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Porous films made from titania nanoparticle aggregates have a variety of uses
in high surface area applications such as gas sensors, photocatalysts in treatment of
wastewater and air pollutants, optical filters, and photovoltaic electrodes for low cost
solar cells. A hybrid process based upon gas-to-particle conversion and particle
precipitated chemical vapor deposition was used to synthesize porous films of titania
nanoparticle aggregates. The residence time of particles in the reactor was varied and
the influence on particle morphology and mechanical properties was studied. An
increase in residence time resulted in an increase in primary particle diameter but did
not significantly affect aggregate diameter, over the range of residence times
considered in this study. The Young's modulus is shown to increase with a decrease
in primary particle diameter.
A study of the effect of post processing annealing on the particle morphol ogy

and mechanical properties was conducted. Increasing the annealing temperature
resulted in particle growth at different temperatures and aggregate growth only at the

highest temperature studied. The Young's modulus, however, shows only an



influence of aggregate diameter, increasing as aggregate diameter increased. It is
interesting to note that annealing did not result in a significant increase in Young's
modulus or hardness until most of the surface area was lost. This suggests that
annealing may not be the most effective process for strengthening films, if
preservation of high surface areais desired.

To better understand the effect of change in particle and aggregate diameters
on Y oung's modulus, Monte Carlo and continuum methods were employed to explore
structure-property relationships. A Monte Carlo method was used to simulate particle
deposits and a finite element method was used to calculate the Y oung’ s modulus from
strain energy of the deposits simulated. The results of this study indicate that a
decrease in particle diameter increases the Y oung’ s modulus, especially below 15 nm.
Aggregate size was not seen to have any effect on the Y oung's modulus, for the range
of aggregate sizes considered. The results of these studies can be used to optimize the
mechanical properties of titania films, made up of nanoparticle aggregates, for

different desired applications.
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CHAPTER 1: INTRODUCTION

1.1 Nanoparticle Processing

A nanoparticle is defined as a particle 100 nanometers or less in diameter.
Nanoparticles are of interest because of their emerging useful optical, catalytic,
mechanical, and magnetic properties that are different from those of the bulk material.
Nanoparticles are made top down from bulk (mechanical attrition) and the bottom up
from molecules (chemical synthesis in both gas and liquid phases). Wet phase
approaches include sol gel methods, hydrothermal synthesis, solvothermal synthesis,
and reduction in solution processes. Gas phase approaches include spray pyrolysis,
plasma, flame, furnace, and laser synthesis. Every method or process has its
advantages and disadvantages. Nanoparticles are synthesized in the gas phase by
reaction of precursor gases (gas-to-particle conversion) or by evaporation and/or
reaction of precursor droplets (particle-to-particle conversion). The gas-to-particle

conversion method was used in this work.



1.2 Overview of Dissertation

The focus of this work is to determine the relationship between the structure
of porous titania films (made up of nanoparticle aggregates produced via a gas phase
method) and their mechanical properties. To that effect, a detailed background of the
applications and processing routes of titania films is shown in Chapter 2. The various
characterization methods used in this work are presented also, along with a basic
introduction into computer simulation methods in Chapter 2. In Chapter 3, the effects
of reactor residence time on film structure and mechanical properties are described.
Post-processing effects on the synthesized titania films via annealing are shown in
Chapter 4. The films were smulated computationally and the mechanical properties
of film structures beyond what could be generated experimentally were studied. The
computational study of structure-mechanical property relationships is presented in
Chapter 5. Finaly, Chapter 6 is a summary of the work presented and includes

recommendations for future research.



CHAPTER 2: BACKGROUND

2.1 Overview of Titania Films

Porous films made from titania nanoparticle aggregates have a variety of uses
in high surface area applications such as gas sensors, " ? photocatal ysts in treatment of
wastewater® and air pollutants,* > optical filters® and photovoltaic electrodes for
lithium batteries” and low cost solar cells® Generally, films are processed via
different routes such as sol-gel dip/spin coating,® chemical vapor deposition (CVD),’
modified CVD (MCVD) and particle precipitation aided CVD (PPCV D), magnetron
sputtering,'* plasma electrolytic oxidation,” electrochemical oxidation,"® chemical
vapor synthesis,** and ion-beam deposition.™ Different microstructures and deposit
morphologies are generated from the various processing routes mentioned above.

The use of solar cells to convert solar energy to electricity is of maor interest
especidly in third world countries. There is a critical need to make solar cells that
will generate power at a reasonable cost, for the solar cells to compete with other
forms of power generation. Table 2.1 compares production costs and efficiencies of

different forms of power generators as compiled by Nuclear Energy Institute (NEI).



Table2.1. Comparative costs and efficiencies of power generators.

POWER COST (cents/ kWh) EFFICIENCY
GENERATOR
Solar cell 2.5 25 %
Wind 0.2 25 %
Hydro 0.5 Not Available
Nuclear 1.7 90 %
Coal 19 70 %
Petroleum 54 Not Available
Natural gas 5.9 14-50%

http://www.nei.org/

Grétzel solar cells, also known as dye-sensitized solar cells (DSC), use
relatively cheaper materials compared to other available solar cells. A Grétzel solar
cell includes a wide band gap semiconductor oxide (titania nanoparticles) placed in
contact with an electrolyte. Adsorbed on the surface of the titania nanocrystalline film
are the organic dye molecules. Two conducting electrodes and a sentisizer complete
the cell arrangement. The nanocrystalline film morphology, the solar cell stability, the
choice of the sensitizer, dye and electrolyte are important as described by Gratzel*®
and othersin the literature.>”° There has been extensive research into the study of the
materials used, with the motivation of improving the efficiency of the Grétzel solar

cell. As mentioned earlier, one of the materials is a layer of nanostructured titanium



dioxide (titania). There have been a number of experimental and simulation studies
on the influence of titania film morphology on photocatalytic activity. For example,
studies of microstructural changes of titania films with heat treatment reveaed that
crystalinity, specific surface area and photocatalytic properties of the titania films,
changed with increasing calcining temperature®® % Titania films sintered via heat
were shown to have a more homogeneous morphology and higher electrical density
than pressure sintered titania films.*® The result was attributed to the heat sintered
films being well connected. Barbe et a.? showed that the microstructure (particle
Size, porosity) of the titania films influenced the photovoltaic response of the Grétzel
solar cell. A study of titania nanoparticle size on electron diffusion by Nakade et al.*’
showed that the electron diffusion coefficient increased with increasing particle size.
Hu et a’s?® experimental study of influence of particle coordination number in
nanoporous titania films and the solar cell performance revealed that low and very
high particle coordination numbers result in lower solar cell efficiency, and the
presence of small pores slows down the diffusion of electrolyte. In simulations of the
microstructure of nanoparticle films, with emphasis on titania films for solar cells,
Lagemaat et a.”® showed that increasing the porosity of the film decreases the
coordination number of each particle. In arelated study, the particle connectivity was
also shown to influence electron transport in solar cells.®* The results from the study
done by Benkstein et a.? on dye sensitized titania solar cells agree with the results
presented by Lagemaat et a.® that the coordination number decreases with an
increase in porosity; furthermore, they show that the average number of particlesin

contact with electrons increases with increasing porosity. Kulkarni and Biswas %



used a Brownian dynamics simulation approach to predict morphology of
nanoparticle deposits in the presence of interparticle interactions, with the motivation
that the deposit morphology and microstructure affected the efficiency of the solar
cell. The smulations revedled that van der Waals and Coulombic interactions
influence the morphologies of the nanoparticle deposits.

In all the above-mentioned studies of titania films, the focus is mainly on how
the film morphology affects their photocatalytic properties. Studies have shown that
particle coordination number, surface area, particle size, particle connectivity and
film porosity all affect electron and electrolyte transport within the solar cell. It is
reasonable to assume that these same parameters will affect the mechanical properties
of the films and efficiency of the solar cells. With the increasing number of
applications for titania nanostructured films, it will be essential to have an
understanding and control of the mechanical properties of these titania films. The
mechanical properties of the films can then be optimized for different desired
applications. It is important to realize that properties change when the material is
nanostructured and assuming the mechanical property values of the bulk for the
nanostructured material will lead to gross mistakes. The mechanical properties of
nanoparticle based materials have been shown in a few studies to be different from
those of bulk solid materials. Friedlander et a.”’ characterized the nanomechanical
properties of graphitic nanoparticle chain aggregates by AFM and found the Young's
modulus value for single chain aggregates to be in the range of 3.0 to 8.8 MPa with
the bulk value for graphite ranging between of 2.1 to 18.6 GPa  Studies of

nanoindentation on aluminum oxide nanoparticulate films by Bonilla and Lee®® also



show the films having a Young's modulus in the range 0.4 to 1 MPa with the bulk
value in the range of 390 GPa. In al cases, the experimentally determined Young's
modulus values were orders of magnitude less than bulk values. However, there are
no reports in the literature on the mechanical properties of titania films made up of
nanoparticle aggregates generated in the gas phase.

The understanding of the relationship between the film structures, as
generated by a particular processing route, and the resulting mechanical propertiesis
the basis of this work. The change in film structure and mechanical properties with
post processing is aso studied. A combination of ssmulation methods is also used to
study parameters of the film for an increased understanding of structure-mechanical

property relationships.

2.2 Aerosol Film Processing

Films processed via aerosol routes include droplet, vapor and solid particle
deposition. Droplet deposition (spray pyrolysis)® involves deposition of droplets
containing reactants unto a substrate where they evaporate and react to form afilm. In
aerosol-assisted chemical vapor deposition,® the solution containing the reactants is
brought close to the substrate where it evaporates and further reacts on the substrate.
Plasma-enhanced chemical vapor deposition® and laser-enhanced chemical vapor
deposition® involve the use of plasma and laser close to the substrate. Electrostatic

and inertial particle deposition take place by inertia and electrophoresis.® Particle-



precipitated chemical vapor deposition™® ** involves forming solid particlesin a CVD
system and depositing the particles with or without vapor unto a substrate, with

further reaction occurring or not at the substrate.

2.3 Characterization Overview
In this work, as-synthesized and post processed films were characterized via
different techniques to understand the chemical, physical and mechanical behavior of

thefilms.

Fourier transform infrared spectroscopy (FTIR) is an analytical technique that
measures the absorption of various infrared light wavelengths by a material.*> When a
material is subjected to infrared light, it causes molecular bond vibration. The
absorption of infrared light is possible when the frequency of the infrared light and
the molecular vibration are the same. The absorption band values are fingerprints for
materials as documented in reference libraries® FTIR (Nicolet 550 Series I1) was
used to determine the presence of absorption bands characteristic to the material

synthesized.

X-ray diffraction (XRD) is a technique in which a material is subjected to X-
rays to obtain crystallinity information.*” The Bragg angle in the XRD spectrum is the

angle at which an incident x-ray wave makes with the plane that diffractsit. The peak



at each Bragg angle corresponds to the plane from which the x-ray is diffracted.
These planes give characteristic information about the shape and size of the crystal’s
unit cell. XRD (Bruker D8 Diffractometer) was used to determine the crystalline

phase of the as-synthesized and post processed films.

In electron microscopy, high voltage electron beams are focused by electro-
magnetic lenses to produce images. Transmission electron microscopy (TEM)
produces images from primary electrons that are transmitted through the material®
and scanning electron microscopy (SEM) produces images from secondary electrons
emitted from the surface due to the excitation by the primary electrons.®*® TEM
(Hitachi 600AB) was used in this work in the determination of average particle size,
while SEM (JEOL SEM 5400) was used to estimate the thickness of as-synthesized

and post processed films.

The Brunauer-Emmett-Teller (BET) method (Quantachrome Nova 1200) was
employed in this work to measure specific surface area of the films. The amount of
material adsorbed on a sample is plotted as a function of pressure at a fixed
temperature to generate an adsorption isotherm.*® From the isotherm, the total surface

area and specific surface area of the sampleis calculated.

Dynamic light scattering (DLS; Photocor-FC) was used in some parts of this
work to measure average aggregate size. When a beam of light passes through a

colloidal solution, some light is scattered by particles in the solution.* A detector



observes time dependent fluctuations of the intensity of the scattered light resulting
from Brownian motion of the particles. Analysis of the intensity fluctuations gives the
diffusion coefficient from which the hydrodynamic radius of the particle can be

calculated using the Stokes Einstein equation.

The differential mobility analyzer (DMA; TSI Model 3081) separates particles
based on their electrical mobility. The DMA is made up of two concentric cylinders,
inlet exit and outlet exit. Voltage is applied to the inner cylinder to create an electric
field. A small stream of the generated particlesis electrically charged before entrance
into the DMA by ions from a radioactive Po-208 source. A narrow range of the
particles is then selected by their electrical mobility by varying the voltage applied to
the inner cylinder. The diameter of the particles selected is calculated from the
electrical mobility. Particles of a given electrical mobility would be of the same
equivaent size if they have the same charge. The selected range passes through the
outlet exit to the condensation particle counter (CPC; TSI Model 3022A). The CPC
counts the particles by condensing water or alcohol on the particles to make them
large enough to be scattered by light.*" A detector in the CPC detects and counts the
number of times a beam of light is scattered. This number gives the concentration of
the particles in the selected range from the DMA. Thisis done repeatedly until alarge
range of particle size is covered, thereby getting the size distribution of the generated
particles. The DMA and CPC were used in this work to measure the size distributions

of deposited aggregates in the synthesized films.

10



The Young's modulus and hardness of films in this work were determined
using an atomic force microscopy (AFM; Asylum Research 3-D Molecular Force
Probe) indentation technique. AFM can measure the vertical cantilever deflection
with applied force® The mechanical properties are determined from the force-

indentation depth measurements.

2.4 Overview of Simulation Methods

Generally, simulation methods for properties of materials include
computational chemistry and computational mechanics. The length and time scales at
which they operate differentiate them. Computational chemistry simulations operate
on the smaller scale (10° m) while computational mechanics operates on a larger
scale (10° m). The computational chemistry methods are based on the assumption of
the presence of discrete molecular structures of matter while the computational
mechanics methods typicaly require the assumption of a continuous material
structure. Each simulation method is further subdivided into quantum mechanics and
nanomechanics for computational chemistry, and micromechanics and structural
mechanics for computational mechanics. The molecular based methods include® ab
initio, Monte Carlo, molecular mechanics and molecular dynamics methods. Finite
element method (FEM), boundary element method (BEM), Eshelby, Halphin-Tsai

and rule-of-mixtures methods are examples of continuum based methods.™ A
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combination of computational chemistry and mechanics can be also used and thisis
called multiscale modeling.

In molecular dynamics simulations, Newton's equations are used to simulate
motion in a system of particles. This method allows for the study of reaction paths,
but its main disadvantage is the high computational cost involved. In molecular
mechanics, molecules are represented as spheres connected by springs, allowing
systems to be represented by classical physics and simple potential energy functions.
The presence of electrons is ignored, which enables larger systems to be studied;
however, it is difficult to follow reaction paths with this method. The ab initio
methods are based on solving Schrodinger’s equation for each electron. Ab initio
methods are generally accurate. Because of the high computation cost involved, they
can only be used for small systems of atoms. Monte Carlo methods can be generally
described as statistical or stochastic simulation methods, as they use a sequence of
random numbers and probabilities to perform the ssimulations. Micromechanics
methods are used to study the properties of composite materials by averaging
properties of the individual constituents. FEM and BEM discretize the materia into
smaller elements for which stress and strain values are determined. FEM involves

elements throughout the volume while BEM uses el ements only along the boundary.
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CHAPTER 3: EFFECT OF STRUCTURE ON MECHANICAL PROPERTIES

EXPERIMENTAL STUDY

3.1 Abstract

The morphology, defined as size and shape, of nanoparticle aggregates
synthesized in gas phase can be varied via reactor temperature, particle residence time
and flow rate into the reactor. In this work, the residence time of particles in the
furnace was varied. The influence of the above-mentioned variation on primary
particle size, aggregate size and Y oung’'s modulus of titania nanoparticle deposits was
investigated. The results show that a decrease in the primary particle diameter results

in an increase in the Y oung’ s modulus.
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3.2 Introduction

Nanoparticle based films of gold, diamond, iron oxide, alumina, platinum,
titanium nitride and titania have been synthesized via various routes as reported in the
literature.)® 4 3% 498 |5 this work, nanoparticle based films of titania were
synthesized via a gas phase method.

Particles are synthesized in the gas phase by reaction of precursor gases (gas-
to-particle conversion) or by evaporation and/or reaction of precursor droplets
(particle-to-particle conversion).”® Both paths are used in making a variety of
particles. In this work, gas-to-particle conversion is used. The precursor vapor reacts
to form condensable product species. The presence of condensable species in the gas
phase causes the system to be in a non-equilibrium supersaturated state; the system
then tries to achieve equilibrium by generation of new particles (homogeneous
nucleation) or condensation on existing particles (heterogeneous condensation).® The
particles then grow by collision and coalescence, via viscous flow for liquid phase

particles or solid-state diffusion for solid phase particles, as shown in Fig. 3.1.
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Fig. 3.1. Aerosol processes in the experimental apparatus. After particle formation

via (a) condensation, (b) collision between these particles may occur. After collision,
some particles may join to form larger particles via (c) coalescence. These larger

particles may form single particles or aggregates.

If collisions occur faster than the particles sinter, in other words, if the time
between collisions (Teaison) 1S shorter than the time required for the particles to
coalescence (Tcoaescence)s aJgregated particles are formed. The partialy sintered
particles have chemical bonds between them. However, if collisions occur slower
than the particles sinter, single particles are formed as shown schematically in Fig.
3.1

For the production of porous films, aggregated particles are advantageous as
they lead to a highly porous microstructure. Generally, strong chemical bonds are
found between primary particles (because they are partially sintered at high
temperatures) and weak van der Waals forces exist between particles from different
aggregates that collide together at low temperatures.® Porous films are then formed

by the thermophoretic deposition of the particles unto the substrate that is maintained
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a a lower temperature. Under mechanical stress, single titania (alumina and iron
oxide) nanoparticle aggregates (with small primary particle size) have exhibited an
elastic response.® The degree of fragmentation of nanoparticle aggregates were
shown to decrease with primary particle size®® This implies that decreasing the
particle size should increase the strength of films made from nanoparticle aggregates.
Unpublished preliminary results®® for indentation of alumina films composed of
nanoparticle aggregates suggest the films are relatively fragile. The alumina films
were of low strength and so offered little resistance to applied load. The films
exhibited an elastic response upon consolidation.

However, there is nothing yet reported in the literature about the mechanical
behavior of a large number of titania nanostructured aggregates in physical contact
with each other. With the increasing wide application of porous films made from
aggregates, much needs to be understood about the mechanical properties. The weak
van der Waals bonds found in a film comprised of aggregates deform (Fig. 3.2) with

applied force or strain, while the strong chemical bonds do not.

Lkl

deformation of

Soft van der Waals forces Soft van der Waals forces
Hard chemical forces

Hard chemical forces

Fig. 3.2. Bond reaction to applied force, (a) before strain and (b) after strain.
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Fig. 3.2 shows how the strong chemical bonds act as a resistance to the
contraction and expansion of the van der Waals bonds. A basic understanding of the
above-described mechanism will lead to being able to engineer strong titania films
that will not collapse in their end use. Also, it might be possible to change the elastic
limit of the film as needed. Engineering of the filmswill occur by varying the amount
of chemica and van der Waals bonds. To that end, depositing different sized
aggregates and variation of particle size can influence the mechanica properties of
the film by changing the amount of chemical and van der Waals bonds. The particle
and aggregate size changes can be achieved by varying the temperature , precursor
vapor flow rate and the residence time of particles in the reactor. Variation of the
above-mentioned parameters has been shown to influence the ratio of characteristic
times of collision and coalescence, leading either to unaggregated particles, or to soft
or hard aggregates of different particle sizes.>® > The change in residence time of
particles has also be shown to influence the lattice structure of anatase titania
nanoparticles.

Variation of temperature, precursor vapor flow rate and particle residence
time in the reactor is known to influence the particle and aggregate sizes **°’. They
can be used as tools to tune the particle and aggregate size of material synthesized.
Temperature was not chosen because at lower temperatures the titania synthesized is
generally amorphous and as our interest in the study was from the use of crystalline
titania in photocatalytic and solar cell applications, it was logical not to synthesize
amorphous titania. Precursor vapor flow rate was also not chosen as a tool because

we wanted to synthesize very thick films (because of AFM indentation requirements)

17



and reducing the precursor flow rate would have greatly increased collection times
required to make thick films. Instead, the amount of time the particles spend in the
reactor before collection was varied in this study. It is postulated that collecting the
titania film earlier in the reactor should yield structurally different films than those
collected at the end of the reactor. The difference in structures of the film consists of
variation in the primary particle size, aggregate size and porosity. The structura
differences will have an impact on the mechanical properties of the films.

A differential mobility analyzer (DMA, TSI Model 3081) and condensation
particle counter (CPC, TSI Mode 3022A) combination was introduced into the
experimental set up, via a sample probe inside the reactor, to obtain the size
distribution of the aggregated particles as a function of residence time at a set furnace
temperature. An explanation of how the DMA and CPC combination works is given
in Appendix B. The average primary particle size was obtained from TEM images.
The primary particle and aggregate size distributions illuminate how the

microstructure of the porous titania film evolves with residence time in the reactor.
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3.3 Experimental
3.3.1 Process Description

In this work, a hybrid process based upon gas-to-particle conversion and
particle precipitated chemical vapor deposition (PPCVD) is used for the production of
titania nanoparticulate films. Here, gas-to-particle conversion involves the titanium
isopropoxide precursor vapor reacting to form titania particles in the gas phase. The
generated particles are then collected as a film by PPCVD. In PPCVD, the particles
are formed a an elevated temperature and deposited on a cooled substrate by
thermophoresis. This hybrid process offers the advantages of single-stage,
atmospheric, solvent free, and low substrate temperature operation, enabling
deposition onto materials (such as polymeric membranes, microelectronics) for which
thermal degradation is a limiting factor. This hybrid process has been used to make
nanoparticulate films of a variety of materials including titanium nitride,® alumina,®

and platinum/alumina.®® Here, we extend this process to the formation of titania films.

3.3.2 Apparatus

The reaction chamber is a quartz tube (National scientific; ID 47 mm, OD 50
mm, 43 inches in length) that is vertically mounted within a three-zone furnace
(Lindberg 54747-V Tube Furnace). Within the quartz tube, film deposition occurs by
thermophoresis onto a substrate placed on an adjustable, vertical water-cooled stage
with the cooling water maintained at 15 °C. The maximum stage surface temperature

was measured to be 120 °C at a furnace temperature of 1000 °C and with the stage in
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the lower heating zone® A gas-drying unit (Drierite) is used to remove any
moisture from the carrier gas before it comes in contact with the precursor, which is
moisture sensitive. Liquid titanium tetra isopropoxide (98+ %, Acros Organics),
TTIP, precursor is housed in a stainless steel bubbler (Strem Chemicals). The bubbler
is a 150 ml electropolished stainless steel bubbler that can be placed horizontally in
line with the gas-drying unit. It has a one-way valve (Swagelok) at the entrance to the
bubbler to prevent back flow into the gas-drying unit. To prevent precursor
condensation before entrance into the main reactor chamber, the feed lines into the
reactor chamber are also heated. The feed line temperatures are independently
controlled by mechanical relay and solid-state temperature controllers (OMEGA).
The carrier gas (argon, 99.99%, Air Products) and oxygen (99.99%, Air Products) gas
flows are controlled by rotameters (Cole-Parmer). The substrate used to collect the
particles is a polished square shaped silicon wafer (475-575 pm in thickness, cut to 2
cm x 2 cm, Silicon Quest International). The water temperature of the water-cooled
stage is monitored by a thermocouple located at the inlet of the cooling stage;
constant temperature is maintained by a chiller (NESLAB Model RBC-3). A stainless
stedl sample probe (ID 4.5 mm, OD 6mm, 60 inches in length) is vertically inserted
into the quartz tube. The sample probe is connected to the DMA (TSI Model 3081).
The monodisperse stream outlet of the DMA is connected to the CPC (TSI Model
3022A) and its excess stream outlet is connected to a vacuum pump (United Vacuum
Model E2M2). During operation, particul ate matter and gas species are removed from
the exhaust stream by aliquid nitrogen cold trap (MDC Vacuum). The venting system

for the process also includes a pump (Pfeiffer Vacuum) and braided hose assembly
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(McMaster-Carr). For safety, a Lexan box (1/4 in thickness) surrounds the reactor to
provide physical shielding and an enclosed environment for improved ventilation. An

overall schematic of the aerosol reactor isillustrated in Fig. 3.3.

Drying Unit Bubbler

Cooling Stage

JL

Three-Zone Furnace

6-way 4%2" CF Flange Cross

Rotameters
e=I"1

Liquid Nitrogen Trap

@——(X)\‘
Ar 0, é:) » Venting

Vacuum Pump

> DMA > CPC

Fig. 3.3. Overall schematic of the aerosol growth and film deposition process.

3.3.3 Experimental Procedure

The preweighed silicon substrate is placed on top of the cooling stage. The
furnace is preheated for four hours to obtain the desired furnace processing
temperature. In these experiments, the three zones of the furnace were set to a chosen

temperature. The cooling stage water temperature was maintained at 0 °C for 4.5
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hours during furnace preheating and 15 °C during the film deposition. The bubbler
was heated to 54 °C to increase the vapor pressure of the TTIP. The feed lines going
into the reactor chamber were heated to 150 °C to prevent condensation of the TTIP
vapor. Oxygen was allowed to flow in at 900 sccm (standard cubic centimeters per
minute). Argon, the carrier gas, was fed into the gas-drying unit at 400 sccm. The
TTIP vapor is bubbled out at 1.3 x 10™ moles/min by opening the exit and entrance
valves of the bubbler. The processing time is defined as the amount of time in which
the carrier gas was supplied to the bubbler. The reactor was alowed to cool, and the
sample and substrate were removed and weighed. To obtain additional powder for
characterization, powder that deposited on the cooling stage was scraped off and

collected.
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3.4 Characterization Methods
3.4.1 Physical and Chemical Characterization

Transmission electron microscopy (TEM; Hitachi 600AB) was used to
determine the size distribution of primary particles. Samples were prepared by
pressing a carbon TEM grid to the collected powder and tapping to remove excess
powder. The average size was determined by measuring the diameters of 50 primary
particles. Measurements of aggregate size distribution were obtained using
differential mobility analyzer (DMA; TSI model 3081) for an equivaent electrical
mobility size selection and a condensation particle counter (CPC; TSI model 3022A)
for particle counting. Scanning electron microscopy (SEM; JEOL SEM 5400) was
used to measure the approximate thickness of films. The mass of the film was
measured gravimetrically by weighing the wafer before and after film deposition. The
density of the films was estimated from the measured area of the wafer, and measured
thickness and mass of the films. The porosities of the films were calculated with the

densities of the film (oxim) and bulk solid (0xiig) as shown in the equation below

Piim

Porosity =1- x100 . (1)

solid
Titania production was confirmed with Fourier transform infrared
spectroscopy (FTIR; Nicolet 550 Series I1) on pellets consisting of a 1:200 mass ratio

of titaniato KBr.
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3.4.2 Mechanical Characterization: AFM indentation

Indentation was conducted using a 3-D Molecular Force Probe AFM (Asylum
Research, Santa Barbara, CA). Indentations were performed with an 8 um diameter
borosilicate glass sphere (Duke Scientific) attached to silicon nitride cantilever
(Veeco Instruments, Santa Barbara, CA). The spring constants for the silicon nitride
cantilever was determined from the thermal frequency spectrum of the cantilever to
be 0.02 N/m.*

The applied load and depth of penetration into the titania films were
continuously monitored at a series of maximum loads, resulting in a set of
displacement-deflection curves. A maximum force load of 10 nN was applied on the
films with the cantilever. Indentation is made up of two components, namely plastic
and elastic indentation. These components can be identified from analysis of the
unload curve. If the unload curve is approximately identical to the load curve, the
indentation includes only the elastic component. For an elastic half space, the depths
of the elastic indentation (o) into the films were determined using the relation

d=Nd-Az, @)
where Ad is displacement of the porous film and Az is the deflection of the

borosilicate glass sphere attached to the cantilever as shown in Fig 3.4.
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Before indentation

After indentation

Fig. 3.4. Schematic illustrating indentation.

The unload curve was used to estimate the elastic modulus according to the

following equation®

_2 .
S—JEEJK. 3)

Here, Sis the measured stiffness of the upper portion of the unloading curve and
where A is the projected area of the sphere contact on the film given by
A=27RJ . (4)

The reduced Young's modulusis given as

1 (1-v3) (1-v
() i

In which vy, and E,, are the Poisson’s ratio and Y oung’'s modulus for the porous film

respectively, and v; and E; are Poisson’s ratio and Young's modulus for the material
of the indenter, respectively. Since the glass sphere’s Y oung's modulus, 103 GPg, is
much larger than what was expected for the Y oung's modulus of the films, the value

of E”is dominated by the properties of the film and reduces to
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The Poisson’s ratio of the films was not known. However, Arnold et al show
that Poisson’s ratio asymptotically approaches 0.5 as the porosity becomes close to
1.8 The minimum porosity of al films including as synthesized and annealed was
estimated to be 0.96. Therefore, the Young's modulus was calculated using 0.5 as a
Poisson’sratio. Use of smaller values of the Poisson’s ratio had a small effect on the

measured mechanical properties of the films.
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3.5 Resultsand Discussion

Fig. 3.5 isaschematic of the locations chosen for sampling in the quartz tube.
The cooling stage was moved to chosen locations and the temperature inside the
guartz tube was recorded at intervals of 7.6 cm. Overheating of the cooling stage
prevented moving the sampling probe further up inside the furnace. The reactor
temperature profile at the different collection locations was measured using a K type
thermocouple as shown in Fig. 3.6. The profiles are typica of tube furnace reactor
systems. As the cooling stage is moved up inside the quartz tube, the temperature
decreases much faster, as shown on the right hand side of the temperature profiles.

762 mm

A
v

1067 mm

< I ]

| " I

v

50 mm

Three-Zone Furnace
Fig. 3.5. Collection location points inside quartz tube (not to scale). Zone 4, 3, 2 and

1 are57, 77, 87 and 99 cm in from entrance (left) into the quartz tube.
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Fig. 3.6. Temperature profile inside quartz tube. The legend indicates the location of

the deposition stage.

X-ray diffraction (XRD) anayses, of the synthesized films reveded the
crystalline phases to be anatase, as shown in Fig. 3.7. Film collected at location/zone
1 is not shown as there was not enough sample to do XRD analysis. The XRD

spectra of the films have the characteristic single peaks at d spacing values of 3.54,
237 and 1.89 A with a characteristic double pesk at 1.70 and 1.67 A.%2 The

diffraction pattern values and intensities are given in Appendix A.
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Fig. 3.7. X-Ray diffraction spectra of films collected at different locations. The

legend indicates the position of the deposition stage.

Primary particles form and grow in an unaggregated manner when Teoaescence <
Teallison. Necking (solid state bonding) starts when Teoalescence > Teollision- Necking causes
the particles to be aggregated. The aggregate is made up of small nanometer sized
particles. Since the temperature is still high, the initial aggregates will start coalescing
and form aggregates made up of larger nanoparticles. When Teoaescence >> Teollisions
coalescence is negligible and the aggregated particles collide on the substrate to form
a porous film with weak van der Waals forces holding the particles between the
aggregates together.

It is known that for a cooling temperature profile, coaescence time

increases rapidly and then reduces, whereas collision time is slow to rise but keeps
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increasing.® This is because coalescence time (Teoaescence) depends inversely on the
solid-state diffusion coefficient of the material and the particle volume. Initialy the
particle volume is very small and the diffusion coefficient is very small (at high
temperature). The particle volume increases with time as the particles coaesce; the
diffusion coefficients increase as temperature decreases. The time in between
collisions (Tealiision) depends inversely on temperature and directly on particle size. As
temperature decreases and particle size increase, the collision time increases. The
time required for collisions and coalescence changes with particle and aggregate
diameters, and in turn has an effect on the growth rate of primary particle and
aggregate diameters.

Fig. 3.8 shows TEM images of titania nanoparticles collected at different
zonal points. From the images, the average primary particle diameter was cal cul ated.
The average primary particle diameter is 7.8 = 2.0 nm at sampling location of 57 cm
into quartz tube, 6.9+ 1.7 nmat 77 cm, 159+ 1.9 nm at 87 cm and 14.7 + 2.7 nm at
99 cm. At 57 and 77 cm into the quartz tube, the primary particle diameter is
approximately half of the primary particle diameter at 87 and 99 cm into the quartz
tube. It was expected that the primary particle diameter would increase as the
particles spend more time in the reactor. Based on the temperature profile, the reactor
temperature reaches a maximum at the midpoint of the furnace. The temperature
starts to decrease at the location where the top of the cooling stage is positioned.
When particles spend more time at a high temperature, they tend to coalesce and

bigger primary particles are formed.
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57 cm 77 cm 87 cm 99 cm

Fig. 3.8. Transmission electron microscope images of films collected at different
locations. The legend indicates the position of the deposition stage. 57 cm
corresponds to the shortest residence time and 99 cm corresponds to the longest

residence time.

The aggregate size distribution, at the different sampling locations, measured
via the DMA and CPC is shown in Fig. 3.9. The particle count number of the
sampling locations decreases slightly as you go down the quartz tube. However, the
size distribution shows the same trend for al locations. The average aggregate

diameter was calculated to be 279 + 2 nm for all the locations.
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Fig. 3.9. Aggregate size distribution at different locations. The legend indicates the

position of the deposition stage.

Though the primary particle diameter changed, the aggregate size distribution
remained nearly constant at all locations. Using the definitions in DeCarlo® et a.'s
paper, de is the mass equivalent diameter of a spherical particle of the same mass as
the particle under consideration and d,e is the volume equivalent diameter of a
particle of the same volume as the particle under consideration. When the particles
have no internal voids, dqe is equal to dye. The DMA measures the electrical mobility
of aparticle, defined as the diameter of a sphere with the same migration velocity in a
constant electric field as the particle being measured. When two particles have the
same migration velocity and same charge, it is to be assumed that they will have the

same electrical mobility. Particles that have the same volume equivalent diameter and
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if no interna voids will have the same mass equivalent diameter and migration
velocity within the same ball park. The reason why the aggregate sizes do not change
even when the primary particle size changes is proposed to be because the mass of the
aggregate does not change. This is possible if the concentration of the aggregate is
dilute and so very little collision occurs after the aggregates are initially formed as

illustrated in Fig. 3.10.
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Fig. 3.10. lllustration of primary particle and aggregate morphology.

Time required for coalescence®® %%

and collision® were calculated from equations 7
and 8, respectively. The primary particle diameter (dy) was used in the calculation of
coal escence time and the time required for collision was calculated using the average

aggregate diameter (d,, electrical mobility diameter). The average aggregate diameter
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was used in collision time calculation because it is the aggregates colliding and not

the primary particles, while it is the primary particles that coalesce to form a bigger

particle.
auis
T resee =1500Td @ T @)
2
T oltision — ﬁ_N (8)

Where Teoaescence 1S the time for two particles to coalesce via atomic diffusion, Tegiison
is the time for two particles to collide, T is particle temperature, d, is primary particle
diameter, £ is the collision frequency function and N is the number of particles per
unit volume of carrier gas.

The collision frequency function is given by®’

d, 4\/§D} ©

=87bd
18 aI:da +\/§g Cda

where d, is the aggregate mobility diameter and the aggregate diffusion coefficient D,

aggregate velocity ¢, and the transmission parameter g are cal culated as®”:

_ kgT [5+4Kn+6Kn? +18Kn?
= h (10)
3mu,d,| 5-Kn+(8+m)Kn
_ [8KeT a1
P.V,
o= [, +A) (a2 + 2], (12)

3d A,
where T is the aggregate temperature, kg is the Boltzmann constant, A, is the gas

viscosity, v, is the aggregate volume, p, is the aggregate density, A, is the mean free
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path for the aggregates and Kn is the Knudsen number. The aggregate mean free path

and Knudsen number are given as

Kn=— 13
. (13)

A= 8p (14).
JiC

All parameters used in calculations are given in Appendix A.

Theratio of the collision time to the coal escence time was calculated using the
measured temperature in the quartz tube at deposition location. The ratios are
tabulated in Table 3.1. The ratio at 57 and 77 cm from the beginning of the quartz
tube (zones 3 and 4) are much smaller than the ratios at 87 and 99 cm from the
beginning of the quartz tube (zones 1 and 2). This means that after zones 3 and 4,
coal escence between the particles will still occur at a much faster rate than collision is
occurring between the aggregates. But by zones 1 and 2, coaescence will hardly
occur anymore. Any collision that occur will not change the aggregate size as
coalescence needed for solid state bonding between the particles of the colliding
aggregates is impossible. The solid-state atomic diffusion coefficient (D) in the

particles was cal culated using®
D= Aexp(_gj (15),

where T is temperature, A and B are material-dependent constants given as 7.2 x 10°®
m?/s® and 34416 K, respectively. The diffusion coefficients (Table 3.1) at zones 3
and 4 are much larger than those of zones 1 and 2. This leads to further confirmation

that the particles can grow after zones 3 and 4; but by zones 1 and 2, their growth is
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practically impossible. This is reasonable as diffusion coefficient is a function of
temperature and the temperatures at zones 1 and 2 are not as high as zones 3 and 4.
As explained, after zones 3 and 4, the primary particle diameters will increase as the
particles grow because of coalescing; the number of particles could change in each
aggregate but the mass of each aggregate is preserved. Because the aggregates are of
the same mass equivaent diameter and qualitatively similar fractal morphology, their

electrical mobility diameters are measured to be the same.

Table 3.1. Coalescence and collision times in reactor.

Zone# Coalescence Coallision Ratio of Diffusion
time(s) time(s) coalescence time Coefficient
to collision time (m?s)
Zonel  3.449x10°  10.2x10° 3.38x 10" 45x 10>
Zone?2 7627 7.10x 10 0.11 4.0x10%
Zone3 0.059 6.52 x 10°* 8.99 x 10” 52x10%
Zone 4 0.001 5.53 x 10°* 2.03x 10°® 45x 104

The cooling stage was fixed at 77 cm from the quartz tube entrance and the
aggregate size was measured at different points in the quartz tube. This was to
observe the point at which the initial aggregate size formed. The results, shown in
Fig. 3.11, indicate that the final aggregate size is effectively fixed near the beginning

of the quartz tube. Other studies show initia aggregates formed grew in size, as
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initially aggregate number concentration is high which enables collison between
aggregates.”” ® However, our results show the initial aggregate size is nearly the
same as the final aggregate size at the point of collection. This could be because the
number concentration is not high enough to enable collision between aggregates or
the stainless steel probe may not have been positioned high enough to capture the
initial aggregate formation. The sampling probe was not long enough to reach higher
into the reactor. The initial aggregate size was measured at a location (within the first
10 cm of the quartz tube), at which the temperature was 450 —-500 °C. The time
required for complete reaction was estimated to be approximately 1.1 secs, while the
particle residence time by the location of measurement was 4.4 secs. This suggests
that the TTIP precursor vapor will have completely reacted, with the products
forming particles by the location at which the measurement was taken. It should also
be noted that the residence time in the sampling probe was calculated to be 2.8 — 3.2
secs. Compared to the residence time in the quartz tube (16 - 28 secs), it is small and
we make assumptions that any collisions inside the sampling tube will be minimal.
Experimenta information on the residence and reaction times is given in Appendix

A.
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Fig 3.11. Aggregate size distribution in quartz tube at 77 cm from the quartz tube

entrance.

The estimated porosity of the films deposited was 98 + 1%. The films are
highly porous. A typical load-indentation depth curve is presented in Fig. 3.12. The
gap between the approaching and retracting curves is a manifestation of plastic
deformation. The retracting curve also shows a sawtooth shape towards the end of the
curve; this has been interpreted to be the breaking of the aggregate chains as the
cantilever is being pulled up from the film after indentation. This was also observed

by Friedlander et al., in their AFM indentation of carbon nanoparticle aggregates.?’
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Fig. 3.12. Typical load-indentation curve.

The Young's modulus of the films was estimated from the AFM measurements, and
normalized with respect to the shortest residence time sample’'s Young's modulus.
The Young's modulus was normalized because the magnitude of the modulus was
much less than val ues obtained using another instrument, and reported in Chapter 4 of
this work. This may be attributed to the differences in adhesion of the sphere unto the
cantilever tip. The sphere may not be adhered strongly and therefore it may have lead
to inaccurate determination of the spring constant, or the tip of the cantilever may
have ended up indenting the film rather than the sphere. However, since the same tip

and sphere combination was used for all measurements reported in this Chapter, we
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can focus on the relative values of the Young's modulus as a function of film
properties. The results show a decrease in the Y oung's modulus with an increase in

primary particle diameter, as shown in Fig. 3.13.
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Fig. 3.13. Effect of primary particle diameter on Y oung’s modulus. The error bars for
primary particle diameter represents the standard deviation of the size distribution.
The error bars for Young's modulus represent standard deviation of two to four
measurements. In some cases, the standard deviations are smaller than the data point

markers.

This could be as a result of increase in surface energy with decreasing particle
size. In a study of influence of grain size on Young's modulus, a decrease in grain
size led to an increase in grain boundary defects, which ultimately resulted in a

decrease in Y oung’s modulus.” However, Dinreville et al.”* showed that the effect of
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surface energy on the elastic behavior becomes more significant when one of the
dimensions is below 10 nm. The result of our study is comparable to the results of
Dinreville et a.’s study because our synthesized films are made up of particles and
not grains. A reasonable explanation is that grain boundaries affect materials
composed of grains, while surface energy affects materials composed of particles. In
general, a change in primary particle diameter influences material properties. The
average aggregate mobility diameter was the same in all four zones and any influence

on Young's modulus could therefore not be evaluated.
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3.6 Summary

A hybrid process based upon gas-to-particle conversion and particle
precipitated chemical vapor deposition was used to synthesize deposits of titania
nanoparticle aggregates. The residence time of particles in the reactor was varied and
the influence was studied in relationship to particle morphology and mechanical
properties. Increase in residence time was shown to result in an increase in primary
particle diameter, the aggregate size however remained constant. This was interpreted
to be because the nanoparticles within each initial aggregate coalesce and grow, while
the mass of the aggregate is still conserved resulting in a constant aggregate electrical
mobility diameter as measured with a differential mobility analyzer and a
condensation particle counter. The Young' s modulus results show that a decrease in
the primary particle diameter results in an increase in the Young's modulus of the

synthesized films.
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CHAPTER 4: EFFECT OF PHYSICAL SINTERING ON MECHANICAL

PROPERTIES

4.1 Abstract

Highly porous films of titania composed of nanoparticle aggregates were
synthesized via gas-to-particle conversion and particle-precipitated chemical vapor
deposition. The films were annealed in air for 12 hours at temperatures ranging from
400 to 1000 °C. Atomic force microscopy was used to determine the Young's
modulus and hardness of both the as-synthesized and annealed films. The Young's
modulus and hardness of the as-synthesized films were 4.0 + 0.4 MPa and 0.026 +
0.003 MPa, respectively. There was no significant change in either modulus or
hardness upon annealing until the films were annealed at a temperature of 1000 °C.
The Young's modulus and hardness of these films were 56 + 6 MPa and 0.10 = 0.01
MPa, respectively. Results from dynamic light scattering measurements of aggregate
size and surface area measurements suggest that annealing at 1000 °C leads to
increased networking between distinct nanometer scale titania aggregates that

strengthens the film.
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4.2 Introduction

Annealing is a heat treatment in which a material is exposed to an elevated
temperature for an extended amount of time and then cooled. It is used to ater
properties of the material by sintering. Sintering is the movement of material at the
atomic level in a system of particles.”” Movement of material occurs via one or more
of the following: grain boundary diffusion, surface diffusion, volume diffusion and
viscous flow. Lunden” concluded that surface and grain boundary diffusion are the
dominant mechanisms of movement of material in solid phase nanosized particles.
Lunden also shows in her work that surface diffusion dominates as temperature
increases. Sintering is normally accompanied by densification and an increase in
particle size resulting in loss of surface area.

Results of studies on microstructural changes of titania films with hest
treatment revealed that crystalinity, specific surface area and photocatalytic
properties of the titania films changed with increasing calcining temperature® #
Titania films sintered by heating were shown to have a more homogeneous
morphology and higher electrical density than pressure sintered titania films.'® The
result was attributed to the heat sintered films being well connected. The above-
mentioned studies are of the effect of heat on photocatalytic properties of titania
films. In this work, we show the influence of annealing on the mechanical properties

of titania nanoparticulate films.



4.3 Experimental
4.3.1 Experimental Procedure

Titania nanoparticulate films were prepared by thermal oxidation of titanium
tetraisopropoxide (TTIP; Acros Organics, 98+ %) at 1000 °C to form nanoparticle
aggregates, followed by deposition. The aerosol reactor is shown in Fig. 4.1. The
reaction chamber is a quartz tube (Nationa scientific; ID 47 mm, OD 50 mm, 43
inches in length) that is vertically mounted within a three-zone furnace (Lindberg
54747-V Tube Furnace). Within the quartz tube, film deposition occurs by
thermophoresis onto a substrate placed on an adjustable, vertical water-cooled stage
with the cooling water maintained at 15 °C. The stage surface temperature was
measured to be 120 °C at a furnace temperature of 1000 °C and with the stage in the
lower heating zone.® The substrate used to collect the particles was a polished
square shaped silicon wafer (475-575 um in thickness, cut to 2 cm x 2 cm, Silicon
Quest Internationa). The liquid TTIP was housed in a 150 ml electropolished
stainless steel bubbler placed horizontaly in line with the gas-drying unit. A gas-
drying unit (Drierite) was used to remove any moisture from the carrier gas before it
comes in contact with the precursor, which is moisture sensitive.

The bubbler was heated to 50 °C to increase the vapor pressure of the TTIP.
The feed lines going into the reactor chamber were heated to 150 °C to prevent
condensation of the TTIP vapor. Oxygen (99.99%, Air Products) was alowed to flow
in a 900 sccm (standard cubic centimeters per minute). Argon (99.99%, Air
Products), the carrier gas, was fed into the gas-drying unit at 325 sccm. The TTIP

vapor molar flow rate out of the bubbler was 8 x 10°® moles/min assuming vapor was
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saturated with TTIP. The processing time in the film formation experiments, defined
as the amount of time in which the carrier gas was supplied to the bubbler, was four
hours.

All runs were produced under the same conditions. Material was collected for
additional characterization requiring larger sample amounts by scraping off the film
deposited on the sides of the cooling stage. This material is representative in terms of
surface area as well as chemical composition and crystalline phase of the film on the
wafer. The titania nanoparticle aggregates were deposited at the same time on both
the wafer and stem of the water-cooled stage on which the wafer was placed.
Scraping the material off the stem breaks some van der Waals bonds between
aggregates in the structure, but it is still representative of the film on the wafer on a
shorter length scale.

The powders collected from the experiments were annealed in a 5 mm
diameter porcelain crucible placed in a bigger crucible for ease of handling. The
samples were annealed in a BlueM furnace at temperatures ranging from 400 to 1000
°C for 12 hours. 400 and 1000 °C were chosen, as they are both lower and upper ends
of annealing temperatures seen in literature®® . The heating rate determined by
careful temperature measurements ranged from 11-28 °C per minute and cooling rate

ranged from 2-7 °C per minute.
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Fig. 4.1. Overall schematic of the aerosol growth and film deposition process.
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4.4 Characterization Methods
4.4.1 Physical and Chemical Characterization

Transmission electron microscopy (TEM; Hitachi 600AB) was used to
determine the size distribution of primary particles. Samples were prepared by
pressing a carbon TEM grid to the collected powder and tapping to remove excess
powder. The average size was determined by measuring the diameters of 50 primary
particles. Measurements of aggregate size were obtained using dynamic light
scattering (DLS; Photocor-FC). The photon correlation method is used to determine
the velocity distributions of particles in suspension and undergoing Brownian motion
by measuring the dynamic fluctuations of the intensity of the scattered light. From
these measurements, the radius of a hydrodynamically equivalent sphere, one with the
same diffusion coefficient as the aggregate, is determined.” Samples were diluted in
4 ml of water and sonocated for an hour to break the powder into aggregates before
measurements were taken. Scanning electron microscopy (SEM; JEOL SEM 5400)
was used to measure the approximate thickness of films. The mass of the film was
measured gravimetrically by weighing the wafer before and after film deposition. The
density of the films was estimated from the measured area of the wafer, and measured
thickness and mass of the films. The porosities of the films were calculated with the

densities of the film (oxim) and bulk solid (0xiig) as shown in the equation below

Piim

Porosity =1- x100 . (1)

solid
The Brunauer-Emmett-Teller gas adsorption method (BET; Quantachrome
Nova 1200) was used to perform surface area measurements. X-ray diffraction

(XRD; Bruker D8 Diffractometer) analysis was used to determine the crystalline
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phase of the material. Titania production was confirmed with Fourier transform
infrared spectroscopy (FTIR; Nicolet 550 Series I1) on pellets consisting of a 1:200

ratio of titaniato KBr.

4.4.2 Mechanical Characterization: AFM Indentation

The AFM indentations were conducted by Prof. Gil Lee and Dr Jin-won Park
of Purdue University. Indentation was conducted using a 3-D Molecular Force Probe
AFM (Asylum Research, Santa Barbara, CA) with a closed loop piezoelectric
transducer. The measurements were made in a closed chamber, alowing the
environment to be changed from air to ultra-dry nitrogen. Indentations were
performed with a 7.3 pm diameter amorphous silica sphere attached to silicon
oxynitride and silicon cantilevers (Olympus, Shinjuku-ku, Tokyo, Japan). The spring
constants for the silicon oxynitride and silicon cantilevers were determined from the
thermal frequency spectrum of the cantilevers to be 0.22 and 70 N/m, respectively.’

The applied load and depth of penetration into the titania films were
continuously monitored at a series of maximum loads, resulting in a set of
displacement-deflection curves. Two different force loads were used for the
indentation experiments. A 7 nN force load was applied on the films with the 0.22
N/m cantilever, while 3.9 uN force load was applied with the 70 N/m cantilever.
Indentation is made up of two components, namely plastic and elastic indentation.
These components can be identified from analysis of the unload curve. If the unload

curve is approximately identical to the load curve, the indentation includes only the
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elastic component. For an eastic half space, the depths of the elastic indentation (J)
into the films were determined using the relation

6=NAd-Az, )

where Ad is displacement of the porous film and Az is the deflection of the silica

sphere attached to the cantilever. The latera motion of the cantilever on the surface

is neglected in this calculation, which is a reasonabl e approximation due to the 100 to
400 nm displacement distance used in this study.

The unload curve was used to estimate the elastic modulus according to

the following equation

_2 .
s_ﬁrEﬂ. 3)

Here, Sisthe measured stiffness of the upper portion of the unloading curve and A is
the projected area of the contact of the spherically elastic indentation which was
obtained by subtracting a residual depth (h,) from the total indentation depth (h;).%*
The residual depth was measured by monitoring the difference in the distance
between the point where the load data started to increase above zero and the point

where the unload curve reached zero. Therefore, the equation for A is as follows

A=2R(h =) - (h —h)?}. (4)

The reduced Young's modulusis given as

1 (1-v3) (1-v
() ;

In which vy, and E;,, are the Poisson’s ratio and Y oung’'s modulus for the porous film

respectively, and v; and E; are Poisson’s ratio and Young's modulus for the material

of the indenter material, respectively. Since the silica sphere’s Young's modulus, 94
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GPa, is much larger than what was expected for the Young's modulus of the films,
the value of E”is dominated by the properties of the film and reduces to

1 _(1-vi
E{ E J ©)

m

The Poisson’s ratio of the films was not known. However, Arnold et al show that
Poisson’s ratio asymptotically approaches 0.5 as the porosity becomes close to 1.%
The minimum porosity of al films including as synthesized and annealed was
estimated to be 0.96. Therefore, the Young's modulus was calculated using 0.5 as a
Poisson’sratio. Use of smaller values of the Poisson’s ratio had a small effect on the
measured mechanical properties of the films. The hardness, H, was calculated from
the applied force divided by the projected contact area

_P
H_Z (7)

where A is given by equ