as mentioned by Moore's 

law, which states that the speeds of microchips increase by a factor of 4 every 3 years, the 

feature dimensions of integrated circuits continue to decrease.' Although the 

miniaturization of devices leads to faster speeds and more components in the circuit, the 

resistance-capacitance (RC) delay at the back-end-of-the-line increases as the devices 

continue to scale to the sub-micron region. In fact the RC delay increases exponentially 

as feature size decreases below 1 |j,m.'̂  The RC delay results in cross-talk noise, 

propagation delay, and power dissipation.' The successful implementation of Cu as 

replacement for Al has resulted in a decrease in RC delay by 37% due mainly to its lower 

resistivity. ^ Further significant reductions require the replacement of the standard 

dielectric material (SÍO2) with a lower dielectric constant (k) material. For example, 

substitution of SÍO2 (k = 4.0) with a material with k = 2.0 will reduce the delay by 50%. 

The Intemational Technology Roadmap for Semiconductors (ITRS), which has projected 

the overall technology requirements since 1994, has suggested that for technology nodes 

< 65 nm, dielectrics with Â: < 2.1 are needed. 
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4.1.2 De\ clopment of \o'w-k matcrials 

Researchers havc focuscd on development of suitable IOW-Â: materials by 

exploring numbcrs of materials with ^ values ranging from 1.1-3 and deposited mostly 

\ ia spin-on (SOD) or chemical vapor deposition (CVD).^'^ Many materials have been 

in\ estigated, such as pol\ imidcs, poly(aryl ether)s, poly(silsesquioxane)s, and fluorinated 

polymers, etc ' Ho\\c\ cr, most of thesc materials candidates do not fully satisfy the 

rigorous mechanical, chemical, electrical, and thermal requirements for device 

integration. Fluorinated silicon dioxide films with A:= 3.2 ~ 3.6 have been successfully 

integrated at the 180 nm node.^ Likewise, organosilicates with dielectric constant of 2.6 ~ 

2.8 deposited by current CVD tools have also been introduced and developed with Cu 

technology.'^ However technology nodes below 100 nm continue to present a serious 

integration and characterization challenge for new materials. 

A promising approach to obtain ultra low-Â: materials is to introduce porosity into 

the interlayer dielectric films.^ The dielectric constant of a material can be lowered by the 

incorporatíon of sufficient pores since the dielectric constant of air is close to 1. The 

ability to tailor the degree of porosity and the size and shape of pores offers versatílity 

and extendibility, which makes porous films attractive low-A: candidates. In addition, both 

CVD and SOD techniques can be used to prepare porous films.^"^ Nanoporous carbon-

doped oxide (SiCOH) films were prepared by plasma-enhanced chemical vapor 

depositíon (PECVD).^ A dual-phase film was formed from mixtures of SiOCH and an 

organic precursor (CH) under PECVD, and a subsequent thermal annealing at 400°C 

removed significant amount of loosely bonded CHx species leaving nanopores in the 
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films. The dielectric constant of the SiCOll tílm was significantly reduced. Similar to the 

CVD method, SOD method cim be used to generate nanoporous fílms. Various methods 

have been investigated, including nanohybrid techniques, block copolymers, templated 

self-asscmbly, soh cnt-as-porogen approaches, and sol-gel techniques.'*'^ Of particular 

interest is the nanohybrid method, or so-called sacrificial porogen approach, which 

generates pores b\ removal of thermally degradable organic macromolecules (porogens) 

from the nanohybrid comprised of the porogen and a crosslinked matrix. Possible 

porogens include amphiphiles, micelles, lyotropic phases, polymeric spheres, and 

assemblies of pohTneric spheres, all of which provide versatility and control, not only the 

pore size and size distribution but also of the pore morphology.^ In addition, the degree of 

porosity can be adjusted by simply varying the mixing ratio of matrix and template 

precursors. The morphology of the porous films is a crucial factor affecting the 

performance of the film. Generally, closed pores in the matrix are desirable because pore 

interconnectivity may result in low mechanical strength, low thermal conductivity and 

low breakdown voltage. Highly interconnected pores may also allow contaminants to 

difftise between structures, possibly resuhing in electrical shorts. Furthermore, pores 

should be uniformly distributed in the films to provide isotropic dielectric constant 

values. The morphology of the porous films depends on the original films before 

removing porogens, which can be affected by the composition of mixture, curing 

conditions, and film thickness. 

A typical process flow diagram of the nanohybrid method using nucleation and 

growth porogens is shown in Figure 4.1. The first step is the choice of suitable matrix 
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Figure 4.1 Process flow diagram of sacrificial-porogen method of fabricating hybrid 
films. 
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material, porogen, and mutual solvcnl. The prccursor mixturc is spin coated on the 

substrates, followed by soft baking (100°C) to expel the solvent. During the curing period 

(200-250°C), the matrix crosslinks and the porogen phase separates into nanoscopic 

domains. Finally, renunal of the porogen phase occurs by thermal decomposition at 

relati\ eh higher temperatures (350-450°C). In this step, the matrix is further cured. As 

shown in the last step of Figure 4.1, the usual method of creating pores is thermal 

decomposition of porogen phase similar to thermal annealing of PECVD films to 

generate nanopores. The inherent disadvantage with thermal decomposition or annealing 

is that the process temperature window can be narrow because the thermal decomposition 

temperature must be substantially below the glass transition (Tg) of the matrix to prevent 

collapse of porous structure. Since many organic polymers have relatively low TgS 

compared to degradation temperatures, this constraint can lead to incomplete porogen 

decomposition often resulting in char residue. 

4.1.3 Supercritícal carbon dioxide (SCCO2) extraction 

The attractive properties of supercritical CO2 (SCCO2) have motivated us to 

examine the feasibility of generatíon of nanoporous low-A: films using SCCO2 extraction 

process. CO2 becomes a supercritical fluid, which has liquid-Iike density, gas-like 

difftisivity, and low viscosity when both temperature and pressure are above the critical 

point ( 3 rC , 1070 psi)."' High molecular weight species are generally insoluble in CO2 

unless there are strong specific interactions between the CO2 and the polymer. For 

example, high molecular weight perfluoropolymers", hydrofluorocarbon polymers'^ and 
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chlorofluorocarbon polymers' ^ have been found to be soluble in CO2. On the other hand, 

oligomers and low molecular weight compounds are often soluble, especially those 

containing CO^-philic groups, such as siloxanes and perfluoro groups.'"* These properties 

w ill allow cxtraction at lower temperatures than for the thermal annealing process. 

SCCO2 has been extensi\ cly used in industrial and analytical processes and waste 

detoxification "̂  and has recently found interesting applications in semiconductors. 

Researchers at Los Alamos National Laboratory have successfully removed photoresist 

using SCCO2 with minimal use of solvent."' Here, there is no doubt about its 

ad\ antageous cost impact to the semiconductor industry and its positive environmental 

effect due to reduction of toxic solvents in photoresist stripping.'^ SCCO2 is also a 

promising cleaning technique for high aspect ratio vias and trenches and one study 

1 R 

reported that SCCO2 also increased the mechanical strength of porous materials. 

4.1.4 Objectíves 

Supercritical CO2 (SCCO2) is presented here as an alternative to the thermal 

decomposition or annealing method. SCCO2 has the ability to diffuse into the film and 

dissolve, and remove the porogen phase from the matrix via venting. Here, the loosely 

bonded or porogen molecules are not decomposed but rather selectively extracted from 

the crosslinked matrix. In this work, we examined the effect of SCCO2 treatment on 

PECVD deposited composite films of tetravinyltetramethylcyclotetrasiloxane 

(TVTMCTS) and fluorocarbon (a-C:F) and SOD-coated nanohybid 

poly(methylsilsesquioxane)/ poly(propyIene glycol) (PMSSQ/PPG) films. 
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retravinyltetramethylcyclotetrasiloxane (TVTMCTS) has been used as a liquid 

source to form low-^ organosilicalc fílms via PECVD.^" This source has a ring structure, 

which can be prcscr\ed after plasma polymcrization, resulting in a fílm with a relatively 

low densityand ^of 2.65 to 2.92 and thermal stability upto 400°C. More importantíy, 

these fílms were stablc after CO2 pressurization of up to 9000 psi and pressurization 

temperatures of up to 200°C. These stable properties make this film a good matrix from 

w hich CO2 soluble species can be extracted. The methodology is to prepare a composite 

film deposited mainh of TVTMCTS organosilicate and oflow molecular weight a-C:F 

looseh bonded or unbonded to the organosilicate main structure and then to form 

nanoporous films by removing cr-C:F using SCCO2 extraction without adversely affecting 

the mechanical integrity or thermal stability of the matrix. 

In addition, we examined silsesquioxanes (SSQ) films, prepared by SOD, which 

are a class of promising low-A: candidates. They are low shrinkage material, hydrophobic, 

thermally stable, and more importantly, have a relatively low dielectric constant of about 

2.8. Only 30% porosity is needed to let k < 2.0 for organosilicates, instead of 75% 

porosity for a material with k ~ 4.0. The methodology is to generate nanohybrid films 

using PMSSQ material as the matrix material and PPG as the porogen and to form 

nanoporous low-Â: films via SCCO2 process. In addhion, the effects of composhion and 

film thickness on the phase morphology of PMSSQ/PPG films were also investígated. 

This project is in collaboration with Dr. Gangopadhyay's group (previous in 

Department of Physics at Texas Tech Univershy, currently in Department of Elecfrical 

Engineering at University of Missouri, Columbia), including J. Lubguban, T. 
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Rajagopalan, and B. Lahlouh. Their work includes PECVD fílm preparation and 

characterizations, including FTIR and k measurements. Other researchers on this project 

include A. Mallikarjunan (Polytechnic Institute) and H. C. Kim, W. Volksen, M. F. 

Toney, E. Huang, P. M. Rice, E. Delenia, and R. D. Miller from IBM, who were involved 

in preparation of PMSSQ/PPG fílms and fílm characterization. Our contribution to the 

work focused on the SCCO2 extraction process. In addition, we independently examined 

the effect of tilm thickness on pore size. 

4.2 Experimental 

4.2.1 Film preparation 

PECVD TVTMCTS/a-C:F fílms 

Organosilicate and a-C:F composite fílms with thicknessof 0.75-1.75 \im were 

deposited onp-type Si (0.008-0.02 and 40-60 Hcm resistívitíes) and quartz substrates in 

a capachively coupled, 13.56 MHz PECVD system. TVTMCTS was used as the liquid 

source with H2 as carrier gas to deposit the organosilicate fílm and C F̂g gas was added in 

the plasma to fabricate a composite film. The structure of TVTMCTS is as follows: 

^a 0 
CH = C H ' I I ,CH, 

o s> ' 

^^ CH ' CH, 

(4.1) 

The experimental conditions for five films are listed in Table 4.1. The rf power was kept 

as low as possible to prevent the ring structure of the TVTMCTS source from breaking 
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since the rings provide an open structure and is the main reason for low yt in the 

TVTMCTS films.^ All films werc deposited at room temperature andthe C F̂g flow rate 

was \aricd to obtain fílms with different CFv concentrations. A fílm with conditions 

similar to fílm 2 but without C^l's gas was also fabricated for comparison (film 4). Film 5 

is an a-C:F film and was used to sliow the solubility of a-C^F in SCC02. 

Table4.1 Deposition condhions. 

Film 
TVTMCTS + H2 C4F8 rf power Pressure Temperature 

(sccm) (sccm) (W) (Torr) (°C) 

20 20 6 0.3 25 

20 3 3 0.3 25 

20 0.5 10 1 25 

20 0 3 0.3 25 

0 40 50 0.3 25 
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SOD PMSSQ/PPG fílms 

Poh (methylsilsesquioxane) (PMSSQ) having an empirical formula (CH3-

SiOi s)„, is used as a matrix and polyipropylene glycol) [PPG, (-CH(CH3)CH20-)n] with a 

linear structure, M,, = 20,000 g/mol and PDI = 1.05, is chosen as a porogen material. 

Appropriate quantities of PPG and PMSSQ were dissolved in propylene glycol methyl 

ether acetate (PMAc) and the solution is loaded into a disposable syringe before passing 

tlirough a 0.2 \xm PTFE filter and onto silicon substrates. After spin coating, the samples 

were heated briefly to 50°C on a hot plate under nitrogen atmosphere to remove the 

soh ent before curing at 200°C to produce the phase-separated structure. This curing 

temperature is still well below the thermal degradatíon temperature (430°C) of the 

porogen in an inert atmosphere. Films with porogen compositions of 25 wt% (OS7525) 

and 55 wl% (OS4555) were prepared for this study. According to preliminary results 

from positron annihilatíon spectroscopy on porous films generated thermally, the former 

compositíon is expected to form a nanohybrid with predominantly dispersed porogen 

morphology while the latter results in an interconnected nanohybrid. For simplicity, the 

two samples after undergoing phase separation by curing at 200°C will be referred "as-

cured". 

In addition, three freestanding thick PMSSQ/PPG films with film thicknesses of 

1300 M-m, 530 fxm, and 70 ^m, respectívely, were prepared in order to study the effect of 

film thickness on the phase morphology of hybrid films. The appropriate amounts of 

solutíon of 60/40 wt% PMSSQ/PPG dissolved in propylene glycol methyl ether acetate 

were cast on mercury. After the evaporation of the solvent the films were peeled off from 
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the mercur\ surface, and then curcd at 2()0°C for 2 hours in an oven under nitrogen 

atmosphere. The films were then heated to 300°C for 2 hours to completely decompose 

thc porogen component in the films, lcaving porous structures depicting original 

structures. The reason to use thermal decomposition instead of SCCO2 process is the long 

diffusion period for thick films in SCCO2 process. 

4.2.2 Supercritical CO: extraction 

Figure 4.2 shows the schematic diagram of the supercritical extractíon system. 

The \essel is of stainless steel and is rated to withstand operating pressures up to 10,000 

psi and temperatures up to 200°C. The cylindrical vessel with inner diameter of 2.5 cm, 

inner depth of 12.7 cm, and outer diameter of 6.3 cm is placed inside an oven. The 

temperature inside the vessel is monitored by a thermocouple placed inside a thermo-well 

that extends 2.5 cm deep. A vacuum pump is fitted to evacuate ambient air before 

pressurization with CO2 using air-driven gas booster pumps (Haskel). A gauge (Sensotec) 

gives the pressure reading and the pressure in the vessel is controlled by a ball valve 

installed between the gas booster and extraction vessel. A burst (rupture) disc is installed 

for safety. The extraction is done as follows. First, the films were arranged in the 

substrate holder and placed inside the pressure vessel. The ambient air was then pumped 

out and the vessel backfilled with CO2 at approximately 300 psi. The oven temperature 

was then ramped slowly to the desired temperature. The vessel was subsequently 

pressurized isothermally with CO2 with a purity of 99.99% using the gas boosters driven 

with 70-psi air pressure. The pressure in the chamber was maintained over the duration of 
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the extraction experiment. The vessel was then depressurized to approximately 300 psi 

and the temperature was ramped down to between 25 and 30°C. Depressurization to 

atmospheric pressure was then completed at this temperature. 

co. 

Hi-Ppump 

Bunst disc 

H^ HI-PO 
gauge 

\^nt 

4 

Oven 

Hi-Pneedle 
valve 

Hi-Pvalve 

Q 
N^cuum pump 

Figure 4.2 Schematic diagram of the supercritical CO2 extraction system. 
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4.2.3 Characterization 

Fourier transform infra-red (FTIR) spectra at the 4000 to 400 cm-' range were 

recorded using a Perkin-Elmer Model 1600 spectrometer with a resolution of 8 cm'. The 

thickness and rctracti\e index of the samples were measured by a prism coupler 

(Metricon 2010) and ellipsometer (Rudolph AutoEL IV). Porosity was estímated using 

the Claussius-Mossotti equation and was also compared with the Bruggemann effective 

medium approximation method, both are discussed in more detail later.'^ For dielectric 

constant measurements, a metal-insulator-semiconductor structure is fabricated by e-

beam e\aporation of Ti to form dots with an area of 0.196 mm^ on top of the films spin-

coated on heavily doped silicon substrates. An HP 4275A LCR meter set at a frequency 

of 10 kHz measured the capacitance for dielectric constant calculation. The 

microstructures of the PMSSQ films, OS7525 and OS4555, after SCCO2 treatment were 

examined by TopCon-002B transmission electron microscopy (TEM). Small angle x-ray 

scattering (SAXS) experiments were performed at the IMM-CAT at the Advanced 

Photon Source at Argonne National Laboratory. The incident X-rays from an undulator 

were monochromatized with a Ge (111) crystal to an energy of 7.66 keV. Slits confmed 

the incidence beam size to either 100 x 100 |̂ m (high resolution) or 200 x 200 |a,m (low 

resolution). An area detector was used with a sample-to-detector distance of either 3290 

mm (high resolution) or 550 mm (low resolution). The high and low resolution data sets 

were merged and the SAXS from the PMSSQ (originating from the ladder structure ) 

was subtracted from the merged data to give the SAXS from the pores. The thickness of 

freestanding thick PMSSQ/PPG films was measured by a micrometer. The surface 
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morphology was characterized using a Molecular Imaging PKO SPM atomic force 

microscope (AFM). 

4.3 Results and discussion 

4.3.1 PECVD TVTMCTS/a-C:F films 

FTIR 

The ability of SCCO2 to dissolve a-C:F films is demonstrated by comparingthe 

FTIR spectra of an a-C:F film (film 5 inTable 4.1), as-deposited and after subsequent 

SCCO2 treatment as shown in Figure 4.3. The broad absorption band from 400 to 1400 

cm~' is typical of a soft, highly disordered, andlow crosslinked a-C:F polymer film. After 

the film was pressurized at 2500 psi and 200°C for 10 hours, the C-F absorption band 

intensity is almost negligible as seen in Figure4.3. Initially, the as-deposited film had a 
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Figure 4.3 FTIR spectra of as-deposited and SCC02 a-C:F film. 
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thickness of about 1 |.un and it decreased signifícantly after SCCO2. Thus, SCCO2 

dissoh cd the a-C:V fílm. However, a-C:F fílms deposited with the same conditions but 

at higher temperatures did not dissolve inSCCO^ presumably because of higher 

crosslinking density. The addition of gases like H2 in C^Fs during deposition also 

produced a highh crosslinked a-C:F fílms that have higher resistance to SCCO2 

treatment. 

The FTIR spectra of organosilicate fílms deposited with and without C F̂g 

incorporation (fílms 2 and 4) are shown inFigure 4.4. For TVTMCTS fílms without 

adding a-C:F. the broadband around 945-1220 cm"' consists of Si-0 in linear (1010 cm" 

') and ring (1065 cm"') configurations. Otherbands present are Si-Obend (790 cm"'), Si-

CH3 (1265 cm' ) . and CH group (2800-3000 cm"'). The additíon of fluorocarbon in the 

film gives rise to a Si-F band centered at 900 cm"'. In addition, the band around 945-

1220 cm"' attributed to Si-0 in the TVTMCTS spectrum becomes broad and extended to 

the frequency range of 1250 cm"'. In fact the full width at half maximum (FWHM) of 

this band increased from 395 to 474 cm"'. Comparing Figures. 4.3 and 4.4, the Si-0 

absorption band for the TVTMCTS film observed at 945-1220 cm~' is found to overlap 

with the C-F bands for a-C:F film at 600-1400 cm"' (Figure 4.3). Thus, the increase in 

fiill width at half maximum of the Si-0 band for the composite film is due to additional 

C-F bands along with the Si-0 (linear) and Si-0 (ring) bonds at the high wave number 

side. As can be observed from Figure 4.4, it is clearthat the Si-0 and SÍ-CH3 absorptíon 

intensities were reduced significantly with C F̂g addition. Further inspection shows that 

the CH group also reduced. Thus, incorporation of CF species adversely affects the robust 
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Figure 4.4 Comparison of as-deposited organosilicate and composite film spectra. 

structure of the organosilicate films by breaking Si-0 (ringsand chains) and replacing O 

and CH3 bonded to Si with F. Breaking of Si-0 rings and lower SÍ-CH3 bond 

concentration is expected to enhance the film density and, hence, increase the dielectric 

constants. The addition of F to the SÍO2 structure (i.e., formatíon of Si-F) is normally 

expected to decrease the dielectric constant, but the contrary is observed here. For the 

same deposition conditíons, the additíon of C F̂g increasesthe k for TVTMCTS film from 

2.71 (film 4) to 3.82 (film 2). In a previous article^", we claimed thatthe main reason for 

the decrease in k in the TVTMCTS organosilicate film is the open structure provided by 

the TVTMCTS and the robust methyl groups resulting in a less dense film.^' For the 

composite film studied here, we speculate that the expected decrease in k contributed by 

the addition of Si-F was offset by the increase in k due to the large reduction in the Si-O 

ring structures and SÍ-CH3 concentration. However, as more C F̂g is added in the case of 

film 1, the dielectric constant reduces. This is because the composite film now consists 
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mostly of a-C:F withsome organosilicalc incorporation. A pure a-C:F film can have a 

dielecfric constant as low as 2.3."" The spectra of this film shows that indeed the C-F 

absorption intensity is more dominant than Si-0 and SÍ-CH3 bands. 

The change in the FTIR spectra at 950-1250 cm"' range before and after SCCO2 

treatment of film 2 is shown in Figure 4.5. The SCCO2 treatment of the film cleariy 

decreases the intensity of the band especially in the higher wave number side 

corresponding to the C-F absorption band. Thus, we conclude that lowmolecular weight 

C-F bonds dissolved in SCCO2. The dissolution of the C-F bonds is expected to create 

molecular voids and/or nanopores in the matrix resulting in the 10%-14% decrease 'mk. 

Furthermore, our studies establish that SCCO2 treatment is avery effective process to 

reduce the dielectric constant of an organosilicate film. It is important to note that all the 

films contain a significant percentage of highly crosslinked a-C:F bands after SCCO2 

treatment and only low molecular weight C-F bands were dissolved. 
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Figure 4.5 Changes in the absorption intensity of 950-1250 band after SCCO2 
pressurization. 
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Dielectric constant 

Table4.2 shows the effect of SCCO. treatment on the thicknessand dielectric 

constant for films l ^ listed in Table 4.1. The dielectric constants of the composite films 

after CO. cxtraction at 8650 psi at 200°C for 8 h were reduced by 10%-14%. As a 

comparison, when the fílms (fresh setof fílms 1-4) were only annealed at 200°C for 8 

hours in N^, we observed no signifícant change in either/: or thickness. However, the k 

and thickness of fílm 4 deposited without CaFg were unchanged in both treatments. Thus, 

the supercritical COT pressurization treatment is a good method to reduce the k value of 

the composite films. 

Table 4.2 Effect of SCCO2 at 8650 psi, 200°C, 8 hours. 

Film Thickness (fim) Treatment 

1 1.7441±0.021 

1.5194±0.019 

2 0.7533±0.015 

0.7285±0.010 

3 0.7543±0.007 

0.6791±0.018 

4 1.1860±0.0148 

1.1860±0.0148 

2.87±0.10 

2.48±0.09 

(14.0% decrease) 

3.82±0.14 

3.34±0.09 

(12.5% decrease) 

3.42±0.10 

3.07±0.09 

(10.2%decrease) 

2.71±0.05 

2.71±0.05 

(Unchanged) 

As-deposited 

SCCO2 

As-deposited 

SCCO2 

As-deposited 

SCCO2 

As-deposited 

SCCO2 
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4.3.2 SOD PMSSO/PPG thin fílms 

FTIR 

Figure 4.6 shows a comparison of the FTIR spectrum for three types of films: 

PMSSQ, PPG, and PMSSQ + PPG. The dominant absorption for the PMSSQ was 

obser\cd at 1200 ~ 1000 cm' and is attributed to Si-0 with caged (1120 cm"') and 

bridging (1035 cm') configurations.'" SÍ-CH3 is observed at 1275 cm' and CH3 

asymmetric (2960 cm') and a vcry small CH3 symmetric (2900 cm"') modes are the only 

bands detected for the CH stretching vibrations (3000 ~ 2800).^^ The broad band at 3700 

- 3200 cm"' is attributed to both free Si-OH (3650 cm') and H-bonded OH (3400 cm') 

while the absorption band centered at 930 cm'' is due to Si-OH bending.'̂ ^ The large 

amount of hydroxyl group is due to the low baking temperature of 50°C. For the PPG 

film baked at 50°C, the strongest vibrations were also observed at 1200 ~ 1000 cm'' and 

are attributed to C-0 stretching modes similar to alcohols and ethers.^'' In the CH region 

of the PPG spectrum, the CH2 asymmetric (2915 cm"') and symmetric (2870 cm') modes 

appeared in addition to the CH3 vibrations found for the PMSSQ film. The OH 

ftinctionality is also observed. The PMSSQ + PPG spectrum shows the overlapping of the 

two film spectrum and is consistent with the expected dominant vibrations in the 1200 ~ 

1000 cm'' region. The 200°C annealing temperature reduces the OH-related peaks 

drastically. The CH stretching vibrations observed in PMSSQ + PPG are very similar 

those of the PPG film. Comparing the three spectra in the CH stretching region, we 

conclude that all of the CH2 absorption peaks in PMSSQ + PPG are due solely to the 
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incorporation of PPG in the fílm. Upon volatilizatíon or extraction of PPG in the PMSSQ 

film, wc expect the spectra of the rcmaining fílm will resemble that of PMSSQ. 

4.0 

0.0 

PMSSQ + PPG 
L M cured @ 200 °C) 

PPG (baked (g 50°C) 

PMSSQ (baked @ 50°C) 

4000 3000 2000 1000 

Wavenumber (cm") 

Figure 4.6 FTIR spectra of PMSSQ, PPG and PMSSQ + PPG. 

Figure 4.7 depicts the changes in the IR absorption bands for the hybrid OS7525 

(closed pore morphology, as shown by SAXS below) film in the OH and CH regions 

under various treatments. Curve a in Figure 4.7 shows the spectrum for the "as-cured" 

sample (phase separated by curing at 200°C), and curve b is of the same sample treated 

with SCCO2 at 7,000 psi, 200°C for 14 hours. The pressurized sample shows a significant 

reduction in the CH stretching band especially the broad shoulder under the CH3 

asymmetric mode. Furthermore, SCCO2 at 200°C also reduces the water content in the 

film considerably. Since the broad shoulder under the CH3 asymmetric absorption is due 

only to the presence of PPG, the band reduction is indicative of PPG extractíon from the 
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matrix. Other characterization data that will be presented later also support this 

conclusion. After extraction, the intensity of CM h stretching decreases to about 15% of 

the original band. This translates to a remarkable 85% of PPG extraction in a closed pore 

morphology assuming that a complete disappearance in CH^ intensity means no PPG 

remained in the film. As a control, a fresh sample of "as-cured" OS7525 was annealed to 

200°C for 14 hours in N^ ambient without SCCO2 treatment. The result, not shown here, 

shows no changes in the FT-IR spectrum of the films. This confírms that the extraction of 

E 3500 
o 
;;7 2800 
0) 

8 2100 
.0 1400 
-I—• 

§" 7001-

§ 0 
4000 3600 3200 2800 

Wavenumber (cm"̂ ) 

Figure 4.7 FTIR absorption spectra of CHx and OH region of OS7525 fílms (a) "as-
cured" (phase-separated sample after 200°C curing), (b) SCCO2 treated at 7,000 psi, 
200°C, 14 hours, (c) first SCCO2 treated at 7,000 psi, 200°C, 14 hours and then thermally 
annealed at 430°C for two hours and (d) only thermally armealed at 430°C for two hours. 
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PPG was primarily duc to SCCO: treatment and not from partial thermal decomposition 

and subsequent volatilization. Cur\c c of Figure 4.7 is the spectrum of the sample in 

cui\ e b (SCCO2 treated sample) after thermally annealing it to 430°C for 2 hours in N2 

ambient. Cur\c d shows the spectrum of a fresh OS7525 film where the PPG is totally 

remo\ ed from the mafrix by thermal decomposition at 430°C for 2 hours. The two 

spectra (cur\'es c and d in Figure 4.7) appear similar and the PPG is totally removed from 

the film. 

For the OS4555 film (open-pore interconnected morphology, as shown below), 

onh 8% CH2 remains in the matrix after SCCO2 extractíon at 7000 psi for 14 hours and 

at 160°C compared with 15% for the closed-pore morphology after extractíon at 200°C. 

This is expected because interconnected pores presumably facilitate SCCO2 diffusion 

through the matrix. 

Figure 4.8 shows the absorption spectra in the 1600 ~ 400 cm' region of the 

samples in Figure 4.7 This figure shows the crosslinking of the matrix with various 

processing treatments. Figure 4.8a shows the overlapping Si-0 and C-0 absorption bands 

of PMSSQ and PPG (1250 ~ 980 cm"') for "as-cured" sample. As the PPG is extracted by 

SCCO2, C-0 is removed as shown by a decrease in intensity in Figure 4.8b. As the film 

in Figure 4.8c was armealed at 430°C for complete PPG removal, it crosslinked further. 

This is evident from the narrowing of the 1250 ~ 980 cm'' band and the increase in the 

absorptíon at 1045 cm"' due to the Si-0 bridging bonds. Figure 4.8d shows crosslinked 

nanoporous PMSSQ film, since complete porogen removal occurs by annealing at 430°C 

for 2 hours. As expected, the spectra in Figure 4.8c and 4.8d are almost identícal. 
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Figure 4.8 Si-0 FTIR absorptíon spectra of OS7525 films (a) "as-cured" phase-separated 
sample after 200°C curing), (b) SCCO2 treated at 7,000 psi, 200°C, 14 hours, (c) first 
SCCO2 treated at 7000 psi, 200°C, 14 hours and then thermally annealed at 430°C for 
two hours and (d) only thermally annealed at 430°C for two hours. 
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Dielcctric constant 

Table 4.3 shows the film thickness, refractive index, dielectric constant and % 

porosit) of the Iwo samples. The thicknesses of the two "as-cured" films (OS7525 and 

0S4^^^) after SCCO2 pressurization remain almost constant even though 85% and 92%, 

respecti\ eh, of the porogen have been extracted according to IR analysis. This is a very 

interesting result because it means that the fílms do not collapse even after significant 

extraction of the porogen. This is another positive feature of SCCO2 alone because in 

man\ SOD processes, shrinkage or collapse of the pores results in significant stress that 

ma\ lead to adhesion and delamination problems. However, after thermally annealing the 

SCCO2 treated samples to 430°C for 2 hours, the thickness of OS7525 decreased by 22% 

(from 0.5690 to 0.4435 |xm) while that of OS4555 sample decreased by 33% (from 

0.9119 to 0.6051 |im). These results are also the same as observed for thermal 

decomposition of PPG in the films without any SCCO2 treatment; the thicknesses of the 

two films decreased by 22 and 31% for OS7525 and OS4555 respectively. Some partial 

decrease in film thickness may be expected due to matrix condensation and does not 

indicate pore collapse. As the porogen decomposes, areas with lesser PMSSQ 

presumably crosslink to form a more stable structure.^'' The shrinkage is proportional to 

the porogen loading; here, the thickness of the sample with 55% porogen loading 

decreased by 33% while the lower loading of 25% decreased by 22% after complete 

porogen removal. The refractive indexes of the samples are also shown in the table. After 

SCCO2 extraction, the refractíve index of OS7525 decreased from 1.44 to 1.31 and 

OS4555 decreased from 1.44 to 1.15. For the samples annealed at 430°C after 
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Table 4.3 Thickness, refractive index, dielectric constant and % porosity after various 
treatments of hybrid films. 

Sample Treatment 
Thickncss'' Refractive k value % 

(|.mi) index '̂ ±0.1 porosity'̂  

PMssQ ^^^,f?oo°c\rr'''^ -̂̂̂^̂  '-̂^ -̂î  
OS7525 "as-cured", annealed at 

200°C in N2 

SCCO2 at 7000 psi 
200°Cfor 14hours 

0.5779 1.44 

0.5690 1.31 2.81 

SCCO2 + Annealed at 
430°Cin600mTorrN2 0.4435 1.27 2.29 27.0 

for 4 hours 

Only armealed at 
Qg^^^. 430°Cin600mTorrN2 0.4502 

for4hours 

^<3% dispersion 
''measured by prism coupler 
'̂ calculated using Classius Mossotí equatíon 

1.26 2.47 20.1 

OS4555 -'as-cured", amiealed at ^ 
usH3^3 200°CinN2 

SCCO2 at 7000psi, ^^^^g j j5 j gy 
160°Cfor 14hours 

SCCO2 + Annealed at 
430°Cin600mTorrN2 0.6051 1.14 1.47 67.1 

for 4 hours 

Only armealed at 
J^l"^.. 430°Cin600mTorrN2 0.6310 1.14 1.47 67.1 
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SC\"02 and for thosc anncalcd at 430°C, the respective refractive indices are the same, 

i.e.. 1.26 and 1.14 for OS7525 and OS4555, respectively. The dielectric constants of the 

fílms are also tabulated and they decrease after SCCO: pressurization. For the sample 

with open-pore morphology (OS4555), k decreased from 3.1 for pure PMSSQ to 1.87 

after SCCO2 and to 1.47 after SCCO2 plus thermal annealing. This fínal value is the same 

obtained from pureh thermal decomposition. For the sample with closed-pore 

morphology (OS7525), k decreased to 2.81 after SCCO2 and further to 2.29 after SCCO2 

plus annealing. This value is lower than that obtained by thermal decomposhion alone 

(2.47). The decrease in refractive index and dielectric constant is consistent with the 

removal of PPG and the generation of voids. 

Porosity 

The volume fraction of porosity is estimated using Classius-Mossotti: 

V = \- ^ " ' / "̂'̂  ^' (4.2) 
_(^,+2)_ / (k,+2)_ 

where V is the relative pore volume, kp is the dielectric constant for porous material and kd 

is the dielectric constant of the dense matrix (PMSSQ). The calculated porosity of 

OS7525 after SCCO2 extraction and thermal annealing is 27% and is larger than observed 

for the purely annealed sample (20.1%). For the OS4555 sample the porositíes are the 

same (67.1%) for the SCCO2 extracted and annealed fílm and the annealed only sample. 

The porosity of the samples extracted with SCCO2 alone cannot be estimated using this 

equation due to the residual PPG component that affects kp. A plot of Â: versus the 
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V 

Figure 4.9 Bruggeman Effective Medium Approximation of a two-component film of a 
430°C annealed PMSSQ (Â: = 2.85) and air (k=\). 

porosity for PMSSQ is shown in Figure 4.9. The plot is modeled from the Bruggemann 

effective medium approximation (BEMA) considering a two-component fílm composed 

of thermally annealed PMSSQ at 430°C (Â: = 2.85) and air (k= 1.0).'̂  The plot shows 

increasing porosity with decreasing dielectric constant. The calculated % porosity after 

SCCO2 extraction followed by thermal aimealing for both OS7525 and OS4555 samples 

correlates well with the curve. For k = 2.29, the corresponding porosity is expected to be 

25% (BEMA) compared with 27% in our calculatíon for OS7525, while for A: = 1.47 the 

poroshy is 67% (BEMA), which is the same with our calculatíon for OS4555. 
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TEM 

TEM cross-scctional images of Ihc nanoporous thin fílms prepared by the SCCO2 

treatment, at 200°C for theOS7525 sample and at I60°C for OS4555 sample, are shown 

in Figure 4.10. The images suggest that pore structure isstrongly dependent on the 

porogen loading. Uniformly distributed small pores are observed for OS7525 throughout 

the entire thickness of thc fílm while increases in pore size and interconnection are 

ob\ ious for OS4555. Although TEM often provides useful information regarding thepore 

structure, the extraction of quantitative values of pore sizesand size distributíons from 

these images is difficult for several reasons including overlapping pore structures due to 

specimen thickness and TEM resolution limitatíons. 

Small-angle X-ray scattering (SAXS) 

SAXS was also used to verify the porous structure. Figure 4.1 la shows the 

background-subtracted, circularly-averaged, and transmitted beam intensity normalized 

SAXS profiles. The open and closed symbols correspond to the porous films prepared by 

SCCO2 treatment at 200°C and by only the thermal method (430°C), respectively. Here 

the scattering vector is q = (47t/X,)sin(6/2), where X and 0 are the X-ray wavelength and 

the scattering angle, respectively. For both pore-generation methods, the scattering 

intensity increases, and with increasing porogen loading, the q where the intensity sharply 

drops shifts to smaller values. Since the q value where the intensity drops is 

approximately equal to 7i/2r, where r is the average radius of the pores, this shows that the 

average pore size increases with increased loading. To determine the pore distribution. 
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[ 

HJH J 

Figure 4.10 Cross-sectional TEM images ofnanoporous PMSSQ films prepared by 
SCCO2 treatment at 200°C forthe OS7525 (A) and at 160°C for the OS4555 (B). Scale 
bar = 25 nm. 
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the SAXS data are quantitatively modeled ^\ The scattered intensity, I(q), is 

! = c \ n(r) f(qr) S(qr) dr (4.3) 
0 

where c is a constant, n(r) is the pore size disfribution,/(^^r; is the spherical form factor, 

and S(qr) is the structure factor for the hard sphere model using the local monodisperse 

approximation from Pedersen^^ The best fíts to the data were obtained using log-normal 

pore size distributions and are shown by the solid lines in Figure 4.1 la. They fit the data 

well, except at the lowest q where slit scattering contributes to the observed intensity. The 

best-fit pore size distributions are shown in Figure 4.1 Ib; these show that the average 

pore size increases and the size distribution broadens with increasing initial PPG content 

and, hence, with increasing porosity. It is noted that both pore generation methods give 

similar poroshies and pore size distributíons for OS4555, whereas for OS7525 the 

SCCO2 process gives broader size distribution than thermal method. As suggested 

before,^' this analysis approach employing a spherical model is questionable for films 

where the pores become intercormected - the 55% loading level films. Therefore, we 

have also analyzed the S AXS data using a method suited to films with intercormected 

pores^'. Representative 3-dimensional pore morphologies were generated using a 

Gaussian random function to correlate SAXS data with porosity. The average pore size 

increases as the loading increases for porous films prepared by both thermal 

decomposition and supercritical CO2 (SCF in figures) extractíon. For 55% loading, the 

morphology becomes bi-continuous and one can not easily define an average pore size. 

134 



10* 

10' 

10" 

c 
<3> 

10^ 

10' 

15 

• OS7525,thermal 
o OS7525, SCCO^ 

OS4555.themia1 
L A OS4555,SCCOj 
I . 1 1 1 1 , , , . . . . . 1 

0 01 0,1 

q (A") 

0,00 

fr
ac

tio
 

æ 

nu
m

t 

0,10 

0 05 

p 
' l̂  

' 1» 
' r 
' i ' 
' l ' 

' V'' 
' •' \ '» 
^ / \ V 

•OS7525,thermal 
OS7525,SCCO^ 
OS4555,thermal 
OS4555,SCCO, 

L 
0 20 40 80 80 100 

radius (A) 

Figure 4.11 SAXS profiles of nanoporous PMSSQ. (a) closed and open symbols present 
thermal and SCCO2 processes, respectively. (b) pore size distribution obtained from the 
best fits (solid lines in (a)) 
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4.3.3 PMSSO/PPG thick films 

rhc .Al'M images of the porous fílms prepared by thermal decomposition of thick 

60/40 wf̂ o PMSSQ/PPG fílms lu-e shown in Figure 4.12 for three fílms with the thickness 

of 1300 îm, 570 f.im, and 70 ^ni, respectively. The images suggest that pore structure is 

strongh dependent on the thickness of the fílms. For the film with a thickness of 1300 

[im, the pores are large (approximately 300 nm) and interconnected, whereas for the 

thirmest fílm studied, the pores are small (approximately 80 nm) and uniformly 

distributed. Figure 4.13 shows the pore size as a function of film thickness. With the 

decreasing of fílm thickness, the resulting pore size decreases. AFM image of the film 

before thermal decompositions shows no porous structures. In addition to the pore 

dimension, the surface roughness also depends on the thickness of the film from AFM 

experiments with the roughness of 300 nm for the thickest fílm and 15 nm for the thirmest 

fílm. 
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Figure 4.12 AFM images of porous PMSSQ films prepared via thermal decomposition. 
Film A has a thickness of 1300 î m, the image dimension is 6 î m x 6 )Lim; film B has a 
thickness of 530 îm, the image dimension is 1.2 î m x 1.2 |im; and film C has a thickness 
of 70 jLim, the image dimension is 1.2 |im x 1.2 j^m. 
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Figure 4.13 Pore size as a fimction of film thickness of PMSSQ fílms 

4.4 Summarv 

We have presented a supercritical CO2 extraction method that reduces the 

dielectric constant of PECVD-deposited composite fílms and SOD-deposited nanohybrid 

films. For PECVD-deposited TVTMCTS/a-C:F films, low molecular weight species such 

as CF or larger CO^-soluble species containing CF;̂  moieties can be extracted during the 

process. It is hypothesized that the extraction creates molecular or nanoscale porosity 

thereby reducing k. Forexample, the A: decreased from 2.87 to 2.48 with SCCO2 

extraction at 200°C. Thermal armealing in N2 at 200°C of a film deposited using the same 

conditions showed no change in k. Supercritical CO2 extraction of PPG in phase-

separated nanohybrid films was also achieved for both closed- and open-pore 
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morphology structures. líxtraction of ovcr 85% Clh is accomplished without change in 

thickness otthe tilms. These cxtractions werc performed at much lower temperatures 

(< 200°C) compared with thermal decomposition which was done at 430°C. Interestingly, 

porogen extraction is achic\ cd even at low porogen loading levels where the film 

morpholog> is largeh dispersed. Subsequent thermal treatment of the samples leads to 

further decreases in both the dielectric constant and refractive index. SEM and SAXS 

measurements on the samples show the presence of pores. Decreases in refractive indices 

and dielectric constants validate the presence of pores and show significant decrease in 

density. SCCO2 is a very promising tool in the fabricatíon of nanoporous films. 
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CHAPTER 5 

CONCLUSIONS 

5.1 Melting of aluminum nanoparticles 

The following conclusions were reached based on our DSC studies of the melting 

behavior of aluminum nanoparticles having an aluminum oxide passivation layer, which 

were presented in Chapter 2. In these studies, the weight-average aluminum core sizes 

ranged from 8 rmi to 50 nm. 

• The melting point depression was fit using the Gibbs-Thomson and liquid skin 

models. The solid-liquid interfacial energies (CTSI) obtained are 68 and 137 mJ/m , 

respectively. and both are in the range of reported literature values. However, the fit 

for the liquid skin model gives a value of essentially zero for the critícal liquid layer 

thickness, indicating that it is not applicable for aluminum nanoparticles with an 

oxide layer. 

• The depression in the heat of ftision was considerably larger than expected based on 

asi from the mehing point depression, presumably due to the presence of defects in 

nanoparticles. The defect energy was found to increase with decreasing particle size. 

• The oxide layer was found to resuh in a compressive pressure on the aluminum core, 

induced by differential thermal expansion between the aluminum oxide layer and the 

aluminum core. A model accounting for the compressive pressure was developed 

assuming that the oxide layer is compliant. Our data is thus corrected to give Tn, at P 

= 1 atm and good agreement with the literature data of Allen et al.is found. The solid 
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liquid interfacial cnergy for our corrccted data is 103 mJ/m^ from the Gibbs-Thomson 

equation. 

• The deri\ation of the hcat of fusion depression and the Gibbs-Thomson equation for 

the solid-liquid transition was discussed following the derivations by Defay and 

Prigogine for the liquid-gas transition. The corrections for these two equations are not 

significant for application to the aluminum meltíng transition. 

5.2 Oxidatíon of aluminum nanoparticles: 
effect of particle size 

The following conclusions were reached based on the studies of oxidation 

reaction of aluminum nanoparticles with oxygen and molybdenum trioxide using DSC, 

which were presented in Chapter 3. In these studies, the weight-average particle 

diameters ranged from 30 to 160 nm and both broad and narrow size distributions of 

aluminum nanoparticles were examined. 

• For both AI/O2 and AI/M0O3 reactions, the aluminum nanoparticles react well before 

the melting of the aluminum compared with micron-size aluminum particle. 

• The heats of reaction per gram of aluminum reacted are lower than the theoretical 

values, with the value ranging from 10 to 25 kJ/gAi for the AI/O2 reaction (which has 

a theoretical value of 31 kJ/gAi) and 2 to 10 kJ/gAi for the AI/M0O3 reaction (which 

has a theoretícal value of 17 kJ/gAi). 

• The onset and peak temperatures are not strong functions of particle size, but depend 

on size disfributions. The onset and peak temperatures for particles having narrow 
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size distributions are approximately 50°C higher that those with broad size 

distributions. 

• The maximum reaction ratc depends on particle size. With decreasing particle size, 

the maximum reaction rates increase. 

• The effcct of heating rate on the fraction of aluminum that reacts prior to melting, 

onset and peak temperatures, and heat of reaction were examined. With increasing 

heating rate, the fraction of aluminum reacted and the onset and peak temperatures 

decreases and increases, respectively, whereas the heat of reaction per gram of 

aluminum reacted remains the same. 

• The isoconversional method was used to calculate actívation energies, and for AI/O2 

reaction, Ea ranges from 200 to 300 kJ/mol, which are in agreement with literature 

values. In additíon, the values of Ea for AI/M0O3 reactions are comparable to those 

for the AI/O2 reaction, suggesting the same limiting reaction step in these two 

reactions. 

5.3 Development of nanoporous low-^ dielectrics 
via supercritical CO? extraction 

The following conclusions were reached based on the studies of developing 

nanoporous Iow-Â:thin film using SCCO2 extractíon process, which were presented in 

Chapter 4. The films studied are plasma enhanced chemical vapor deposited 

TVTMCTS/fl-C:F films and spin coated PMSSQ/PPG films. 
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• For PECVD-dcposited TVTMC rS/í/-C:F films, low molecular weight species CF;, are 

extracted by SCCO2, thereby resulting in lower-^ films, presumably due to nano or 

molecular-scale porosity. For example, the dielectric constant of a film decreased 

from 2.87 to 2.48 with SCCO2 extraction at 200°C, whereas the value remained the 

same after thermal annealing in N^ at 200°C for the same fílm. FTIR spectra confírm 

the extraction of CF, after CO2 extraction. 

• For spin-coated PMSSQ/PPG films, SCCO2 extraction of PPG was also achieved for 

both closed- and open-pore morphology structures. Extraction of over 85% CH2 is 

accomplished without change in thickness of the films. These extractíons were 

performed at much lower temperatures (< 200°C) compared with thermal 

decompositíon which was done at 430°C. Porogen extraction is achieved even at low 

porogen loading levels where the film morphology is largely dispersed. Subsequent 

thermal treatment of the samples leads to further decreases in both the dielectric 

constant and refractive index. SEM and SAXS measurements on the samples show 

the presence of pores. Dielectric constants as low as 1.5 were achieved. 

• The effect of film thickness on porous structures was studied for thick PMSSQ/PPG 

films prepared via thermal decomposition. With increasing film thickness both the 

pore size and surface roughness increase. 
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CHAPTER 6 

FUTURE WORK 

The aluminum nanoparticlcs studied in the melting work are generated through a 

gas condensation process and have an oxide layer of several nanometers thick. The 

melting point and heat of fusion of this kind of aluminum nanoparticles are compared 

with other types of aluminum nanoparticles, including the aluminum nanoclusters 

obtained through vapor-deposition of aluminum onto a SÍ3N4 surface without an oxide 

layer and aluminum powders generated using mechanical attrition under different 

atmosphere (argon, oxygen, or hydrogen) to control the surface layer. In order to fully 

understand the meltíng behavior of aluminum, the melting behavior of other types of 

aluminimi nanostructures may be studied and compared. Another possible way to make 

alumimmi nanostructures is to confine aluminum in controUed porous glasses. Controlled 

pore glasses are available in a number of different sizes resulting in different sizes of 

aluminum. The melting behavior of this type of aluminum can be obtained using 

systematic DSC experiments. Note that the morphology of the aluminum generated is 

cylindrical and there is no oxide layer on the aluminum. Understanding the mehing 

behavior of confined aluminum may be useful to fially understand the melting 

phenomenon of aluminum studied in the current work. 

In the work to study the oxidations of aluminum nanoparticles, the differential 

scanning calorimetry (DSC) used has an upper temperattire limh of 725°C. Therefore, 

although the DSC experiments indicate that the reactíon for aluminum nanoparticles 
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occurs wcll before the melting of the aluminum, the reactions after the aluminum melting 

could not be quantifíed due to thc temperature limit. Consequently, high temperature 

DSCs, which arc available on the market, may be a good choice to study the aluminum 

oxidation behavior o\ cr a wider temperature range, so that the oxidation phenomena of 

aluminum nanoparticles may be thoroughly understood. In addition, TGA is also a 

powerftil technique to get the reaction kinetics through the mass change. Therefore, it is 

suggested that, in addition to high temperature DSC, TGA can also be used to study the 

reaction of aluminum with ox\gen. The kinetic parameters obtained can be compared 

with those obtained from DSC to obtain a clearer picture of the reaction mechanism. 

Furthermore, it may also be helpful to use other techniques such as FTIR to differentiate 

the reactions occurring in the low temperature range before melting, which may be due in 

part to phase changes of the oxide layer. Another suggestion is to use aluminum 

nanoparticles with other coatings or no coating instead of aluminum oxide to determine 

to what extent the complexity observed in the MIC reactions are caused by the phase 

change of aluminum oxide. 

In the work to develop nanoporous low-Â: films, the supercritical CO2 (SCCO2) 

process is used as an altemative to thermal decomposition or annealing method since the 

former can be performed at lower temperatures. However, the SCCO2 extraction system 

in this research is a static system, which means that the vessei is pressurized to a certain 

pressure, held for some time, and then followed by a pressure quench process. This one-

step pressurization is not efficient in that the extraction period is longer than that of the 

thermal deposition method and complete porogen removal for some samples is not 
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achic\ ed. Therefore, thc exlraction capacity needs to be enhanced for the purpose of 

cfticicnc). One wa\ to improve thc cxtraction effícicncy using the current experimental 

set up is to use several pressurization-pressure quench steps in one experiment. The 

ultimate method is to implement a continuous flow SCCO2 system or SCCO^/cosolvent 

s\stcm to impro\c the extraction capabilities of the SCCO2 treatment. 
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