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ABSTRACT

PREPARATION AND CHARACTERIZATION OF SOL-GEL DERIVED

TITANIA-SILICA THIN FILMS

by Young-Min Kwon

Sol-gel derived titania-silica thin films were prepared on silicon wafers by dip
coating. The deposited films were characterized by measuring the thickness, refractive
index and spectral reflectance. This coating provided antireflectivity over almost the
entire spectral range of the silicon wafer. The dependence of the thickness and refractive
index of the films on processing conditions were investigated as a function of coating rate,
the number of coating cycles and heat-treatment temperature. The pore structures of the
films were inferred from the porosity measurements of very thin bulk gels. The pore
characteristics of gels. intluenced by different processing parameters. were studied by
measuring the adsorption isotherm, pore volume. pore size, surface area and pore size
distribution. The pore structures of resultant bulk gels were found to be process
dependent. The porosity of the gel varied as a function of water concentration, aging

times, addition of polyethylene glycol and heat-treatment temperature.
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CHAPTER 1

INTRODUCTION

The formation of sol-gel derived thin oxide coatings on various substrates, such as
glasses. metals, plastics and semiconductors, has been shown to be one of the most
promising coating techniques tor many industrial applications including optical. electronic
and protective purposes.'”’ In general. a “sol” is a solution of soluble organometallic
precursors. whereas a “gel” is a macroscopically rigid network built through
polymerization of the sol. The sol-gel method refers to the preparation of inorganic
materials by chemical reactions of hydrolysis and polycondensation of sols at a relatively
low temperature.'” The transparent and homogeneous sols prepared from these reactions
are used as coating solutions to obtain pure oxide films. The sol-gel coating process is
quite simple. These coating solutions can be applied onto a substrate by dipping or
spinning. Sols are typically prepared by mixing a metal alkoxide. a suitable amount of
water for partial hydrolysis of the alkoxide. and an alcohol as a co-solvent. Thus,
structural variations of final products can be obtained by well controlled hydrolysis and
polycondensation reactions of metal alkoxides.

The sol-gel method is not new, but much attention has been paid recently to the
synthesis of various types ot advanced materials in the form of films. fibers. monoliths.
powders. composites and porous media' Among them, certainly one of the most

commercially promising applications of sol-gel techniques, is the thin tilm coating



prepared at room temperature. though most need to be calcined and densified by heating.
The sol-gel coating method has many advantages over conventional thin film deposition
methods such as. chemical vapor deposition (CVD), sputtering and evaporation, in that
they are suitable for the deposition of coatings on irregularly shaped substrates with large
surface areas at relatively low processing temperatures.”’ Compared to other coating
methods, the sol-gel method requires no expensive equipment and may be one of the
simplest coating techniques. [n addition, the sol-gel method is very useful for the
preparation of advanced materials with high purity and homogeneity. The most important
advantage of the sol-gel method over conventional coating methods is the microstructural
and compositional tailoring of the tilms before or during deposition."’ Although the sol-
gel method is very attractive. several problems still exist. The disadvantages of the sol-gel
method include the relatively higher cost of starting materials (metal alkoxide versus
oxides), cracking that often occurs due to large shrinkage during the removal of the
solvent within the gel. difficulty in reproducible processing and long processing times.'*’
However. in the case of thin tilm formation. the advantages of the sol-gel method
are relatively easy to secure and most of the disadvantages can be minimized. The sol-gel
coating process does not have serious cracking problems because as the film dries all the
shrinkage occurs in the direction normal to the surface of substrate. This leads to
relatively uniform shrinkage due to the constraint of the film in the plane of the substrate.
Rapid drving methods can be employed without the development of cracking.””’ In sol-gel

coating methods such as dipping or spinning, the raw material cost is relatively

19



unimportant because only small amounts of metal alkoxide are used for the desired
coatings. The coating solution can be used for sufficiently long periods by further diluting
the solution with an alcohol. Therefore, the sol-gel derived thin film formation is
economically suitable because thin films can be made without expensive equipment.
There are many applications for sol-gel derived films in optical, microelectronic,
protective and sensor applications.*” Among them, optical coatings, which can alter the
reflectance, transmission and absorption of the substrates, have been widely developed
over the past several decades. One specific example of the earliest commercial
applications of the sol-gel coating method is a transparent and highly antireflective thin
oxide coating for sun-shielding windows, automobile rear view mirrors and silicon solar
cells. The sol-gel derived thin films have been investigated extensively for the
development of a cheap antireflective (AR) coating which reduces the reflectance at the

substrate surface.'®

AR coatings to reduce reflection losses at the surface have been used
widely for cathode-ray-tube (CRT) face plates, solar cells and glass picture frames. One
major advantage of the sol-gel coating method is that the AR coating can be densified at
relatively low temperatures which do not cause excessive damage to the silicon solar cell.

Thin film coatings based on sol-gel derived SiO- and TiO- have been extensively
investigated for optical and protective applications.'""*® The optical coatings must be
highly transparent and stable. Titanium dioxide (TiO,) has been found to be highly

versatile and suitable for the preparation of optical coatings due to many interesting

physical properties such as good transmittance in the visible region as well as good
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mechanical and chemical stability. One important parameter in AR coatings is the
refractive index. Since TiO, has a high refractive index (~2.30). in order to obtain a
suitable AR coating with low refractive index, another oxide such as SiO, (~ 1.46) can be
incorporated. With proper control of composition, desired microstructure, refractive
indices, and controlled thicknesses of the films for the AR coatings can be obtained. The
sol-gel derived TiO,-SiO; thin films have many actual and potential applications. Such
films have been deposited to enhance the efficiency of silicon solar cells and are considered
to serve as a passivation coating for soda lime-silica glass plates. These tilms also
significantly improve the weathering resistance of the substrate.”

The most significant advantage of the sol-gel coating method over other film
forming techniques is the ability to control the refractive index of the film prior to
deposition. In order to obrain suitable refractive indices for AR coatings, it is necessary to
introduce porosity in the films."'”" Controlled introduction of porosity can reduce the
refractive index of the sol-gel derived thin films. The desired properties of the sol-gel
derived films can be obtained by tailoring the gel properties such as pore volume, pore size
and surface area.

The optical properties and pore characteristics of sol-gel derived TiO,-SiO, thin
films are process dependent. The physical nature of the film such as thickness and surface
morphology can also be controlled by varying the process conditions. This research was
aimed to prepare antireflective TiO,-SiO, thin films using the sol-gel dip coating process

on silicon wafers and to study the processing parameters which may influence the



properties of films. Investigation of the pore structure of the coating, which can be
tailored by process conditions, is very useful for a better understanding of the porosity-
optical properties relationship. In order to prepare optimal sol-gel derived thin films for
optical applications, the relationship between process parameters and the resultant optical
properties and microstructure of the films is essential. In this study, the effects of specific
process parameters, such as water concentration, aging times of sols, addition of water
soluble polymers and heat-treatment temperatures after deposition, on the properties of
the sol-gel derived Ti0--Si0, thin films were studied.

The principles of the sol-gel method and the fundamental physics and chemistry
underlying thin film formation are first briefly reviewed in Chapter 2. The experimental
objectives and procedures employed in this research are discussed in Chapter 3 and 4,
respectively, and the results obtained are presented in Chapter 5. The conclusions of this

study and future research are contained in Chapter 6.
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CHAPTER 2

BACKGROUND

2.1. Sol Preparation

The term “sol-gel™ refers to two physico-chemical states. The “sol,” which is a
colloidal dispersion of solids in liquid, is a solution of precursor materials needed to make
the final product.® The basis for the sol-gel coating process is the preparation of
transparent and homogeneous sols: these sols should be stable for a long time in order to
build up successive films to the desired thickness. In general, sols are prepared by
controlled chemical reactions of metal alkoxides with water in mutual solvents such as
alcohols. The sol can then be transformed into a rigid gel by one of several processes such
as evaporation of the liquid in the sol. The gel consists of a continuous solid network
surrounding and supporting a continuous liquid phase. The gel is a very porous solid
exhibiting a jelly-like structure in which the pores are predominantly interconnected. This
gel is 5o active that it can be easily densified at very low temperatures. Figure 1 illustrates
general sol-gel processing steps and potential applications.®

The most important reagents for the preparation of sols are the class of materials
known as metal alkoxides because they react readily with water. Figure 2 shows the

elements that have been used in sol-gel processing to date.""
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Almost any metal can form an alkoxide which has the following general formula:

M (OR),, where M is the metal with a valence n and R is an alkvl group, C,Hs..;. The list
of the most widely used metal alkoxides in the sol-gel method is shown in Table 1.

In alcoholic solutions containing water, metal alkoxides are rapidly hydrolyzed into
the corresponding hydroxides with or without the addition of catalysts. Subsequent
polycondensation reactions of hydroxides with each other or unhydrolyzed alkoxides make
two or three dimensional networks composed of inorganic oxide linkages (M-O-M). In
general, it is possible that the polycondensation reaction starts at different stages of the
hydrolysis of the metal alkoxide, depending on the process conditions. These two
chemical reactions (hydrolysis and polycondensation) are shown in Figure 3. The
parameters that influence the chemical reactions are temperature, pH, concentration of
water, type of solvent used, and precursor.*?

The structure and properties of sols are usually affected by the concentration of

1% The water concentration, H;O/M (OR),, not

water in the metal alkoxide solutions.
only affects the sol but also the nature of the resultant products. It can determine the
molecular size and polymer morphology in the sol. The number of OH groups per metal
ion should increase with increased concentration of water.

Since an increase of water content increases the number of sites to be hydrolyzed,
the hydrolysis is promoted by using excess water. This results in highly cross-linked final

products. With under-stoichiometric addition of water, the condensation mechanism is

biased towards producing an alcohol as a by product whereas over-stoichiometric



Table. I Alkoxides used in the sol-gel method. "

Cation M (OR), Description
Si Si(OC;Hs )e Tetraethylorthosilicate or
Tetraethoxysilane
Si (OCH; ). Tetramethylorthosilicate or
Tetramethoxysilané
Al Al (0-is0-C;Hy )5 Aluminum isopropoxide
Al (O-sec-CH; )3 Aluminum secondary butoxide
Ti Ti (O-C3Hs )e Titanium ethoxide
Ti ( O-iso-C3H, ), Titanium isopropoxide
Ti(O-CHp )s Titanium tetrabutoxide
Ti(0-CsHy ). Titanium tetramyloxide
B B (OCH; ); Trimethylborate
Ge Ge (0-C;Hs ), Germanium ethoxide
Zr Zr ( O-iso-C;H- ), Zirconium isopropoxide
Zr (O-CHj )e Zirconium tetratertiary butoxide
Y Y (O-C;Hs ); Yttrium ethoxide
Ca Ca(0-C;Hs ), Calcium ethoxide




Q——I—-‘ + gzo->.—r—0 + ROH

B;.dmlx:.i:
M-OR + H;0~——————> M-OH + ROH

-0 + @-M-0->@—M—0—M—® + H,0

¢ ) b &

M9 + -M-O->0—-M—0—NM—@ + R-OH

¢ ¢
Condensation ( Polvmerization)

M-OH + M-OH——————> M-0-M + H,0
M-OR + M-OH——————5>M-0-M + R-OH

Q:ioxm @ :or

Fig. 3. Schematic representation of hydrolysis and polycondensation reactions in an

alkoxide solution.
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addition of water leads to the formation of water as a by-product."? Excess water is
deliberately added to promote hydrolysis and polycondensation. but water is also present
in the atmosphere and as a by-product of these two reactions. Even in excess water, the
reaction does not go to completion. Therefore, an appropriate concentration of water is a
very important factor that influences the overall sol-gel process. Sols prepared with high
water content produce highly cross-linked polymer structures. Conversely, a decrease in
water content increases the chance of polymerization of only partially hydrolyzed alkoxide
groups, producing less cross-linked polymers. In some alkoxide systems such as titanium
alkoxides, which are rapidly hydrolyzed with addition of water, the gelling time is
drastically reduced with increased water, resulting in an unstable solution viscosity. One
factor which can present a problem in a muiticomponent system (e.g., TiO»-SiO- binary
system) is the different hydrolysis rates of each alkoxide."” A more rapid hydrolysis of
one alkoxide compared to the other can lead to the precipitation of hydroxides in the sol.
This can be overcome by adding water slowly or partial hydrolysis of each alkoxide before
mixing the two. Sols obtained using low water content tend to form opaque and
discontinuous films because of their low oxide contents. Although the hydrolysis is
promoted by increased concentration of water, too much water concentration results in
too much dilution of the sol, leading to poor wettability of the coating solution with the
substrate. The use of a suitable amount of water and equivalent oxide content results in
clear and stable sols. The equivalent oxide content of metal oxide is given by the ratio

MO2/M (OR), where M is a Group [V metal.

12



Figure 4 shows the stability regions for Ti(OC,Hs), and Ti(OC,H,)s sols, as a function of
oxide content and concentration of water, [H,O/Ti (OR);].“& Different concentrations of
water are needed for desired hydrolysis of metal alkoxide. Clear and stable sols can be
prepared if the equivalent oxide concentration and [H,OJ/[Ti (OR)s] value lie under the
appropriate curve. The equivalent oxide content of titanium oxide is given by TiO«/Ti
(OR),. The oxide content of the hydrolysis products from metal alkoxides can never be
100 % oxide since this would require an infinite polymer with no terminal bonds."

The sol-gel process is generally carried out by using various solvents, usually
alcohols. Since some metal alkoxides (e.g., silicon alkoxides) are immiscible with water, a
co-solvent is needed to prevent liquid-liquid phase separation. Prior dilution of the metal
alkoxide by alcohols also prevents uncontrolled hydrolysis during the mixing of all
ingredients needed to make sols. Thus, the selection of the solvent is very important to
obtain the desired coating solutions. The type of solvent used has a significant effect on
both the nature of the sols and the properties of the films."® The viscosity of the sol
produced is dependent upon the type of solvent used. A higher viscosity alcohol such as
butanol (C;Hy;OH) leads to the deposition of thicker coatings due to a decrease in the rate
of convective outflow from the substrate. Figure 5 shows the dependence of thickness on
the type of solvent used for preparing the sol.""” The sols prepared using methanol
(CH:OH) lead to less uniformity and regions of poor wetting in the films due to the high
evaporation rate of methanol. Thus, films prepared from ethanol (C,HsOH) or propanol

(C;H70H) are more uniform because these sols are more stable with time and have a
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Fig. 4. Regions of stable titanium alkoxide solution as a function of water
concentration."® 1: titanium butoxide (Ti(OC,;Hs).) in butanol solution; 2:

tetraethylorthosilicate (Ti(OC:Hs),) in ethanol solution.
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suitable viscosity for the coating process. The sols prepared using ethanol or propanol
also have a higher equivalent oxide content due to a greater extent of polymerization.
Since metal alkoxides have different structures, depending on the types of alkyl
groups used, the properties of sols are also different. The rates of hydrolysis and
polycondensation reactions are dependent upon the chain length or molecular weight of
the alkyl groups.""” The rate of hydrolysis decreases with increasing size of the alkyl
groups within the alkoxide whereas the gelling time of the solution increases with
increasing size of the alkyl group."” Higher rates of hydrolysis and condensation
reactions are obtained from monomeric alkoxides rather than from oligomeric alkoxides

due to lower steric hindrance from the monomeric alkoxides.!'s'®

In terms of precursors,
long-chain organic groups give slower reaction rates and methyl groups give the fastest
rates. The sols prepared using tetramethoxysilane (TMOS), Si (OCHs),, gelled faster than
those prepared using tetraethylorthosilicate (TEOS), Si (OC,Hs), because more branched
polymers are formed in TMOS-based sols. Typically, as in the case of solvents. ethanol or
propanol-based alkoxides are more widely used in the coating process.'®

The type of catalyst. if used in the preparation of the sol, is also an important
parameter. The hydrolysis of the metal alkoxide can be accelerated when acidic catalysts
are used. Many researchers have reported that mineral acids, such as HC! or HNO;, are
more effective catalysts for the hydrolysis than equivalent concentrations of basic

catalysts."” Aelion et al. showed that the rate of hydrolysis was influenced more by the

strength and concentration of the catalysts than the type of the solvent.®® Sols prepared



with high concentrations of acidic catalyst, however, have poor coating properties, such as
difficulty in spinning, as shown in Table 2.'* The rate of the polycondensation reaction is
greatly increased by using basic catalysts such as ammonium hydroxide (NH,OH), which
usually results in an increased viscosity of the alkoxide solution. When a strong basic
catalyst is added to an alkoxide solution, relatively fast gelation can occur during sol
preparation. Since the sol suddenly losses its fluidity and takes on the appearance of an
elastic solid, the sols prepared by using basic catalysts are not useful for the preparation of
good quality coating solutions. In general, HCl is also needed to avoid flocculation or
precipitation of colloidal particles when a rapidly hydrolyzable alkoxide is added to an
alcoholic solution.®" Ji-pin Zhong et al. have shown that when a strong acid is added, the
precipitation gradually disappears and the sol becomes clear.®® This disappearance
implies that the zeta potential, which causes a repulsion between colloidal particles, has
increased and stabilized the particles in the solution.*®

The structure and properties of the sols continue to change due to continuing
polycondensation reactions through the aging of the sol in a sealed container. The aging
may result in the growth of precursor particles in the sol, which leads to coarsening of the
pores within the films prepared from this sol.®’ During the aging carried out in a closed
container, the solvent evaporates very slowly, maintaining a fairly constant volume of
solvent in the solution. Continued condensation leads to slightly increased viscosity of the
solution. In most alkoxide systems the sol should be aged for a few hours to a few days to

stabilize it and increases its wettability.
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Table 2 Effect of HCI content on gelation properties and spinnability of TMOS

solution ¥

Composition (mol)

Gelling
H.0,TMOS HCIHTMOS Appearance at Gelation time (hr)  Spinnabuliy
2.00 0.01 Transparent 12.6 Yes
2.00 0.40 Transparent 0.6 No
1.70 - 0017 Transparent 13.4 Yes
1.70 0.40 Opalescent 1.0 . No
1.44 0.01 Transparent 17.2 Yes
1.44 0.40 Opalescent (sedimentation) (1.4 Yes*
1.53 0.01 Transparent 14.5 Yes
1.53 0.15 Opalescent 3.6 No
1.53 0.20 Opalescent 2.9 No
1.53 0.25 Opaque 2.5 No
1.53 0.30 Opaque 1.9 No
1.53 0.35 Opaque (sedimentation) 1.6 No
1.53 0.40 Opaque (sedimentation) (1.3)° No

*CH,OH/TMOS was kept constant at 2.
*No clear determination was made, since gelation took place during sedimentation.
‘Bottom phase.
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The aging process can be assisted by increasing the temperature of the sol.

Some water soluble organic polymers such as poly(ethylene glycol)
[H(OCH,CH,),OH] or diethanolamine [(HOCH,CH,),NH] can be used to avoid
precipitation of hydroxides from alcoholic solutions of metal alkoxides with high rates of
hydrolysis and condensation.** When these polymers are added to the solution, large
amounts of water can be added to control the viscosity of the solution. The premature
gelation of the coating solution prior to deposition can be prevented with the addition of
water soluble polymers. This delay of the gelling time in the polymer-incorporated
solution may be accounted for by the hindrance of the polymerization of hydrolyzed

species by the added polymeric molecules as well as the dilution effects.""

2.2. Sol-Gel Deposition Methods

Two kinds of sol-gel coating methods, namely dipping and spinning coating, are
widely used to form thin oxide films. They are based on the linear and centrifugal
spreading of an atkoxide solution onto the substrate, respectively.” The dipping method
is probably the most useful for the fabrication of multilayers, especially for the deposition
of thin oxide films. with a high degree of uniformity, planarity and surface quality on

“-6-3 This coating method is also more adaptable to the size

irregularly shaped substrates.
of substrate. The dip coating method is the most favored sol-gel film forming technique,

and it uses less expensive equipment. Dip coating is a relatively simple way of depositing

a thin film from a sol onto the substrate by immersion and subsequent withdrawing of the
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substrate. Figure 6 is a schematic representation of the dip coating process.””

The substrate is first chemically cleaned then dipped into a coating bath containing a metal
alkoxide solution and uniformly withdrawn into any atmosphere, e.g., vacuum or moist
air. The liquid film steadily flows down the substrate after wetting the substrate. The
cleanliness of the substrate is therefore an important factor for proper adhesion of the
films. Since the liquid film wets the surface, it adheres to the substrate and solidifies
rapidly through the evaporation of the solvent. At this stage, the film undergoes rapid
drying, followed by further condensation and gelation, simultaneously. The deposited film
can then be densified by heat-treatment in a furnace. The thickness of the coating layer is
determined by the coating rate. i.e., the speed of substrate withdrawal from the coating
solution.”*** The film thickness increases with increasing withdrawal speeds. The
thickness also depends on the concentration of the solution, its viscosity, surface tension
of the solution and relative humidity above the coating bath.* Other parameters
affecting the coating thickness are the angle of withdrawal, which is normally 90°, and the
number of coating cycles.

Besides the dip coating method, other techniques can be employed for thin film
deposition from the sol-gel process. Spin coating is often used for one-sided coating. The
spin coating method is a technology that has been well developed by the microelectronics
industry for the application of thin films of photoresist onto silicon wafers. In the spin
coating process. the coating solution is dripped onto the center of the substrate, which is

spinning at a high speed, and spreads evenly.*
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Figure 7 is a representation of the spin coating process, which is divided into four stages:
deposition, spin-up. spin-off and evaporation. Spin coating is probably the most suitable
for the coating of small disks or lenses with circular shapes. The disadvantages include an
edge effect on non-circular shaped substrates, centrifugally stressed surface layers and
mechanical problems associated with spinning large substrates. In the case of spin
coating, external stresses are applied during film formation due to the high shear rates. A
final sol-gel deposition method is spray coating, which may be the least effective way of
the three. In this case. the use of material is less efficient and the films tend to be rough.
It is possible to spray the coating solution onto a hot substrate and obtain a very rapid
reaction between the solution and substrate. This spraying method has potential as a hot
coating technique for applying coatings onto glass surfaces.”® However, this method

does not result in a uniform layer thickness which is required for optical coatings.

2.3. Thickness Control in Dip Coating Process

In the dip coating method. the film is deposited from a coating solution by dipping
and then withdrawing the substrate at a constant speed, as shown in Figure 8. The coating
solution is concentrated on the substrate surface by gravitational draining, followed by
vigorous evaporation and further polycondensation reactions.”** The liquid film has an

approximate wedge-like shape due to the evaporation and draining of the solvent.
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The thickness of the deposited film is determined by a competition among several forces,
which are: (1) viscous drag, which is proportional to liquid viscosity and withdrawal
speed, (2) gravity which is proportional to liquid density, and (3) resultant force of surface
tension in concavely curved menisci. Among the three forces, the surface tension is not
important when the liquid viscosity and withdrawal speed are high enough to hold the
meniscus curvature down. Thus, the thickness of the deposited film in this case can be
governed by a competition between viscous drag and gravity.

When the viscous drag, nU, / h. and gravity. pgh, are in balance, the thickness h of
the deposited film can be represented by the following equation. %>

h=C; (nUus/pg) '* (1]
where U is the withdrawal speed, 1 is the solution viscosity, p is the liquid density, gis
the gravitational acceleration, and C, = 0.81 for Newtonian liquids. However, since the
withdrawal speed and liquid viscosity are typically low in the case of sol-gel dip coating,
the thickness is represented by three forces of viscous drag, gravity and surface tension. A
relationship derived by Landau and Levich shows that the film thickness is proportional to
the 2/3 power of the withdrawal speed.””-*®

h=0.94 (n U(,)m /yL\~”6 (pg)m {2
where yLv is the liquid-vapor surface tension. Figure 9 shows the coating thickness as a

function of withdrawal speed in the dip coating process.’®

Greater overlap of the
deposition and drying stages can be obtained by decreasing the withdrawal speed.

Thinner films can be obtained with a slower coating rate.
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The withdrawal speed should be very constant in order to avoid striations.

In addition to the withdrawal speed (or coating rate), the coating thickness also
depends on the viscosity of the solution, the number of coating cycles and the temperature
of heat-treatment after deposition ‘" ***" The thickness of the film deposited is dependent
on the solution viscosity, which is affected by the concentration changes, the extent of
hydrolysis, and type of solvent used.“®" Although the composition of the liquid bath may
be unaffected by the evaporation in a closed container, the evaporation of the solvent
during thin film deposition significantly increases the concentration of precursor species in
the liquid film. Thus. the viscosity progressively increases due to both an increased
concentration and further polycondensation reaction promoted by the increased
concentration. The coating thickness increases with increased viscosity, as shown in
Figure 10. Since higher viscosity of the solution leads to a decrease in the rate of outflow,
less liquid flows off the substrate. resulting in thicker coatings. The type of solvent in the
coating solution has an effect on the coating thickness due to differences in the viscosities
of the solvents used. A higher viscosity alcohol. such as butanol, leads to a deposition of
thicker coatings, as shown in Figure 11.*" Good quality films with the desired thickness
can be obtained by the consecutive deposition and heat-treatment of thinly deposited
layers, at a relatively low withdrawal speed, from dilute coating solutions. As can be seen
from Figure 12. for a given withdrawal speed the coating thickness is proportional to the

number of deposited layers.*"
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The temperature and the duration of the heat-treatment of as-deposited films have a
significant effect on the thickness of the final films. The coating thickness decreases
during heat-treatment, suggesting a sintering and densification process.®? As the
temperature increases, the film shrinks and the porosity within the film decreases. Since
almost all as-deposited films have the same thickness under the same deposition
conditions, the thinner coatings after heat-treatment are more dense than the thicker
coatings. Thus, increasing heat-treatment temperature increases the film density. This
makes the films tougher and more resistant to scratching. Figure 13 shows the change in

film thickness as a function of heat-treatment temperature.

2.4. Microstructure Control in Sol-Gel Derived Films

The ability to tailor the microstructure of the film is the most important advantage
sol-gel derived films have over films prepared by conventional coating methods.*® The
microstructure of the sol-gel derived films can be controlled for specific applications, such
as antireflective coatings and porous films in the fields of sensors or catalysis. In literature
reviews of current sol-gel research. it was found that the microstructure of the deposited
films, such as pore volume. pore size and surface area, can easily be controlled by varying
process parameters such as water concentration and aging times. The microstructures of
the sol-gel derived films depend on the structures of precursors in the solution and process
conditions such as the coating solution and heat-treatment after deposition. The relative

rates of evaporation and polycondensation during deposition also affect the microstructure
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of the film. In sol-gel deposition, gelation, drying , and further polycondensation stages
are normally not separated. Thus, the overlap of the deposition and drying stages causes
the films to experience a competition between evaporation and further polycondensation
reactions.*** Since the evaporation densifies the film structure while the continuing
condensation reaction stiffens the structure, the resistance to compactness increases.”>
When the deposited film is sufficiently stiff to withstand flow, further evaporation may
collapse the film or generate pores within the film. Since pores are formed by solvent
evaporation, the pore structure of the film depends on the relative rates of evaporation and
continued polycondensation reactions. During deposition, the condensation and
evaporation rates can be controlled by varying the pH values of the coating solution and
the partial pressure of the solvent in the coating ambient, respectively.®™

It is possible to prepare sols in which the structures of the precursor species range
from entangled linear polymeric species to uniform colloidal particles that are either
aggregated or remain non-aggregated.'"** The structure of precursor species in the
solution depends on several factors. which include the nature of the starting materials. pH.
water concentration. solvent composition and aging of the solution.""’ Various types of
sols are used to prepare different gel structures for many applications in the areas of
protective, antireflective and highly porous coatings. The structural changes in films from
various types of sol-gel structures are schematically illustrated in Figure 14. The sols with
unaggregated entangled precursor species lead to gels with low porosity, resulting from a

large number of interparticle contacts. On the other hand. the sols containing aggregated
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colloidal particles result in highly porous film structures, due to the relatively open
structures in the sols. Unaggregated, highly-entangled sols yield dense protective films.
In contrast, highly porous antireflective layers can be formed from aggregated sols.

Since the pore structure reflects to some extent the size and topology of the
precursor in the sol, microstructure tailoring can be achieved by controlling the polymer
growth in the sol prior to film deposition. Brinker et al. demonstrated that the size of the
precursor species. which increases with aging times of the sol, has an effect on the pore
volume, pore size and surface area of the final film. " The pore volume, average pore
size and surface area of the films increase with the size of the precursor species. The
aging process prior to deposition leads to a growth of precursor species in the solution.
Table 3 shows that the porosity and refractive index of the sol-gel derived films can be
tailored by aging the sol prior to film deposition.

The microstructure of the film can also be tailored by varying the water
concentration, H.O/M (OR),, in the alkoxide solution. The water concentration also
affects the relative rates of evaporation and polycondensation reactions during deposition.
Thus, this parameter has a significant effect on the densification behavior of the resultant
film and eventually determines the pore morphology of the film, which in turn determines
the refractive index.****' In general. lower water concentration results in linear polymers
with long chains. whereas higher water concentration tends to form spherical or irregular
shapes. The sols prepared with low water concentration vyield rather dense films. whereas

porous films are obtained from the use of sols with higher water concentration.®®
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Table. 3 Refractive index, % porosity, pore size, and surface area of

multicomponent silicate films versus sol aging times prior to film deposition. ©

Sample Aging Refractive Porosity (%)°  Median Pore Surface
Times * Index Radius (nm) Area (m’/g)
Unaged 1.45 0 <0.2 1.2-1.9

3 day 131 16 15 146
1 week 1.25 25 1.6 220
2 week 1.21 33 1.9 263
3 week*® 1.18 52 3.0 245

a) Aging of dilute sol at 50°C and pH 3 prior to film deposition.
b) Determined from N, adsorption isotherm.
c) The 3 week sample gelled. It was re-liquefied at high shear rates and diluted with

ethanol prior to film deposition.



The sols prepared with under-stoichiometric addition of water cause weakly branched
precursor species. In the solution with low water concentration, weakly branched
precursor species continually rearrange themselves as the solvent evaporates, leading to
efficient packing. Since the condensation rate and extent of branching are very low in the
sol with low water concentration. highly concentrated solutions with increased viscosity
can be prepared. This increased viscosity of the solution results in the formation of a
rather thick film. Since low water gels result in less cross-linked structures, broad pore
size distributions are usually observed in these gels. On the other hand, higher water
concentration leads to an increased condensation rate, resulting in highly condensed
species with highly cross-linked structures. This increased condensation rate also
increases the size of the precursor species in the solution.*® The increase in porosity can
be obtained with increasing precursor size due to the rigid gel network which has a
tendency to resist compaction during solvent evaporation. Thus, since greater amounts of
water increase the size of precursor species. further increase in water concentration causes
an increase in porosity, resulting in a reduction of the refractive index.™

[n order to control the porosity of the sol-gel derived films, several water soluble
polymers such as poly(ethylene glycol) (PEG) can also be added to the solution. The
changes in pore size distribution with the addition of polymers result from their effects on
the growth of sol particles."” Uncharged polymers such as PEG affect only the amount of

micropores because these have little influence on sol particle growth. These polymers do

not undergo hydrolysis or condensation and so do not become part of the gel network.



Charged polymers, such as polyelectrolytes, significantly increase the number of large
mesopores and fine pore structures are found in the gels. The effects of charged polymers
can be explained in terms of electrostatic interaction between the sol particles and
polyions. The proteins decrease the number of micropores and mesopores and greatly
increase the number of macropores due to the growth of sol particles. In Figure 15, the
influence of water soluble polymers on the gel structures is schematically illustrated.
Water soluble polymers such as polyvinyl alcohol, PEG and polyethylene imine have been
widely used as additives to control gel structures and hardening of the gel films. Among
them, polyethylene glycol has been found to be suitable for optical sol-gel coatings
because. in the case of optical coatings, only micropores within the film are of importance.
Matsuda et al. showed that the combustion of added PEG in the gel films during heat-
treatment leads to an increase in porosity within the films, resulting in a decrease in the
refractive index and in the hardness of the films."®

The pore structure of the sol-gel derived films can be further modified by heat-
treatment after deposition. In general. heat-treatment is carried out initially to change the
as-deposited film to a pure organic-free oxide layer and secondly to modify the original
pore size. Since the necessary pore size for the AR coating is considerably smaller than
the wavelength of light. the initial pore size must be reduced below a critical size without
causing pore closure. As the heat-treatment temperature increases, the film shrinks and

... . . . . . . 39
the initial pore size decreases due to viscous sintering and densification processes.®
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Thus, a uniform reduction in pore size and change in pore morphology can be obtained by
heat-treating the deposited film as shown in Figure 16. Figure 17 illustrates that heat-
treatment can be used to tailor the refractive index, n, which can be varied according to

the pore size.

2.5. Antireflective Films with Tailored Refractive Index

Part of the light passing through a boundary is lost due to reflections which are
related to the difference in refractive indices between the two media. The reflectivity. R.
of the substrate surface without a coating is given by following expression.

R= (nz-noln:+n0)2 (3]
where n; and ng are the refractive indices of substrate and medium (air), respectively.
For example, at a boundary between air (n = 1) and a silicon wafer (n = 3.85),

R =(3.85-1.0/3.35+1.0) = 0.345

which means that 35 % of the incident light is reflected from the surface. One way of
eliminating this reflection loss is the interference effect by applying a suitable coating to
the surface."” If an appropriate thin film with refractive index n, is deposited on the
surface of the substrate, the reflections can be reduced, as shown in Fig 18. A coating
with refractive index n,, which separates media with indices ny and n,, modifies the
magnitude of the reflectivity, R.

R= (n[:-n:nolnll-*-n:no )2 [4]
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Fig. 16. Change in pore morphology of the sol-gel derived silica glass after heat-
treatment at 485°C for 4h. (a) before and (b) after heat-treatment for pore size

tailoring, ©”
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Theoretically, in order to obtain zero reflectivity, the refractive index of the coating must
satisfy both the amplitude condition and the phase condition. When the light is incident
on a substrate surface coated with a suitable thin film, both sides of the film will reflect
some of the light. For complete elimination of the two reflected beams, the reflected
intensities at the upper and lower boundaries of the film should be equal. The refractive
index of the film should be intermediate between the indices of the air and the substrate.
The optical thickness of the film should be made one quarter wavelength so that the total
difference in phase between the two reflected beams will correspond to twice one quarter
wavelength, that is 180°. Thus, for zero reflectivity at wavelength A, the thickness t and
refractive index n; of the coating are determined by the following equations:

amplitude condition: n; = (n:ng)'” (5]

phase condition: t = A/4n, [6]
These two conditions result in destructive interference for light reflected from both the
front and back sides of the film. Thus. reflected light becomes zero when both amplitude
and phase conditions are correct. In general, a relatively low refractive index of film is
required for suitable AR coatings. The tailored refractive index is probably the most
important factor for the preparation of the desired sol-gel derived AR coatings. Since the
refractive index of a material is related to its density, the refractive index can be tailored by
proper control of composition and microstructure of the deposited film. The density of a
material may be lowered with the introduction of non-scattering porosity. The refractive

. . . . K
index, n,, in a porous structure is given by"'"
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ny’ = (ng*-1) (1-P) + 1 [7]
where n,and nq are the refractive indices of the porous and non-porous states of the
material, and P is the volume fraction of non-scattering porosity. Thus, the refractive

index of AR coatings can be controlled by proper introduction of porosity, as shown in

Figure 19.4%
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CHAPTER 3

EXPERIMENTAL OBJECTIVES

Thin film formation via sol-gel processing is a simple technology in principle but has
required considerable effort to be of practical use. Compared to traditional coating
methods, sol-gel coating permits microstructural as well as compositional tailoring prior to
deposition, as was described in Chapter 2. Several studies have shown that the pore
structures. which affect optical properties such as the refractive index of the films, can be
controlled by varying process conditions.

The purpose of this study was to prepare sol-gel derived titania-silica thin films and
to determine the effects of variations in process conditions on the properties of the films,
including thickness, optical properties and porosity. The experimental work consisted of
measurements of the thickness, refractive index, and reflectivity of the film as a function of
drain rate, heat-treatment temperature, and addition of PEG. The influence of various
process conditions such as water concentration, aging times, addition of PEG, and heat-

treatment temperature on the porosity of the bulk gel was also investigated.

47



CHAPTER 4

EXPERIMENTAL PROCEDURE

Titania-silica (TiO--Si0-) thin films were deposited onto silicon wafers from coating
solutions prepared by the hydrolysis and polycondensation reactions of metal alkoxides.
Prior to gelation, these coating solutions (or sols) were used by dip coating to form
transparent oxide films. Figure 20 shows the overall procedure employed in preparing the
titania-silica coating films. All coatings were applied at room temperature in an ambient
atmosphere. The coating solutions were also placed in Petri dishes. gelled and dried to
produce thin bulk gels. The preparation of the bulk gel is illustrated in Figure 21.

Tetraethylorthosilicate, Si (OC,Hs), titanium isopropoxide, Ti (OC:Hy)s, anhydrous
ethanol, C,HsOH, deionized water and hydrochloric acid (HCl) were used as raw
materials. A list of the raw materials used and their vendors are reported in Table 4.
Tetraethylorthosilicate (TEOS) is a highly volatile and slowly hydrolysable alkoxide
whereas titanium isopropoxide. Ti (O'Pr),, is a highly hydrolysable compound. These two
alkoxide solutions were each prehydrolyzed separately prior to mixing them together, due
to their different hydrolysis rates. The TEOS and Ti (O'Pr); sol-gel coating solutions were
then combined to prepare the desired sol-gel molar ratios, and aged for the coating
experiments. The TiO,-SiO- thin films were deposited from the coating solution and then
heat-treated. Since a pulling apparatus of sufficient steadiness was not available for

vibration-free dip coating, the films were deposited by draining the coating solutions away
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Fig. 20. Preparation procedure of Ti0:-SiO: sol-gel films.
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Fig. 21. Preparation procedure of Ti0:-SiO: bulk gels
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Table 4 A list of reagents used and their vendors.

Chemicals . Description Physical Data Vendor
Si (OC.H;s ). Tetracthylorthosilicate | 99 %, FW 208.33, Fisher
bp 168°C Scientific
Ti ( O-iso-C;H; )« | Titanium isopropoxide | 98 %, FW 284 .26, Janssen Chimica
bp 240°C
CH;CH,0H Dehydrated 200 proof | 99 %, FW 47.08, Quantum Chemical
Ethyl Alcohol bp 78°C Corporation
H,0 Distilled and pH 6~7, FW 18.02, VWR Scienufic
Deionized Water Heavy Metals 0.01ppm
HCl Hydrochloric Acid A.C.S. Reagent VWR Scientific
FW 36.46, 0.5 N
NH,OH Ammonium Hydroxide | A.C.S. Reagent Fisher
FW 35.05,d 0.900 Scientific
H (OCH:CH: .OH | Poly( ethylene glycol ) | M.W. 400, Tm -6°C Janssen Chimica
Liquid Viscosity
7.3 centistokes

hn




from around the substrates. The drain-coating technique is a variation on the dip coating
method. All deposited samples were used for characterization such as measurement of

thickness, refractive index and reflectivity.

4.1. Preparation of Coating Solution

The coating solutions were made by hydrolysis and polymerization reactions from
metal alkoxides. The tetraethylorthosilicate (TEOS), Si (OC,Hs)s, and titanium
isopropoxide, Ti (OC:H»).. sol-gel solution; were each prehydrolyzed before mixing
together in order to obtain stable precursor species in the solution. The 19 solutions,
whose compositions (in volume ratio) are listed in Table 5, were prepared.

A 1:5 volume ratio of TEOS and anhydrous ethanol (EtOH) was mixed with
prescribed amounts of water in a 1000 mi round bottom flask. Approximately 200 ml of
EtOH was measured using a 250 ml graduated cylinder and then TEOS was added to
EtOH in the graduated cylinder so that the final composition would be 1:5 by volume.
TEOS/EtOH solution was poured into the flask for further addition of water and catalyst.
A certain amount of water (H,O/TEOS volume ratio = 1.5 to 5) was measured using a
250 ml Erlenmeyer flask. 0 5 N HCI (approximately 20 drops) was added to the water by
using a fine point dropper so that the final volume ratio of TEOS to HCI would be 1:0.05.
The deionized (DI) water containing hydrochloric acid (HCI) was slowly added to the
TEOS solution and then stirred in a covered flask at room temperature for 30 minutes to

partially hydrolyze the TEOS.
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Table 5 Compositions (in volume ratio)® and aging times of titania-silica solutions

Solution TEOS Ti (OiPr)4 H-O EtOH HCI PEG* Aging
Number Times
Al 4 1 6 20 0.2 0 1 day
A2 4 1 8 20 0.2 0 1 day
A3 4 1 12 20 0.2 0 1 day
A4 4 1 16 20 0.2 0 I day
Bl 4 1 12 20 0.2 0 0 day
B2 4 l 12 20 0.2 0 4 day
B3 4 1 12 20 0.2 0 7 day
B4 4 1 12 20 0.2 0 14 day
Cl 4 l 8 20 0.2 0 1 day
C2 3 2 6 20 0.2 0 1 day
C3 2 3 4 20 0.2 0 | day
c4 | 4 2 20 0.2 0 { day
Dl 4 i 8 20 0.2 0 1 day
D2 4 I 3 20 0.2 0.3 t day
D3 4 i 3 20 0.2 0.6 I day
El 4 | 3 20 0.2 0 t day
E2 4 [ 8 20 0.2 0 I day
E3 4 | 3 20 0.2 0 | day
E4 4 1 8 20 0.2 0 L day
L 4 I 2 20 0.2 0 1 day
H 4 l 24 20 0.2 0 1 day

‘@: Volumes reported in this table are relative volumes

A: Solution for effect of water concentration, B: Solution for cffect of aging times

C: Solution for cffect of alkoxide compasition, D: Solution for cffect of addition of PEG
E: Solution for effect of heat-treatment temperature

* M, =400

W
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The Ti (O'Pr)s solution was prepared by mixing Ti (O'Pr),, EtOH, DI water, and HCI,
with the volume ratio of EtOH/Ti (O'Pr), being 15:1. The volume ratio of Ti (O'Pr), to
water to HCl was 1:1:0.05. To avoid precipitation of titanium hydroxides, Ti (O'Pr)s,
EtOH and HCl were first mixed and then a small amount of water [H,O/Ti(O'Pr); volume
ratio = 1] was very slowly added to the Ti (O'Pr); solution while stirring. The Ti (O'Pr),
solution was also stirred at room temperature, for at least 15 minutes, to sufficiently
hydrolyze the Ti (O'Pr),. The Ti (O'Pr), solution was then poured into the partially
hydrolyzed TEOS solution with continued slow stirring for an additional 30 minutes.
Finally, poly(ethylene glycol) (PEG) was added to the solution. which was then further
stirred for approximately 20 minutes. The molecular weight of PEG used was 400. The
chemical compositions and process conditions for preparing the desired sol-gel solutions
are shown in Table 5. The clear and transparent solution obtained in this manner was
used for the coating experiments and preparation of the bulk gels. The solution was then
aged in a closed container for at least one day to stabilize the solution and to obtain good
wettability. The viscosity (or fluidity) of the coating solution, based on qualitative
judgement, did not significantly change over a period of 7 days, but for every repeated
coating experiments, except for the investigation on effects of solution aging, new coating
solutions were prepared The aged coating solution was further diluted with ethanol to

control the film thickness and to obtain a useful viscosity of the coating solution.
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4.2. Coating Methods

The sol-gel derived titania-silica thin films were deposited onto 1.25 inch diameter
(111) Si wafers by dip coating in titanium/silicon alkoxide solutions. The dip coatings
were made by the solution lowering process (draining method), in which the parts to be
coated remain at rest and the solution level was lowered by opening the drain valve. This
solution lowering method was developed for vibration-free dip coatings. The surface of
the silicon wafer was coated uniformly by dipping the wafer into the solution and then
draining the solution at a constant drain rate. The coating solution was not exposed to the
atmosphere during deposition in order to avoid fast evaporation and contamination by air-
borne particles. All substrates (Si wafers) were kept in the solution for at least 5 minutes
before draining in order to ensure that the surface conditions of the substrates reached
steady-state. To obtain good wetting of the substrate, the contact angles formed with the
solution have to be sutficiently small. The substrate has to be perpendicular to the coating
solution during deposition. The coating operation was completely smooth and shockless
and was so slow that the liquid films adhered to the surtace of the substrate. The
uniformity of the deposited films could be observed by watching the interference fringes
which are formed during evaporation of solvent and volatile reaction products on the Si
wafer surfaces. During the coating process the fringes were running horizontally at a
constant coating rate (drain rate) which could be adjusted from 0.25 to 12 cm/min by
changing the flow rate of the solution through the drain valve. The drain rate of 12

cm/min was used mainly for one cycle coating which was comprised of dip coating,
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drying, and heat-treatment. Uniform and sufficient thickness of the films could be
obtained by multiple coatings carried out at a lower coating rate (2.5 cm/min). After
coating, all substrates were dried at room temperature for 15 minutes and then heated up
to 300°C with a heating rate of 7°C / min, and kept there for 30 minutes in a furnace. This
heating process resulted in uniform and transparent titania-silica thin films. The
preparation of the thicker films required 3~5 repetitions of the procedures described above

from dipping to heat-treatment.

4.3. Preparation of Bulk Gels

Titania-silica bulk gels were prepared via a two-step acid/base-catalyzed sol-gel
process. [n the first step, the TiO,-SiO- solution was prepared, with the addition of HCI,
under the same conditions as in the preparation of the coating solution. In the second
step, I ml of 0.05 M ammonium hydroxide (NH.OH) was added to the solution to
accelerate the gelation The resulting sol was then allowed to gel, in sealed Petri dishes, at
room temperature. After gelation. the gels were aged at room temperature for 48 hours.
The Petri dishes were then uncapped and the gels were exposed to ambient atmosphere
inside a flow hood for drying. After one week of exposure, the aged gels were dried again
in an oven at 100°C by covering the Petri dishes with thin aluminum foil punctured with
several pin holes to control the evaporation rate of water and alcohol. The gels were

heated up to 100°C ar a rate 10°C / min, sustained isothermally for 30 minutes and then



slowly cooled down to room temperature. The thickness of the as-dried gels ranged from

0.lmm to 0.3 mm. as measured bv a micrometer.

4.4. Characterization Methods

The thickness and refractive index of the films were measured, as summarized in
Appendix A, by using a Gaertner Ellipsometer L117 equipped with a He-Ne laser at a 70°
angle of incidence (A = 632.8nm). Ten to fifteen measurements were taken for each
specimen. The specular reflectance at normal incidence from 360 to 1000 nm was
measured with a Dvn-Optics 224 Retlectometer using the method described in Appendix
B. The pore volume. pore size. surface area and pore size distribution of the bulk gels
were determined by N, adsorption/desorption method described in Appendix C, using a
Quanta Chrome Autosorb-1 BET Surface Area Analyzer. The adsorption isotherms were
obtained at liquid nitrogen temperature (77 K). All samples were outgassed at room
temperature under vacuum for 3 hours prior to analysis. The adsorbed amount is
represented as a function of the relative pressure, P/P,, where P is the pressure of nitrogen
in the gas phase and P, is the saturation pressure. Five adsorption points were collected at
relative pressures (P/P,) between 0.05 and 0.30. The total pore volume was determined
by a single adsorption point at P/P,~ 0.995. The pore size distributions were calculated
from the desorption isotherms Thermochemical changes in PEG containing bulk gels
during heat-treatment up to 400°C at a rate of 10°C/min were investigated by differential

scanning calorimetry using a Perkin-Elmer differential scanning calorimeter DSC-4.



CHAPTER S

RESULTS AND DISCUSSION

Sol-gel derived Ti0,-SiO- thin films were obtained by well controlled sol
preparations and careful film deposition processes. A clear Ti (OPr), solution was
obtained, only when limited amounts of water and HCI containing ethanol were very
slowly added to the alkoxide solution. When larger amounts of water were added, the
titanium alkoxide solution quickly became opaque. An increased viscosity of the solution
or too much dilution led to poor qualities in the coating films. [n order to obtain fiims
which are transparent and homogeneous, the wettability of the solution on the surfaces of
the silicon wafers had to be very good. The transparency and uniformity of the coating
films could be readily evaluated visually. The coated surfaces of the silicon wafers were
first examined visually, an example of which is shown in Figure 22. Titania-silica thin
films ranging in thickness trom several hundred angstroms to less than five thousand
angstroms were deposited under difterent process conditions. The optical properties of

the sol-gel films and the porosity of bulk gels varied with different process parameters.

S.1. Thickness Control of the Films
The film thickness depends on the concentration of the solution. viscosity, coating

rate, angle of dipping, the number of coating cycles. and the heat-treatment temperature.



(a) Poor Coatings

(b) Uniform Coatings from Optimal Process Condition

Fig. 22. Photographs of the surfaces of films with various coating conditions.



Among these process variables. the coating rate (drain rate), the number of coating cycles
and temperatures of the heat-treatment have a particularly significant influence on control
of the film thickness. Figure 23 shows the dependence of film thickness on the drain rate.
It was found that as the drain rate increased from 0.25 to 12 cm/min, the thickness of film,
deposited by one coating cycle, increased from 266 to 836 A

In the drain coating, the thickness of the deposited film is proportional to the
withdrawal speed (or drain speed) and it can be represented by the following equation."?

t=2V.n'"/dg (8]
In order to obtain desired uniform film thickness, multiple coatings may be used. The film
thickness as a function of the number of deposited layers (coating cycles) is shown in
Figure 24. It was found that the film thickness was proportional to the number of
deposited layers. Furthermore, a linear relationship was found between the thickness
increments and the number of coatings. No significant re-dissolution of the deposited
films occurred when the coated substrates were dipped into the coating solution for
further coatings. The film thickness could also be modified by heat-treatment after
deposition. Figure 25 shows the change of the film thickness as a function of heat-
treatment temperature. The film thickness decreased during heat-treatment at

temperatures between 100°C and 300°C. and then leveled off above 300°C. This is

thought to be due to the densification of the film and the decrease in the pore size.
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Thickness (A)

0 2 4 6 8 10 12
Drain Rate (cm/min)

Fig. 23. Effect of drain rate on the thickness of sol-gel derived titania-silica films.
(The number of coating cycle was one. Each coating was heat-treated at 300°C for
30 minutes.) Each data point represents the average values obtained from 10

measurements.
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Fig. 24. Effect of the number of coating cycles on the thickness of titania-silica films.
(The coating films were heat-treated at 300°C for 30 minutes after each coating.)

Each data point represents the average values obtained from 5 measurements.
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Fig. 25. Effect of heat-treatment temperature on the thickness of titania-silica films.
(The coating rate was 12 cm/min. The heating time was 30 minutes.) Each data

point represents the average values obtained from 15 measurements.



5.2. Effect of Drain Rate and Heat-treatment on Refractive Index

Figure 26 shows the refractive index of the sol-gel derived films as a function of the
drain rate. Since the refractive index depends on the density of a material, thinner films
deposited with a slow drain rate should show a tighter packing of species, and
consequently a higher refractive index. In addition to the drain rate, the refractive index
was also affected by the heat-treatment temperature as shown in Figure 27. The refractive
index may be dependent upon the extent of densification of the coated layer as the
temperature increased. The retractive index increased continuously at temperatures
between 25°C and 300°C and then remained nearly constant above 300°C. This result

indicates that complete densification may be occurring at about 300°C.

5.3. Effect of PEG added to Solution

Poly(ethylene glycol) (PEG) had sufficient solubility in an ethanol-based solution for
formulation of the coating solution. The solutions prepared with the addition of PEG
were transparent as were the solutions produced without PEG. Over-diluted solutions
usually lead to poor quality coatings which spread inhomogeneously on the substrate
during drying. Since the addition of organic polymers, such as PEG, increases the
viscosity of the coating solution. better wettability could be obtained by adding PEG into
the diluted solutions. Small amounts of PEG (2 vol. % <) were added to the solution in

order to achieve better control of the film thickness.
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Fig. 26. Effect of drain rate on the refractive index of titania-silica sol-gel films.

Each data point represents the average values obtained from 10 measurements.



1.535 -
1.530 - : /

1.525 - ’ //!
1.520

1.515 /

1.510

1.505 /

1.500 /

1.495

Refractive Index

0 100 200 300 400 500

Heat-treatment Temperature (°C)

Fig. 27. Effect of heat-treatment temperature on the refractive index of titania-silica
sol-gel films. Each data point represents the average values obtained from 10

measurements.
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The occurrence of unwettable regions and several pin holes in the deposited films, with
increased viscosity. was observed with the addition of greater amounts of PEG. When the
PEG concentration in the solution was above 2 vol. %, good quality films could not be
obtained.

Thermochemical changes during heat-treatment in the PEG containing bulk gels
were studied via differential scanning calorimetry (DSC). DSC traces from 25 to 375°C
for bulk gels under different PEG concentrations in the solution are shown in Figure 28.
The starting transient. which is instrument specific, occurred at about 50°C, and a large
exothermic peak, which results from the decomposition of added PEG. was observed at
around 225°C. At temperatures over 325°C, amorphous gels may begin to crystallize.
The DSC curves remained unchanged at temperatures between 50°C and 200°C without
any peaks. Two more major peaks were expected to be observed in the DSC curve, but
the experimental results did not meet this expectation. One is an endothermic peak at
about 150°C, associated with the removal of residual solvent and water. Another
exothermic peak is usually observed at temperatures between 250°C and 300°C, which is
related to the burning of residual organic compounds in the gel.**' However, only one
exothermic peak was observed in the curve, probably due to the small size of the sample.
The reason for this may also be linked to the nearly complete removal of water and
residual organic groups during drving.

The increase in viscosity of the coating solutions, by the addition of PEG, brought

about an increase in the thickness of the as-deposited films, as shown in Figure 29.
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Fig. 28. Schematic illustration of DSC curves of PEG containing gels.

(The heating rate was 10°C/min up to 400°C)
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Fig. 29. Effect of the addition of PEG on the thickness of titania-silica sol-gel films.

Each data point represents the average values obtained from 7 measurements.
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The decrease in film thickness during heat-treatment is also shown in Figure 29. Asthe
heat-treatment temperature increased. the PEG-containing films shrank considerably.
especially in a range of 100° to 300°C, as shown in Figure 30. The shrinkage in this
temperature range is mainly due to the decomposition of added PEG during heat-
treatment. As the concentration of PEG increased, the shrinkage also increased. The
maximum shrinkage of the film without PEG was about 24 %, whereas that of the film
obtained with the addition of 2 vol. % PEG was about 52 %. This indicates that the films
prepared with the addition of PEG is highly porous. Figure 31 shows variations of the
refractive index of the tilms during heat-treatment, for films obtained with and without the
addition of PEG. The difference in the refractive index of the as-deposited films prepared
with and without the addition of PEG may be due to the presence of PEG within the films.
The change in the refractive index at temperatures over 350°C can be ascribed to the
difference in the porosity of the films due to decomposition of PEG within the films. Table
6 lists the porosity of the bulk gels and refractive indices of films prepared with and
without the addition of PEG. The addition of PEG into the solution led to a lower
refractive index after heat-treatment at temperatures over 300°C. The reflectivity of the
films could be varied through proper control of the film thickness and refractive index by
adding PEG into the solution to introduce porosity. Figure 32 shows the percent specular
reflectivity of the TiO,-SiO» sol-gel tilms. The incorporation of PEG with 2 vol. % into

Ti0,-SiO; solution led to a lower reflectivity of the coated Si wafer at wavelength around

700 nm.
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Fig. 30. Effect of the addition of PEG on the shrinkage of titania-silica sol-gel films.

Each data point represents the average values obtained from 7 measurements.
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Table 6 Porosity of bulk titania-silica gels and refractive index of films on Si wafers

as a function of the addition of PEG (2 vol. %).

Samples Total Pore Average Pore  Surface Area Refractive
Volume, cc/g Radius, A m®/g Index
A 0.1868 15.3 244 1.500
B 0.003 316 1.88 1.497
C 0.324 129 502 1.528
D 0.390 14.4 541 1.430

A: Gels without PEG heated at 100°C, B: Gels with PEG heated at 100°C

C: Gels without PEG heated at 300°C, D: Gels with PEG heated at 300°C
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Fig. 32. Effect of the addition of PEG on the reflectivity of titania-silica sol-gel films.

Each data point represents the average values obtained from 6 measurements.
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But this specimen had a reflection curve which showed higher reflectivities in the range of
410-460 nm unlike the samples coated with films containing no PEG ar all.

An understanding of the porous structure of the bulk gels was deduced from the
nitrogen adsorptior/desorption isotherms. When the quantity of the gas adsorbed onto or
desorbed from the surface of bulk gel is measured over a wide range of relative pressures
at a constant temperature, the result is an adsorption/desorption isotherm.

The adsorption/desorption isotherms for the gels obtained with and without the
addition of PEG are shown in Figure 33 The isotherm obtained for the gel without PEG,
after heat-treatment at 300°C. shows a Type [ isotherm, typical of a sample containing
micropores. This is shown in Figure 33 (b). The Type [ isotherm exhibits a larger
adsorbed volume at low relative pressures and a plateau in the volume adsorbed at
intermediate pressures, which indicates a large volume of extremely small pores.**"' The
gels prepared with the addition of PEG and heat-treated at 300°C exhibits a Type [V
isotherm, which showed a monotonic increase in adsorption with increasing relative
pressure. Types | and IV usually exhibit hysteresis between the adsorption and desorption
isotherms. The Type [V isotherm is normally found for samples having less microporosity
and a broader distribution of pores with diameter of 20-500 A. The difference in
isotherms between the gels obtained with and without the addition of PEG is caused by
different pore structures after heat-treatment due to the decomposition of PEG. The
surface area and total pore volume of the as-dried gel was significantly lower with the

addition of PEG. as compared with that of the gel produced without PEG.
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and heat-treated at 300°C.

76



The average pore size of the as-dried gel increased from 15.3 to 31.6 A with the addition
of PEG. The as-dried gel produced with the addition of PEG is practically a non-porous
gel with relatively few large pores. The decomposition of PEG in the bulk gels after heat-
treatment at 300°C led to increases in pore volume, pore size and surface area, compared
to those of gels prepared without the addition of PEG. Figure 34 shows the change in the
pore size distribution of the bulk gels prepared with and without the addition of PEG. The
pore distributions in the gels prepared with the addition of PEG were significantly different
from those of the gels prepared without PEG addition. In the case of the as-dried gels
prepared without the addition of PEG. the pore size distribution was broader than that of
heat-treated gels at 300°C, as shown in Figures 34 (a) and (b). The heat-treatment led to a
narrower pore size distribution in the gel, containing mostly small pores with radii less
than 50 A. Figures 34 (c) and (d) show the pore size distribution of the gels prepared with
the addition of PEG. The as-dried gel prepared with the addition of PEG showed a very
narrow pore size distribution. The addition of PEG may lead to a decrease in the number
of larger pores with radii 50 to 500 A .as a result of the PEG trapped in the larger pores or
voids. A slightly broader pore size distribution and a considerable shift toward larger
average pore size were observed with gels heat-treated at 300°C as shown in Figure 34
(d). This resulted from the change in porosity of the gels due to the combustion of PEG

during heat-treatment.
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S.4. Effect of Water Concentration

In order to obtain uniform coatings of the substrates. a suitable amount of water is
required to react with the alkoxides used. The amount of water must be sufficient for the
full hydrolysis and polycondensation reactions. But greater amounts of water usually
resulted in a decrease of the gelation time and failure in the preparation of the desired
coating solution. The amount of water not only affected the solution but also the nature
of the deposited films. The solution prepared with low water concentration (H,O/TEQS <
1) caused opaque deposition. while the solution obtained using a higher water
concentration (H,O/ TEOS > 5) led to poor coating properties such as unwettability or
discontinuous films. Low and high water concentration solutions are designated with L
and H, respectively. in Table 5 Generally, hydrolysis is assisted by using sufficient
amounts of water. However, even with excess water, the reaction does not go to
completion. Although increased amounts of water often promotes the hydrolysis, when
the ratio of HoO/Si or Ti is increased, while maintaining a constant ratio of solvent/oxide,
the oxide concentration is reduced. This in turn reduces the hydrolysis and condensation
rates, causing poor wettability due to an over-diluted solution."” Therefore. the amount
of water is a very important factor influencing the overall sol-gel processing.

The change in porosity of the gel by varying the concentration of water was not as
clear as in the case of gels obtained with and without the addition of PEG. The effect of
different water concentrations. H.Q/TEQS, on the porosity of bulk gels and the refractive

index of the gel films are reported in Table 7 Major differences in pore volume, surface
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area, and refractive index were not observed between gels made at low and high
water:alkoxide ratios. It was found from isotherm plots that the pore structure of the bulk
gel varied by changing the concentration of water. The gels with lower water
concentration (H,O/TEOS = 1.5, 2) showed a Type IV isotherm with a broader pore size
distribution than that of higher water gels (H;O/TEOS = 3, 4) as shown in Figures 35 and
36. It was also shown from Type [ isotherms of higher water gels that higher water
concentration led to the formation of microporous structures with small pores. Increasing
the water concentration from H,O/TEOS = 1.5 to H;O/TEOS = 4 decreased the average
pore radius from 15.6 to 12.4 A. At lower water concentrations, larger pore size values
may be related to the polycondensation of incomplete hydrolyzed species causing a less
cross-linked structure Higher water concentrations (excess water) leads to the formation
of highly condensed species. This indicates that high water concentrations may serve to
tighten the gel structure and form smaller pores. It was found from Figures 36 (c) and (d)
that higher water gels have a narrower pore size distribution than lower water gels. The
concentration of water had no significant effect on the refractive index of the tilms.
However, the deposited films with various ratios of H,O/TEOS showed essentially

uniform antireflections over a wide range of wavelengths, as shown in Figure 37.
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Table 7 Porosity of bulk titania-silica gels and refractive index of films on Si wafers

as a function of water concentration.

H.0 / TEOS* Total Pore Average Pore  Surface Area Refractive

Volume, cc/g Radius, A m’/g Index
1.5 0.1425 15.6 183 1.531
2.0 01868 153 244 1.545
30 01363 12.3 222 1.540
40 0.2192 12.4 354 1.523

@ Different water concentration in volume, H-O/M(OR),

-Theoretical ratio tor complete hydrolysis and condensation = n/2
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5.5. Effect of Aging Times

It was found that both pore volume and surface area of the bulk gels increased as
the aging time increased, as reported in Table 8. This indicates that the gels prepared from
solutions aged for longer periods have more porous structures than gels obtained from
those aged for shorter periods. The aging may involve further condensation and change
the structure of the entrained inorganic species in the original sol. The aging leads to
growth of the entrained fractal species in the sol, which causes an increase of pore volume,
pore size, and surface area of the gels.'>' However, little change in pore size was
observed by varying the aging times within the two week period.

By increasing the aging times, the refractive index of the films decreased due to an
increase of the porosity. An inspection of the isotherms showed that the aged gels had
Type [ isotherms, typical of a sample containing micropores, as shown in Figure 38
Narrower pore size distributions were obtained for all gels aged over a time period of
several days, as shown in Figure 39 Figure 40 shows the reflectivity of TiO2/SiO,-coated
silicon wafers prepared from solutions aged at various times. The reflectivity of the
coated Si wafers closely approached minimum reflectances at around 600nm with

increasing aging times of from 4 to 14 days.



Table 8 Porosity of bulk titania-silica gels and refractive index of films on Si wafers

as a function of aging times

Aging Times Total Pore Average Pore  Surface Area Refractive
(Day) Volume, cc/g Radius, A m’/g Index
unaged 0.1363 12.3 222 1.546

4 0.1924 13.5 286 1.429
7 02123 13.0 326 1.396
14 0.2515 13.2 382 1.340
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5.6. Effect of Heat-treatment Temperature After Deposition

When sol-gel derived films or bulk gels are subjected to heat-treatment for
densification, the change in properties of the gels with heat-treatment is dependent upon
the pore structures of the gels. Heating densifies the gel structure and leads to uniform
reduction in pore size, causing an increase in the refractive index as shown in Table 9.
Densification is essentially a sintering process, by which the pore of the gel is reduced or
eliminated.“**" The thickness of the films could also be modified by heat-treatment.
The 1sotherms of the gels heat-treated above 300°C show a Type I isotherm, which
indicates microporous structures of the gels as shown in Figure 41. It was shown from
Table 9 that the pore volume increase up to 300°C was due to the evaporation of water
adhering to the micropore walls of the gel, and also the formation of fine pores as a result
of the decomposition of residual organic compounds. The decrease in pore volume above
300°C is probably due to the shrinkage of the pores. A narrower pore size distribution
along with smaller pores were obtained from the gels heat-treated at higher temperatures,

as shown in Figure 42

5.7. Effect of Alkoxide Composition

Titanium isopropoxide hydrolyzed much faster than tetraethylorthosilicate, which
led to a cloudy solution (precipitation) or fast gelation when large amounts of Ti (O'Pr),
were rapidly added to the TEOS solution. A higher content of Ti (O'Pr), also caused less

stability during aging, leading to rapid gelation.
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Table 9 Porosity of bulk titania-silica gels and refractive index of films on Si wafers

as a function of heat-treatment temperature.

Temperature Total Pore Average Pore  Surface Area Refractive
(°C) Volume, cc/g Radius, A m’/g Index
100 0.1816 153 244 1.500
200 03164 13.6 464 1.514
300 0.3240 12.9 502 1.521
400 0.2302 12.9 356 1.528
500 0.2697 12.7 424 1.530

600 0.2512 12.7 395 1.532
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When a higher concentration of Ti (O'Pr), was used, further dilution of the solution was
required to avoid premature gelation, resulting from an increased condensation rate of Ti
(O'Pr) 5. In this investigation. clear and good coating solutions were more easily obtained
by using a lower Ti (O'Pr), concentration (i.e., TiO+/SiO, = 1/4). The titania-silica films
containing higher TiO, caused opacity, probably due to phase separation and
crystallization during heat-treatment.*” The refractive index of the films prepared by the
mixing of two materials (TiO. and SiO-) may be varied by using different alkoxide
compositions. Figure 43 shows that the refractive index decreased as the TiO, content
increased, due to the much higher refractive index of TiO; (n = 2.3) than SiO, (n = 1.46).
In addition to composition. the refractive index also depends on other factors such as
porosity, thickness, and structural defects. Therefore, in this investigation, solutions
prepared from lower TiO, concentrations (TiO, / SiO; = 1/4) were studied to investigate
the possible variations in the refractive index that could be varied as a function of process
factors such as aging times. heat-treatment, and addition of PEG. The reflectivity as a
function of the alkoxide composition is shown in Figure 44. The solution prepared with a
ratio of TiOy/ SiO,= 4 gave a coating having the lowest reflectances over a wide range of

wavelengths.
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CHAPTER 6

CONCLUSIONS

In this study, several parameters that affect the optical properties and pore
structures of sol-gel derived TiO»/SiO, films were identified and their specific effects were
described. The pore characterization was performed by measuring the porosity of bulk
gels which was used as a reference for an evaluation of pore structure of the films. The
pore structure as well as physical and optical properties of sol-gel derived films are
significantly governed by process conditions.

The film thickness was significantly affected by the coating application rate (drain
rate), the number of coating cycles and heat-treatment temperatures after the deposition of
the film. [t was found that an increase in drain rate increased the film thickness whereas
the thickness decreased with increased heat-treatment temperatures. For a given drain
rate, the film thickness was linearly proportional to the number of deposited layers.

The refractive index of the sol-gel derived films can be tailored by varying the drain
rate, heat-treatment temperature. aging times and addition of PEG. The spectral
reflectance of the silicon wafer substrate decreased with the deposition of sol-gel films.

The addition of water soluble polymers such as PEG had a significant effect on the
pore structure and optical properties of the films and led to a large shrinkage in the

vertical direction of the films. It has also been found that there is an optimal concentration
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of PEG, approximately 2 vol. % of solution and an increase in PEG content above this
level made the shrinkage of the film excessive and resulted in poor coating qualities.

The preparation of the desired coating solution and good qualities of the deposited
films were obtained by using suitable amounts of water (H,O/TEOS volume ratio = 2 to
3). Gels made with a high water-t0-TEOS ratio had smaller pores than those prepared
from sols with lower water concentrations.

The control of aging times and heat-treatment were also found to affect the porosity
of the gels. It was found that an increase in aging times increased both pore volume and
surface area of gels and led to a narrower pore size distribution. A narrower pore size
distribution with small pores could be obtained by increasing the heat-treatment
temperatures.

There are now many commercialized sol-gel derived coatings and an increasing
amount of research in this field. The chemistry and technology of the sol-gel process are
inseparable and mutually dependent. Therefore, a concerted research effort into sol-gel
chemistry will gain new insights into the basic principles, provide us with innovative ideas
for its capabilities, and will lead us to new and useful applications in the future.

Much attention has been paid recently to the precise tailoring of pore structure and
optical properties of the films prepared via sol-gel process modified with the addition of
several kinds of polymers Especially, further work is needed to study the effects of water

soluble polymers on the sol-gel coating structures and properties.
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APPENDIX A
ELLIPSOMETRY

Ellipsometry is the measurement and interpretation of differences between the states
of polarization of the incident and reflected He-Ne laser beams.”® Ellipsometry is widely
used for measuring the thickness and refractive index of thin films on dielectric or metallic
surfaces such as silicon oxide and silicon nitride films on silicon surfaces.

Ellipsometers are optical instruments which measure the amplitude and phase
changes in the state of polarization of collimated light waves of monochromatic polarized
light caused by reflection from a surface of sample. Gaertner Ellipsometer Model 117
consists of a helium-neon laser, polarizer, compensator, specimen table, analyzer and
photodetector as shown in Figure 45. The light from the helium-neon laser is first linearly
polarized by passing through the polarizer and then elliptically polarized by passing
through the compensator When a light wave reflects from a surface of specimen under
measurement, the polarization of the light changes in accordance with specimen film
thickness and optical characteristics of the film and substrate. This light then passes
through the analyzer and is sensed by the photodetector.

Ellipsometry has several advantages over other methods of thickness measurements:
(1) It can measure the film thickness at least an order of magnitude smaller than can be
measured by other methods such as interferometry and reflectometry.

(2) It can permit determination of the refractive index of thin films with unknown

thickness.
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( 3 ) It can make measurements in optically-transparent environments such as liquid or air.

( 4) It does not require special conditions such as vacuum, heat, or electron bombardment

that may change the optical properties of surfaces being studied.

('5) Since the lower intensity of the laser enables normal room operation without need for

an enclosure and unwanted background reflected light through a filter, the measurements

can be made in normal room conditions.

SPECIFICATIONS OF GAERTER ELLIPSOMETER L117

Light Source

He-Ne 6328 A laser 2 mw

Beam Size at Object

1 mm spot diameter

Angles of Incidence

set at 30°, 50°, and 70° by pre-adjusted pin locks

Sample Orientation

horizontal

Extinction Meter

built in, solid state amplifier

Measuring Range

from a few Angstroms to thick films

Accuracy

2.5 A to 10 A over most of the measuring range
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APPENDIX B

Reflection Measurement by using Reflectometer

The Dyn-Optics 224 Reflectometer can measure the specular and diffused
reflectivity at normal incidence from 350 nm to 1100 nm.“*? This can be operated in full
room light without affecting accuracy. The specular reflectance of optical elements,
mirrors, photomasks, and silicon wafers can be quickly measured with this instrument.
Diffuse reflectance of such items as paper, fabric, paint. and metallic surfaces can also be
measured.

The light beam is projected downward onto the test sample which is mounted on
adjustable stages as shown in Figure 46. The detector is located above the test sample in a

position where the reflected light falls. The wavelengths are defined by four filters in a

cassette.
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APPENDIX C

Porosity Measurement with Quantachrome Autosorb-1

The porosity within the solid can be determined by measuring the quantity of gas
adsorbed onto or desorbed from a solid surface at some equilibrium vapor pressure by the
static volumetric method with BET (Bruner-Emmet-Teller) apparatus such as Autosorb-1.
The data of porosity measurements are obtained by admitting or removing a known
quantity of adsorbate gas into or out of a sample cell containing the solid adsorbent
maintained at a constant temperature below the critical temperature of the adsorbate. As
adsorption or desorption occurs . the pressure in the sample cell changes until equilibrium
is established. The amount of gas adsorbed or desorbed at the equilibrium pressure is the
difference between the amount of gas admitted or removed and amount required to fill the
space around the adsorbent. Nitrogen adsorption at its boiling point is generally used as
the adsorbate because it gives the most consistent and reproducible results.®®

The Autosorb-1 has the capability of measuring adsorbed volumes of nitrogen at
relative pressure in the range 0.001 to slightly under 1.0. A typical Autosorb-1 is shown

in Figure 47. The background theories for surface area and porosity measurements are

briefly discussed below.

(1) Surface Area
The BET method is the most widely used procedure for the determination of the

surface area of solid materials The BET equation is given by:*"
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1/'W ((B,/P) - 1) = 1/W,C + C-1/W,C (P/P,) 9]
where W is the weight of gas adsorbed at a relative pressure P/P, and Wy, is the weight of
adsorbate constituting a monolayer of surface coverage. The term C, BET constant, is
related to the energy of adsorption in the first adsorbed layer and consequently its value is
an indication of the magnitude of the adsorbent / adsorbate interaction. The above BET
equation requires a linear plot ot [/(W (P,/P) -1) vs. P/P,. A typical BET plot is shown in
Figure 48. The weight of adsorbate Wm can be obtained from the slope s and intercept

of the BET plot. That is.

s=c-1/W,C (10}
i=1/W,C (11}
W,=1/s+1 [12]

The total surface area S, of the sample can be expressed as:

Si=W,NA./M [13]
where N is the Avogadro’s number. A is the molecular cross-sectional area of the
adsorbate molecule. and M is the molecular weight of the adsorbate. Eventually the
specific surface area S of the solid can be calculated from total surface area S, and the

sample weight w. Thatis, S=S,/w
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(2) Isotherms

The adsorption/desorption isotherms can be used to determine the surface area and
porosity of an adsorbent. The nitrogen adsorption isotherm is obtained by determining the
volume of nitrogen adsorbate on the sample surface as a function of the relative saturation
of nitrogen, P/P,, where P and P, are the partial pressure and saturation vapor pressure of
Ny, respectively. Similarly, desorption isotherms can be obtained by measuring the
quantities of gas removed from the sample as the relative vapor pressure decreases back to
zero. The adsorption isotherm is obtained point-by-point on the Autosorb-1 by admitting
to the adsorbent successive known volumes of nitrogen and measuring the equilibrium
pressure. All adsorption isotherms may be grouped into one of the tive types shown in
Figure 49.%%
(a) Type I isotherms are concave to P/P, axis and the amount of adsorbate approaches a
limiting value as P/P, approaches | Tvpe I isotherm is a typical of sample containing
micropores with relatively small external surfaces. The limiting uptake of adsorbate is
governed by the accessible micropore volume rather than by the internal surface area.
Probably, no additional adsorption occurs after micropores have been filled.
(b) Type II isotherms are the normal form of isotherm obtained with a nonporous or
macroporous adsorbent. This type of isotherm represents unrestricted monolayer-
multilayer adsorption. Point B, the start of the linear central section of the isotherm, is

usually taken to indicate the relative pressure at which monolayer coverage is complete.
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(c) Type III isotherms are convex to the P/Po axis over its entire range. This type of
isotherm is rarely encountered. A well -known example is the adsorption of water vapor
on nonporous carbons. The absence of a distinct point b on type III isotherm is caused by
stronger adsorbate-adsorbate than adsorbate-adsorbent interactions.

(d) Type IV isotherms are normally tound for samples having mesopores with radius of
20-500 A. This type of isotherm shows a sharp rise in adsorption at higher relative
pressures followed by a leveling off at relative pressures near 1.

(e) Type V isotherms are uncommon. corresponding to the type III, except that pores in

the mesopore range are present.

CHARACTERIZATION OF PORES ACCORDING TO THEIR SIZES

Macropores Pores with openings exceeding 500 A in radius

Micropores Pores with radii not exceeding 20 A

Mesopores Pores of intermediate size (20-500 A)




QUANTITY OF ADSORBATE

RELATIVE PRESSURE

Fig. 49. Isotherm types classified by BDDT.*Y

114



APPENDIX D

Calculation for percent change in thickness of Ti0Q,-SiO; sol-gel films prepared from
various PEG concentrations vs. heat-treatment temperature.

The percent change in thickness (i.e. shrinkage) of the films on heat-treatment was

estimated as
d= ((dl-dz) /d[) x 100%

where d; is the thickness of the as-deposited film and d» is the thickness of the heat-treated
film.

(1) % shrinkage of the film prepared without the addition of PEG

d: (A) % Shrinkage of the Film
961 (=d,) at 25°C ((961-961)/ 961) x 100 =0 %
930 at 100°C ((961-930)/961) x 100 =3.2 %
820 at 200°C ((961-820)/961) x 100 = 14.7 %
753 at 300°C ((961-753)/961) x 100 =21.6 %
753 at 400°C ((961-753 )/ 961) x 100 =21.6 %
733 at 500°C ((961-733)/961) x 100 =23.7 %
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(2) % shrinkage of the film prepared with the addition of 1 vol.% PEG

dz (A)

% Shrinkage of the Film

1224 (=d,) at 25°C

((1224-1224)/1224) x 100 =0 %

1201 at 100°C

(( 1224-1201)/1224) x 100 = 1.88 %

1013 at 200°C

((1224-1013)/1224) x 100 =172 %

833 at 300°C

(( 1224-833)/1224) x 100 =31.9 %

811 at 400°C

((1224-811)/1224) x 100=33.3 %

765 at 500°C

((1224-765)/1224) x 100 =37.5 %

(3) % shrinkage of the film prepared with the addition of 2 vol. % PEG

d: (L)

% Shrinkage of the Film

1442 (= d,) at 25°C

((1442-1442)/1442) x 100 = 0 %

1329 at 100°C

((1442-1329)/1442)x 100 =78 %

900 at 200°C ((1442-900)/1442) x 100 = 37.6 %
708 at 300°C ((1442-708)/1442) x 100 = 50.9 %
704 at 400°C ((1442-704)/1442) x 100 = 51.2 %

694 at 500°C

((1442-694)/1442) x 100 =519 %
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APPENDIX E

Ellipsometric Measurements for Thickness and Refractive Index of TiO--Si0- Thin
Films on Silicon Wafers

e Nomenclature and Dimensional Units:

n¢= refractive index of film being measured (Ti0,-Si0-)

n, = refractive index of substrate carrying film (Silicon Wafer)
d = thickness of film being measured in angstroms (10™"" m)

¢ = angle of incidence selectable at 70, 50 or 30°

A = wavelength of incident light using He-Ne laser

DEL = A, phase difference in degrees

PSI = vy, amplitude ratio in degrees

# = the number of measurements

@ Measurement Conditions:

n, of silicon wafer = 3 85-0.02i

k, of Si=-0.02
=70
A=6328 A

number of measurement = 10 to 13
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1. Thickness and Refractive Index vs. Drain Rate (by one coating cycle)

(1) Drain Rate =0.25 cm/min

Thickness, d (4) ne PSI DEL
254 1.543 15.46 117.78
275 1.581 16.29 113.18
180 1.593 13.37 129.52
258 1.555 15.63 116.76
282 1.541 16.35 113.62
251 1.548 15.38 118.10
281 1.540 16.30 113.10
255 1.538 15.48 117.77
274 1.506 15.93 116.77
276 1.539 16.13 114.65

(2) Drain Rate = 2.5 cm/min
d¢2A ne PSI DEL
384 1.521 19.59 102.09
388 1535 19.82 101.03
395 1.533 20.05 100.39
389 1530 19.81 101.21
387 1.535 19.80 101.11
371 1.535 19.25 102.84
368 1.535 19.15 103.17
376 1.535 19.42 102.29
373 1.538 19.35 102.46
369 1.532 19.17 103.20
365 1 535 19.06 103.48
361 1.542 18.98 103.57
370 1532 19.19 103.11
369 | 524 19.12 103.53
353 1.540 18.70 104.55
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(3) Drain Rate = S cm/min

d A nr PSI DEL
498 1.531 23.45 91.51
495 1.533 2338 91.60
501 1.531 23.54 91.31
498 1.528 23.43 91.63
490 1.525 23.15 92.38
479 1.534 22.86 92.82
507 1.534 23.78 90.68
502 1.530 23.57 91.27
507 1.524 23.70 91.17
477 1.527 22.70 93.40
474 1.530 22.64 93.44
505 1.532 23.70 90.91
545 1.527 24.97 88.39
518 1.533 2413 89.94
514 1 330 23 99 90.33
(4) Drain Rate = 12 cm/min
d,A nr PSI DEL
803 1.523 34.17 76.75
823 | 528 35.16 75.84
820 1.531 35.10 75.72
827 1.529 35.39 75.67
862 1.526 36.93 75.07
842 1.523 35.86 75.79
797 1.524 33.97 76.82
797 1.529 34.10 76.45
839 1.531 3597 75.24
841 1.533 36.14 75.03
848 1.533 36.43 74.90
844 1.525 36.01 75.58
859 1.529 36.86 74.93
872 1.526 37.41 74.92
870 1.525 37.27 75.01
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2. Thickness and Refractive Index vs. H-O/TEQOS
(1) H,O/TEOS = 1.5

d, A ne PSI DEL
736 1.529 31.95 77.54
734 1.532 31.91 77.45
739 1.531 32.05 7737
746 1.533 32.38 76.96
762 1.530 32.98 76.58
749 1.535 32.45 77.06
738 1.532 31.74 77.59
747 1530 42.41 77.16
751 1.538 32.49 76.98
728 1.520 31.55 77.87
(2) H,O/TEOS =2
d, A ne PSI DEL
796 1.546 35.08 74.90
812 | 544 35.74 74.61
797 1 546 35.12 74.86
830 | 542 36.54 74.28
849 1.545 37.58 73.65
856 1.546 37.97 73.40
818 1.546 35.40 74.69
821 1 545 36.26 74.32
808 | 543 35.65 74.62
843 1.547 37.71 73.52
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(3) H.O/TEOS =3

d, A ne PSI DEL
755 1.539 32.86 76.25
745 1.539 32.49 76.58
728 1.539 31.80 77.22
743 1.539 32.39 76.66
760 1.540 33.09 76.03
752 1.539 32.77 76.32
763 1.538 33.17 76.03
743 1.540 32.37 76.68
738 1.539 32.24 76.88
739 1.539 32.30 76.91

(4) H:O/TEOS = 4

d, A n PSI DEL
694 1.533 30.43 78.97
693 1534 30.40 78.96
685 1.534 30.14 79.26
684 1.534 30.09 79.35
758 1.534 32.87 76.48
756 1.531 32.72 76.78
743 1531 32.21 77.24
673 1.534 29.66 74.91
701 1.533 30.68 78.76
700 1.531 30.61 78.75




3. Thickness and Refractive Index vs. Heat-treatment Temperature (single coating

with 12cm/min)

(1) as-deposited (25°C)

d, A ne PSI DEL
988 1.501 42.78 75.75
1012 1.500 4437 75.80
1051 1.503 47.50 75.59
960 1.501 41.11 75.85
929 1.498 3921 76.33
941 1.502 40.06 75.91
997 1.500 4339 75.79
970 1.499 41.61 75.96
988 1.495 42 .49 76.23
959 1.493 40.68 76.50
967 1.501 41.51 75.83
941 I 500 39.97 76.09
910 1.500 38.33 76.39
929 1.497 39.16 76.43
878 1.499 36.76 76.88
(2) 100°C
dA g PSI DEL
918 1.508 38.85 76.25
927 1511 39.16 76.43
921 1.519 39.11 75.27
925 1.514 39.75 75.19
919 1512 39.14 76.41
937 1514 39.98 75.43
929 1.514 38.95 76.13
931 1.515 39.49 75.87
934 1.514 39.31 76.05
959 1.519 40.63 76.31
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(3) 200°C

d, A ne PSI DEL
759 1.524 32.45 77.99
812 1.525 34.60 76.34
851 1.521 36.23 75.72
842 1.520 35.76 76.03
821 1.516 34.78 76.75
781 1.522 33.28 77.41
857 1.519 36.44 75.73
855 1.521 36.40 75.63
852 1522 36.31 75.59
815 1.524 34.73 76.31
777 1.524 33.15 77.40
789 1.521 33.57 77.23
833 1.519 35.37 76.24
832 1517 35.26 76.40
802 1.518 34.01 77.12
(4) 300°C
d, A ne PSI DEL
709 1.531 30.68 79.41
742 1.527 31.84 78.40
757 1.528 32.42 77.83
704 1.520 3.33 80.27
760 1 530 32.60 77.56
825 1.527 35.21 75.87
798 1 527 34.04 76.62
790 1527 33.72 76.90
773 1.526 33.10 77.16
755 1.530 32.43 77.62
731 1.532 31.48 78.60
728 1.528 31.34 78.85
740 1.524 31.69 78.70
750 1.523 32.06 78.38




(S) 400°C

d. A ne PSI DEL
731 1.532 31.53 78.44
786 1.532 33.69 76.58
801 1.530 34.26 76.27
816 1.529 34.89 75.95
764 1.529 32.74 77.48
749 1.535 32.25 77.63
774 1.531 33.18 77.02
729 1.533 31.46 78.49
771 1.529 33.03 77.23
736 1.527 31.59 78.65
773 1.529 33.10 77.18
741 1.529 31.85 7831
710 1.527 30.65 79.63
725 1.526 31.17 79.12
718 1.531 31.02 79.03
(6) 500°C
dA e PSI DEL
712 1.332 30.82 79.21
763 1.532 32.74 77.34
768 1.530 32.93 77.26
769 1.532 33.00 77.14
721 1.533 31.15 78.77
704 1.534 30.55 79.41
742 1.533 31.96 1797
783 1.527 33.45 77.01
750 1.535 32.32 77.53
733 1 533 51.61 78.34
704 1.532 30.52 79.52
720 1.530 31.06 79.01
718 1.533 31.04 78.91
720 1.529 31.06 79.05
706 1.529 30.53 79.54
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4. Thickness and Refractive Index vs. PEG Concentration

4.1 1 % PEG in the solution

(1) as-deposited (25°C)

d,A ne PSI DEL
1249 | 521 74.76 62.92
1205 [ 520 67.76 69.51
1254 1.521 75.48 62.05
1219 1.521 70.00 67.94
1223 1.521 70.58 67.63
1182 1.522 64.32 70.96
(2) 100°C
d. A ne PSI DEL
1127 1.526 57.56 71.84
1182 1.526 65.03 69.53
1223 1.527 71.46 64.74
1220 1.527 71.03 65.22
1178 1.528 64.64 69.35
1256 1.526 76.70 56.83
1244 1.526 74.86 60.25




(3) 200°C

d, A ne PSI DEL
1003 1.528 45.55 73.07
1199 1.529 67.98 67.16
1000 1.528 4531 73.06
1025 1.530 47.50 72.62
967 1531 43.12 73.11
965 1.532 43.04 73.06
1046 1.530 49.32 72.41
1038 1.529 48.45 72.68
1250 1.530 76.38 55.43
(4) 300°C
d, A ne PSI DEL
826 1.526 35.26 75.89
829 1.528 35.42 75.71
846 1.530 36.26 75.15
850 1.532 36.48 74.95
810 1.530 34.65 76.03
854 1.528 36.60 75.11
838 1.527 35.81 75.55




(5) 400°C

d, A ny PSI DEL
741 524 31.77 78.59
810 526 34.56 76.33
822 527 35.08 75.97
817 528 34.89 76.02
733 .530 31.57 78.51
854 519 36.32 75.78
917 522 39.63 74.46
911 521 39.21 74.68
850 519 36.14 75.86
(6) 500°C
d, A ny PSI DEL
706 .530 30.55 79.61
769 532 32.98 77.16
777 526 33.20 77.24
740 530 31.84 78.25
732 530 31.55 78.51
797 532 43.12 76.30
773 530 33.14 77.08




4.2. 2 % PEG in the solution

(1) as-deposited (25°C)

d, A ne PSI DEL
1423 1.498 76.75 287.84
1460 1.505 68.55 285.93
1434 1.495 75.64 285.60
1448 1.496 73.12 284.50
1448 1.496 73.03 284.54
1332 1.495 84.01 56.84
1440 1.495 74.59 285.02
(2) 100°C
d, A ny PSI DEL
1200 1498 63.09 76.68
1278 1.498 75.15 73.42
1321 1.497 82.65 60.53
1306 1.499 80.30 66.34
1327 1.499 83.84 53.14
1332 1.498 84.40 49.84
1407 1.498 79.45 291.39
1440 1.501 72.99 286.39




(3) 200°C

d,A ne PSI DEL
869 1.510 36.70 76.21
894 1.512 37.99 75.64
907 1.509 38.57 75.68
897 1.510 38.06 75.76
896 1.507 37.92 76.00
893 1.507 37.73 76.06
897 1.501 37.71 76.46
909 1.499 38.25 76.43
(4) 300°C
d, A ne PSI DEL
723 1472 30.09 82.74
705 | 469 29.43 83.63
716 | 467 29.76 83.32
737 | 467 30.44 82.63
707 1.470 29.51 83.47
660 1.481 28.16 84.70
677 1 470 28.52 84.71
704 | 463 29.28 84.09
740 1.464 30.49 82.74
713 1.466 29.63 83.53
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(5) 400°C

d,A n PSI DEL
698 1.431 28.44 86.50
709 1.429 28.74 86.22
699 1.428 28.43 86.64
704 1.431 28.64 86.28
714 1.429 28.91 86.05
697 1.431 28.43 86.50
692 1.425 28.14 87.13
708 1.437 28.89 85.69
709 | 432 28.82 86.01
705 1.433 28.73 86.06
(6) 500°C
d, A ne PSI DEL
674 1 438 27.82 87.01
685 [.433 28.07 86.88
685 1434 28.12 86.76
695 1.426 28.26 86.94
708 1.429 28.73 86.25
670 1.433 27.60 87.52
704 1.427 28.54 86.59
710 1.425 28.70 86.47
704 1.429 28.61 86.37
704 1.425 28.50 86.69
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S. The Number of Deposition vs. Thickness at Various Coating Rate

# of Deposition

0.25 cm / min

2.5cm / min

S cm/ min

12 cm / min

1

258, 252, 276

271, 148

389, 394, 591.

587, 394

678. 679, 685,

693, 685

831, 825. 846.

837. 831

989, 982, 973,

992, 979

368, 371, 369,

742, 737, 746,

741, 739

T2, 1107,
1120,
1109, 1097
1289, 1291,
1287,

1281, 1287

483, 489, 487,
479, 497
731, 739, 716,

728, 741

957, 959, 963,

969, 967

1159, 1163,
1166,
1172, 1170
1378, 1383,
1371,
1382, 1376
1651, 1659,
1653,

1647, 1635

897, 896, 889,

902, 911

1300, 1299,

1749, 1756,
1769,
1753, 1753
2249, 2255,
2261,
2251, 2259
2784 2771,
27179,
2789, 2797

3341, 3345,
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6. Refractive Index Measurements at various Alkoxide Compositions

Ti0:/Si0; (vol. %) Refractive Index
80/20 2.012,2.010, 1.983, 2.080, 2.015, 2.010, 2.014, 1.997, 2.013,
2012, AVG.=2015
60/40 1.892, 1.899, 1.904, 1.920, 1.912, 1.884, 1.906, 1.918, 1.917,

1.920. AVG. =1.907

40/60 1.741, 1.770, 1.739, 1.732, 1.765, 1.739, 1.743, 1.751, 1.739,
1.742,  AVG. =1.746

20/80 1.535. 1.538, 1.535, 1.542, 1.531, 1.533. 1.529, 1.531, 1.533.
1.539, AVG. =1.535




APPENDIX F
Reflectivity Measurement (% Reflectance)

1. Reflectivity vs. PEG Concentration

Wavelength (nm) 0 % PEG 1 % PEG 2 % PEG
360 34.7,33.2,34.1 309,31.1,32.4 28.6, 29.4, 279
35.8,359.37.0 32.8,33.6,31.2 29.1,30.2,2838
410 252,258,249 20.1,18.2, 193 544,535,541
259,263,279 199,205, 22.0 55.9, 558,570
430 187.193.179 18.1.17.3, 18.5 53.7.529.535
192,201,188 189,194,218 548,552,539
460 137,135,129 17.2,16.1. 15.9 55.8,54.9,552
139, 148,152 18.8,18.1, 15.9 559,579,563
600 13.8, 14.2, 123 18.3,16.2,17.8 14.7, 14.1, 13.2
149, 15.1, 13.7 17.8,18.1, 19.8 159,158,170
700 21.0,21.2,203 249,253,255 11.2, 11.3, 110
223,228,184 26.1,264,218 11.8. 114,113
800 262,259,273 348,33.5.342 15.8, 174,162
292,282,312 35.9,35.7,35.9 21.3,18.1,19.2
1000 273,257,270 37.2,36.1,35.9 21.2,203,199
28.6,2938.296 359,382,388 234,229,243




2. Reflectivity vs. H.-O/TEOS

Wavelength H.O/TEOS=  H,O/TEOS=  H,O/TEOS=  H,O/TEOS =
(nm) 1.5 2 3 4
360 36.1,36.5,35.2 343,352,339 342,339,342 36.8,36.5,372
359,36.8,355 368,371,327 334,340,343 37.0,37.3,36.2
410 28.1.26.2.264 26.1,263.264 22.1,230,22.6 342,340,341
293,29.1,289 258,269,255 224,235,244 335,340,342
430 202,200.203 169,182,190 1638,16.7,17.0 2438, 29.0,26.7
21.7.220.21.8 179,198,222 171,172,162 28.1,27.2,262
460 165, 163.160 142 142139 140,142 141 169, 16.6, 18.0
15.7.16.8, 157 132,140,145 135,140,142 16.1,16.2,172
600 12.1,13.0,12.8 145,142,136 163,162,163 16.1,16.6,172
122.139.140 143,142,132 158,167.157 169,164,172
700 211.187.195 200,205,200 220,23.1,22.8 20.5,19.7,20.0
220.215.172 218,223,214 222244 235 220,223,215
800 239.243,252 280,265,262 273,282 288 232,239,248
26.8.27.1.22.7 293,29.1,289 279,298,320 268,290,343
1000 268,270,227 283,262,267 288,280.27.1 31.1,308,280
27.1,282,26.2 284,291,293 274,298,325 331,286,284




3. Reflectivity vs. TiO./SiO:

Wavelength 20/ 80 40/60 60 / 40 80/20
(nm)
360 36.0,36.5,355 36.7,366,37.3 34.1,29.1,28.7 298,312, 28.7
35.6,36.4,359 369,375,366 36.1,38.2,258 34.9,635.0,376
410 22.1,23.0,229 227.226,229 169,183,189 157,169,179
221,248,229 224245229 175,212,222 17.0.184, 221
430 159,167.17.0 169,163,174 134,132 134 11.7.134.123
179,185,220 169,182 223 156.169.175 127,138, 14.1
460 120,131,126 129,132,139 89,92 104 9.7,104,8.5
124,137,142 158,167,175 127,115,133 938,109, 10.7
600 123, 11 1.11.8 124,137,138 119,123,134 10.1.83,838
12.8, 133, 11.7 159,169,173 147,119,138 89,11.3,12.6
700 21.7,18.1,19.5 223,214,215 21.0,188.195 158,168,173
220,210,177 228,223, 21.7 220,217,170 176,183,222
800 26.5.26.0.26.0 27.1.279,269 224,237 238 208.180.175
251,264,259 299,331,291 258.269.274 240,219,168
1000 259.258,263 268,282 264 253,249 268 209,223,238
28.7,29.0.32.3 304,333,289 269,276,305 256.262,31.2




4. Reflectivity vs. Aging Times

Wavelength No Aging 4 Day 7 Day 14 Day
(nm)
360 33.1,32.9,33.3 339,357,359 314,305,292 31.9,32.4,340
348,359,340 359,363,383 325,282,282 31.8,354,325
410 219,232,226 31.7,326,342 431,439,443 48.1,44.5,46.1
224,240,234 318,352,325 458,473,456 484,489,380
430 168.167 182 219.227.23.1 345,337.342 378,369,392
161.160.172 239,239,285 334,341,341 403,411,387
460 143,141,139 129,133,139 26.3,253,26.1 276,269,294
13.0.142, 145 149,159,19.1 255,278,250 304, 631.1,286
600 165, 16.2, 16.1 12.1,10.8,11.0 7.8,7.2,84 8.1,89,89
15.8,16.7, 157 139,122,120 8.7,81,138 12.3,88,13.0
700 22.1,235,22.1 210,188, 19.1 121,132,126 122,107,119
223,236,244 224,215,172 124,137,140 130,124,118
800 289,279,274 312,307,286 221,219,233 228,212,234
27.1,298,325 33.1,28.0,284 26.1,252, 254 26.1,25.1,254
1000 270,285,286 501,299,33.1 284,262,261 266,272 265
28.1,29.7,32.1 349,318,322 291,293,289 273,283, 26.1




APPENDIX G

Autorsorb-1’ data for porosity measurements:

(1) Surface area-pore volume-pore size summary

(2) Tabular data for isotherms



SURFACE ARFEA-PORE VOLUME-PORE SIZE SUMMARY
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cate: :-08-95

Page 1
Quantachrome Corporatioa

Qﬂlltlﬂl:ﬂl.’lﬂtOIQtD Automated das Adsorptios Systeaa Report

Sampls ID....cnnnnan..
Sample Description......
ComBONtBeeccccccecacnnns
Gas TYP®.ccccccccnncecne
Cross-SecC Area.. 16.2
Saaple Weight... 0.0500
Analysis Time... 237.7
Outgas Time..... 3.0
End of Run......

ASORB2PC Versioa 1.04

citanisz~silics gsl

No PEG

dried at 100 C, Water/TEQS=2

NITROGEN

Ar Corr Pactor.. 6.S80E-0S Molec Wgt.. 28.0114

g P/Po Toler... 4 File Name.. ASWATEO2.RAW
ain 2quil Time... 2 operator... Young-Min KRw

hrs Qutgas Temp.. 24 °C station ¢.. 1

AREA-VOLUME~-FORE SISE SUIDDARY
SURFACE AREA DATA

Multi-point 8ET.............. Cetecsecscsssasesssscnsesscsace 2.4I5E402 al/g
Langmuir Surface Area........... Ceeeeseccesssssssssnescssscs G6.093E+02 2a'/g
Meso Pore Area........... e  eeeetieeenreneessneecsasss 1.264E402 2t /g
* v-Mgthod Micro Pcre Area........... eeeesaccscscsesssssases L1.171E+02 m'/g
* Mp-Mgthod Micro Pore Area...... e sessseseseascsesssassssss L1.234E402 n'/g
DR-Mathod MicCIo POre AC@A.........ccocescescasascscssnssssscsse 4.111E+02 =z!'/g
Cunulative Adsorption Surface Area..... teeesesessenassssssss 1.844E+01 a!/g
Cuzulative Desorption SUrface AC@B.......ccieonsecccccccccse 2.820E+01 nm'/g
PORE VOLUME DATA
Tatal Pore Volume for pores with Radius
less zhan 2595.2 A at P/PO = 0.9963......cccnreccecannnncncn 1.868E-01 cc/9
¢ v-Mathod Micro Pore VOluB@.......cceccrocncncnne tieeesssss S.902E-02 cc/g
e up-Method Micro POre VOlUB@....-..c.ccerccaccrccnnccrcncnses 7.124E-02 c</g
PORE SIZE DATA
Average Pore Radius........ Ceieeseaeee i iiasaacesessssesss L.534E0l A

¢ Note: MP and t-Metnod values based on data points
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Dace: 2-09-95

Page 1
Quantachrose Corporation
Quantachrome-Autosord Autamated JGas Adsorption System Report
ASORBR2PC Varsioa 1.04

sample ID.....c.0cees0.. titania-silica gel
sample Description...... containing 2 % PEG
CORRONTS...cccesseeeses. dried at 100 C for 20 uin
Gas TYP®:+.cscecvsesso.. NITROGEN
Cross-Sec Area.. 16.2 A Corr Pactor.. 6.S580E-0%5 Molec WgT.. 23.0134
Sample Weight... 0.0500 g P/Po Toler... 4 File Name.. AS2PEGOl.RAW
Analysis Time... 118.1 =in Equil Tine... 2 Operator... Young-Min Kw
Outgas Tize..... 3.0 hrs outgas Temp.. 24 °C Station #.. 1

End of Run......

AREA-VOLUME-PORE $I38 SUIDIARY

SURFACE AREA DATA

Multi-Point BET.....cccecveecces. ieeteseccneseenssssessesss 1.881E+00 ='/g
Tangmuir Surface Area..........cccccceneecs ceesesessesnaseen -2.322E+01 =n'/g
M@SO POC@ AZBA....ccvcecernsasanscssnsssoonss weeecssssssacess 1.88lE+00 n'/g
+ g-Methcd Micro Pore Area.........-... Weeesresccssesnrans .+« 0.000E+00 =‘/g
OR-Methocd Micro Pore Area..... seecesrerncnssne teceessesceaess 2.503E+00 m'/g
Cuzulative Adsorpticn Surface ACea.......ccccessscsoccnccc: . 2.873E-01 =u'/g
Cumulative Desorption Surface Area........ teeececesscsssssse 9.463E-01 ='/g

PORE VOIUME DATA

Total Pore Volume for pores with Radius
less than 15926.8 A at P/Po = 0.9994........ esecanan ceersan 2.971E-03 cc/g

e v-Methcd Micrc Pore Volume....... ceecctesscnns ceesesseses . 0.000E+00 cc/g

PORE SIZE DATA
Average Pora RadiuS......ecveeesreccracnnenmarenntes Cevv... 3.159E+01 A

« Nota: MP and t-Mathod values based on data points with t-Tags.
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pate: J1=-04-935
Page 1
] Quantachrome Corporatioa
Quantachrofa’ Autosord Automated Jas Adsorption Systea Report
ASORB2PC Yersioa 1.04

Sample ID....ccccvvse... titania-silica gel

Sample Descripticn...... heat-treated at 300 C vithout PEG
CORBONCS.ccccsaccrcesse. WAtOT / TEQCS = 2

Gas TYP@..cceccceccss-.-.. NITROGEN

Cross=-Sec Area.. 16.2 A Corr Pactor.. 6.580K-0S Molec Wgt.. 28.0134
Sample Weight... 0.0500 g P/Po Toler... 4 Pile Name.. ASHEATO02.RAW
Analysis Time... 158.9 min Equil Time... 2 operator... Young-Min
Ooutgas Tize..... 3.0 hrs outgas Temp.. 24 °C Station §.. 1

End of Run......
AREA-VOLUME-PORE SIS3 STIOIARY

SURFACE AREA DATA
Multi-Point BET....coveececcnns

ceseearaenn ceesssesassssssess S5.024RB+02 a'/g
Langmuir Surface Area..........cceoserccocces ceessesaveevsees 1.014E+Q3 na'/g
MeSO POr@ AX€a........ccovesaccessccnns ceseesane eseosccssees 2.523E+02 n'/g
* g-Mathod Micro Pore Area.......... i iveeseceesessessesssss 2.501E+02 1a'/9
« Mp-Method Micro Pore Area...... ceessessees teeessaesssesass 4.488E+02 m'/g
DR-Methcd Microc Pore Area...... ceceosnacen it eeeessesssseess B.3I46E+02 2n'/g

Cumulative Adscrption SUrface AL@d.........ccccorecrcesseccs 6.911E+00 m!/g

Cumulative DeSOrption SUCface® ACA......c.scecerrecccoscccss 8.995E+00 2’/g

PORE VOLUME DATA

Total Pore Volume for pores with Radius

less than 15926.3 A at P/Po = 0.9994...cccvnvrneccns eeesens 3.240E-01 cc/q
¢ t-Method Micro Pore VOlum@.....cccveervcos cesnes veveeasses Ll.171E-01 cc/g
+ Mp-Mathod Micro Pore Volum@........c....- ceenas Witeeeeeess 2.916E-01 cc/g

Average Pore Radius........ceceecereccres eeesasaaeee v..... 1.290E+01 A

« Nota: MP and t-Method values based on data points with t-Tags.
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Date: 2-11-95

Page 1
Quaatachrome Corporatios
Quantachrome Autosord Automated das Adsorption Systea Report
asorparc Versioa 1.04
Sapple ID......ccoee.... titania-silica gel
Sample Descripticn...... 2 ¢ PEG contained
COMDENES..ceceesee--e--. haat-treated at 300 C for 20 min
Gas TYP@®.:-:ceseesensse. NITROGEN
Cross~Sec Area.. 16.2 Ar Corr Pactor.. 6.580E-0%5 Molec Wgt.. 28.0134
Sample Weight... 0.0500 g P/Po Toler... 4 Pile Name.. AS2PEGO2.RAW
Analysis Time... 181.1 ain Equil Time... 2 operator... Young-Min Kw
Outgas Time..... 3.0 hrs cutgas Temp.. 24 °C Station ¢.. 1

End of Run......

ARRA-VOLUNE-PORE SISE SUMMARY

SURFACE AREA DATA

Multi-Point BET....... seessesenne ceecesncnense teceecesessssss S.411E+02 u'/g
Langmuir Surface Area..........coccoeccvee ceesvesesesecaenns 1.258E+0) =2'/q
Meso POre Aread........cceeecessoce i teeeceeeseeeesssesesesss 2.885E402 =nm'/g
« t-Mathod MicTo Pcre Area..........-- ceeaesn tercesssassvens 2.526E+02 12!/g

» Mp-Method MiCIO POr® ACZEA......cscescccsssacncsscrosaccnces 4.029E+02 n'/g
DR-Method Micro Pore Area....... Ceeesecsscecssssessessseannes 8.956E+02 =2'/g
Cunulative Adsorption Surfac® AC@a........ccccceccrccncnncss 2.91%E+01 =m'/g

Cumulative Cesorption Surface AZ®a........eccccevmsccorencss 3.929E+01 =a'/g

PORE VOLUME DATA

Toral Pore Volume for pores with Radius

less than 1238.5 A at P/Po = 0.9922.ccccsecsse iieeeesssseess 3.89BE-01 cc/g
e« =-Mathod vicre Pore VOlum@.......c.coeeee Ceassecsseresesens 1.193E-01 cc/9g
« vp-Method Micro Pore VOlum@.......ccccosovocreornons e... 2.483E-01 cc</g

PORE SIZE DATA
Average Pors Radius...... sesesasasans T E R 1.441E+01 A

« Note: MP and t-Method values based on data points with t-Tags.



pate: 2-06-35

Page 1
Quaatachreme Corporatioa
Quantachrems Autosord Automated Gas Adsorption System Report
ASORDINC Version 1.04

Sample ID...ccc.veeeee.. titania-silica gel
Sample Description...... Water / TEOS = 1.5
CODRONTS...ccrcccessssso Dried at 100C for 30 ain
Gas TYP@..:.c+eeeesescess NITROGEN
Cross-Sec Area.. 16.2 A Corr Pactor.. 6.580E-Q0S Molec Wgt.. 28.0134
Sample Weight... 0.0%500 g P/Po Toler... & Pile Name.. ASWATEOLl.RAW
Analysis Time... 210.7 ain Equil Time... 2 operator... Young-Min Kvw
Qutgas Time..... 3.0 hrs Outgas Temp.. 23 °C Station ¢.. 1

End of Run......

AREA-VOLUNE~-PORE SIIR SUMMARY

SURFACE AREA DATA
Multi-Point BET

............................. eeescenssssessss L.832E+Q2 a'/g
Langmuir Surface Area..........scccsovs- teesessescsnasscsess &.6I8E+Q2 1n'/g
MESO POre AX@aA.....c.seioceeronvocnsonsoosss teeesesescesssss 9.812B+01 nmi/g
« t-Maethod Micro Pore Area............. Weeeseceseessesessese B.SLOB+Q1 um'/g
*+ Mp-Mathod Micro Pore Aread...........-cceee ceesssssaseassess 9.3IS5TE+01l =m'/qg
DR-Method Micro POre Aread.......c.cesecocccssce vreesceesssss J.Q050E+02 nmi/q

Cumulative Adgsorption SUrface AT@a........cccsecesscnrsccsves 1.253E+01 =nm!/g

Cumulative Desorption SUrface AZ@d.........ccccecronnccncsce 2.314E+01 ' /g

PORE VOLUME DATA

Total Pore Voluze for pores with Radius

less than 15926.8 A at P/Po = 0.999%4.......... eecsesaenaann 1.425E-01 cg/q
« t-Mathod Micro Pore Volume....... ceeeen teeesensnsssansenss . 4.253E-02 cc/q
s« Mp-Methcd Micro Pore VOlum@........ccceeececnvncccccnccres 5.498E-02 cc/9

PORE SIZE DATA
Average Pore Radius..........ceevececnoenn ceeanen Cesenn ve.... 1.55S5E+01 A

« Note: MP and t-Method values based on data points with t-Tags.
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pate: 2-08-95

Page 1
Quantachrome Corporatioa
Quantachrome Autosord Automated Gas Adsorptioa System Report
ASORBIPC Version 1.04

sampie ID....cc.ceee.... titania-silica gel
Sample Description...... Water / TEQS = 2
CODDMANTS..--ccsesscscsss. USed as sample for heating and PEG effec
Gas TYP®...ccccssessoos.. NITROGEN
Cross-Sec Area.. 16.2 Ar Corr Pactor.. 6.580E-05 Molec Wgt.. 28.0134
Sample Weight... 0.0500 g P/Po Toler... 4 Pile Name.. ASWATEOQO2.RAW
Analysis Time... 237.7 ain Equil Time... 2 Operator... Young-Min Xv
Outgas Time..... 3.0 hrs outgas Temp.. 24 °C station $.. 1

End of Run......

ARBA-VOLUNE-PORS SI3R SUMNARY

SURFACE AREA DATA
Multi-Point BET

.................. teevesececssassssassssscese 2.435E+02 2'/g
Langauir SUrface Area.........csseescsssccccccns ceseessesees 6.093E+02 1m!/g
MeSO POTZ@ ALBA.....cevresosnoscnnosoncsasson Cesesseesasiannn . 1.264E+02 a'/g
+ v-Mathod Micro Pore Area.........-.. tesesevscsencacasan .es 1.171E+Q2 ni/g
« MP-Method Micro Pore Area...... ceeeee ceerssaccencns weeesee 1.234E+02 2a'/g
DR-Method Micro POre Area.......ccccocovecsscoces ceceanns ve.. 4.111E+02 =2¢/g
Cuzaulative Adsorption Surface Area........ Ceeeecssesesescesss 1.B44E+01 ni/g

Cumulative Desorption SUrface AZ@a......ccccecerrscccncccnce 2.820E+01 2a'/g

PORE VOLUME DATA

~ztal Pore Volume for pores with Radius
less than 2595.2 A at P/Po = 0.9963.......c000cccnnn ceenen .. 1.868E-0L cc/9

e s-Mazhcd Micro Pore VoluR@.....ccccccvecen cereasaen weeees 5.902E-02 cc/g

« p-Mathod Micro POre VOlUBM@...:cccecscccrvannccvrorreecces 7.124E-02 cc/g

PORE SIZE DATA
Averaga Pore Radius..........o.e- cerecees ceesns ievesseasees 1.534E~0L A

« Note: MP and t-Method values based on data points with t-Tags.
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Date: 2-10-95

qu. 1
Quantachrome Corporstios

Quantachrome ‘Autosord Autcmated Jas Adsorption Systam Report

Sample ID...ccccencannes
Sample Description......
COMMEBNTS...ccovsoccoscns

ASORBIPC Versiom 1.04

titania-silica gel
Water / TEOS = 3
used as no aging sample

GaS TYP®...cossessssseos NITROGEN
Cross=-Sec Area.. 16.2 A Corr Pactor.. 6.580B-05 Molec Wgt.. 28.0114
Sample Weight... 0.0500 g P/Po Toler... 4 File Name.. ASWATEO3.RAW
Analysis Time... l44.1 2in Equil Tize... 2 Operator... Young-Min Rvw
Outgas Tize..... 3.0 hrs OQutgas Temp.. 24 °C Station $.. 1
End of Run......
AREA-VOLUNE-PORR SISE SUMMARY
SURFACE AREA DATA
MUlti=Point BET......iceeeesevecsenscssonnsosnsss ceceeannanas 2.220B+02 =‘/g
LAangTuir Surface Ar@a........ccececeoessccnnos vesresatenssens 4.208E+02 =a'/g
MESO POre Ar@a.........cceveocccssssnassssssncns seeresesanne 9.658E+01 ='/g
* g-Methcd Microc Pore Area........... D, cecseserseens ee. 1.254E+02 u'/g
s MpP-Method Micro Pore Area........cecvccevenn ceesstsesannne 2.274E+02 2a'/g
OR-Method Micro POre Area.......-.ceecsoccsovocacs ceeecreaen 3.630E+02 =i/g
Cunmulative Adsorption Surface Area.......... eeeesecesseeseses 2.832E+00 n'/g
Cumulative Desorpticn Surface Area...... Vet ecesesesssascsss 3.811E+00 2'/g
PORE VOLUME DATA
vatal Pore Vcluzme for pores with Radius
less than 15926.8 A at P/Po = 0.9994........ ceessesascseensne 1.363E-01 cc/g
« p-Mathod Micro POr® VOlUR@.....cocevecsrccsacrormrancscrs 5.751E-02 cc/9g
« up-Method Micro Pore Volume@........cccce-- teeesesceanasens 1.368E~-01 cc/g
PORE SIZE DATA
Average Pore Radius........ et et eesecassesresesanas . 1.228E+01 A

e Note: MP and z-Method values pased on data

points with t-Tags.
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Date: 2-13-95

Page 1
Quantachruvme Corperation
Quantachrose-  Autosord Autcmated Gas Adsorption Systam Report
ASORB2PC Versiom 1.04
Sample ID........c00.... titania-silica gel
sample Description...... Water / TECS = 4
CORBONtS...cccc0v-s4.... dried at 100C for 30 ain
Gas TYP®..-:-c-ccseee... NITROGEN
Cross-Sec Area.. 16.2 A Corr Factor.. 6.580E-05 Molec Wgt.. 28.0134
Sample Weight... 0.0500 g P/Po Toler... 4 Pile Name.. ASWATEO4.RAW
Analysis Time... 172.8 =in Equil Time... 2

operator... Young-Min Kw
outgas Time..... 3.0 hrs ocutgas Temp.. 24 °C Station ¢.. 1 9
End of Run......

AREA-VOLUNE-PORE SISE SUMMARY

SURFACE AREA DATA
Mylti-Point BET

................... Cteereceesenencsancsessess 3.540B+02 m!/g
LANgmUir Surface Aread............ccccaonsacacns Ceeetereseaas 6.995E+02 m! /g
MEeSO POrE ACBA.........ncevsevensasssnsssscssnnas ceseaans «o. L1.930B+02 m'/q
e t-Method Micro Pore Area........ccceecee cressasseens eeeees 1.610E+02 mi/g
» MP-Method Micro Pore Area.........ceecese ceceses ceseneneen 4.366E+02 m!/g
DR~-Method Micro Pore Area........ceeoveccns cessensesesesnes . 5.925E+02 nm'/g
Cumulative Adsorption Surface Area...... cecerecssennans eeees 2.672E+00 m'/qg
Cumulative Desorption Surface Area........... ceessesssecssss BS.493E+Q0 n’/g

PORE VOLUME DATA

Total Pore Jolume for pores with Radius

less than 15926.83 A at P/Po = 0.9994....... tecseceenasasennes 2.192E-01 <cc/g
e r-Mathod Micro Pore Volule........cececce teeecerassennens 6.637E-02 <cc/g
« MP-Method Micro Pore Volum@.....cccccececne teecsssecaeaense 2.717E-01 cc/9g

Average Pore Radius.........c..vecevnnnes Veessesecstasaesens 1.239E+01 A

+ Note: MP and t-Method values based on data points with t-Tags.
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Date: 2-10-95 Page 1
- ——n . Quantachrome Corporationm
guastgciTese Antecsork Rutomsted Jas Adsorption Systes Report
ABORB2PC Version 1.04

sample ID.......eccc00.. titania-silica gel

sample Description...... No Aged

CORRONTB..ccccssescsses+ WAAr / TEQS = 3

Gas TYDP®..-cssscccancnss NITROGEN

Cross-Sec Area.. 16.2 A Corr Factor.. 6.580E-05 Molec Wgt.. 28.0134
Sample Weight... 0.0500 g P/Po Toler... & rile Name.. ASWATEOQ3.RAW
Analysis Time... 144.1 1min BEquil Time... 2 operator... Young-Min Kw

Outgas Tize..... 3.0 hrs outgas Temp.. 24 °C Station §.. 1
End of Run......

AREA-VOLOME=-PORR 8138 STIDAARY

SURFACE AREA DATA

Myl=:i-Point BET......crcvvnvs teeeneeas cetierecveracsnons eeess 2.220E+02 um'/g
Langmuir Surface Area............ cresesens iieeeaceesassseas 4.208E+02 12'/g
ME@SO POFE ALGA....+ccovevnntossrsssvosssencoss e eeesesasesss 9.658E+01 m'/g
« t-Mathod Micro Pore Area....... Cesesssssreecas evieseseees 1.254E+02 n'/q
+ MpP-Method Micro Pore Area....... fiecasesesssevecssssesenes 2.274E+02 1n'/g
DR-Method Micro Pore Area...........e-e-- Ceesesesasesacse ... J.630E+Q2 ni/g

cumulative Adsorption SULfACE® AL@A.....cocccsevscsasoscssccs 2.832E+00 m'/g

Cumulative Desorption Surface AC@A...ccoveocsansasssonssnncs 3.811E+00 m! /g

PORE VOLUME DATA

Total Pore Volume for pores with Radius

less than 15926.8 A at P/Po = 0.9994.....cccneveeenee cesese 1.363E-01 c</g
« =-Maghed Micro Pore VOlUBE.......ceccceccrerrmcnsrnnt .. S.751E-02 c</9
« yp-Method Micro POre VOlUME.......cceeceereeoerorrererrnnss 1.368E-01 cc/g

PORE SIZE DATA
Average Pore Radius.........ceccoeec-e eteaeeasersas e 1.228E-01 A

« Note: MP and t-Method values pased on data points with t-Tags.
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Date: 2-14-95

Page 1
) Quantachrome Corporatioa
guantachrome Autosord Automated das Adsorptioan Systam Report
ASORB2PC Version 1.04
Sample ID.....-.ccccc.... titania-silica gel
sample Description...... 4 Day Aged
CORRMONTS...carscsecasssss WAter / TEOS = 3
Gas TYP®...ccoseveesoe.. NITROGEN
Cross-Sec Area.. 16.2 A Corr Factor.. 6.580E-0%5 Molec Wgt.. 28.0134
Sample Weight... 0.0500 g P/Po Toler... 4 Pile Name.. AS4AGEOLl.RAW
Analysis Time... 168.9 3in Equil Time... 2 operator... Young-Min Kw
Outgas Time..... 3.0 hrs outgas Temp.. 23 °C station $.. 1
End of Run......
AREA-VOLUME-PORE SIIR SUMMARY
SURFACE AREA DATA

Mulei-Point BET.....cceceieeranccccnnns Veeessesesssssassses 2.860E+02 1ai/g
rangmuir Surface ACed.........coeoocnecnone cescessssessscsss 6.354E+02 a'/g
MESO POr® ALBA.....cccoesessossssvsecssrosancs wesseesesassss 1.748E+02 2'/g
¢ c-Method MicZsc PCre Aread........scccecoeseccn teesesecessss 1.113E+02 =’/g
* Mp-Method Micro Pore Area............ cessene teeeesesecsses 2.711E+02 ='/g
DR-Methcd MicrIc POre Aread.......csesec=-se W iieecesseseeeassess 4.85TE+02 nm'/g
Cumulative Adsorption Surface Area...... it ieesasessesssssss B.O0ISE+00 mi/g

Cumulative Desorption SUrface ACead.........cecececcccsnccses 6.360E+00 m!/g

PORE VOLUME DATA

Total Pore Voluze for pores with Radius

less than 15926.38 A at P/Po = 0.9994........ Cetiieecseseness 1.924E-01 cc/g
* t-Methcd Micro Pore Voluze....... et esaeseaan iteeesesesss 4&.829E-02 cg/g
s MP-Method Micro Pore Volum@............s-- Weeeessasesssnas 1.801E-01 cc/9g

PORE SIZE DATA
Average Pore RAdlUS.........cesemeanenrenenerse Ceteeesessesss L.34SE+0L A

e« Note: MP and t-Method values pased on data poaints with t-Tags.

148



Date: 2-18-95 Page 1
. Quantachrome Corporation
Quantachrome Autosord Autcsated Gas Adsorption System Report
ASORB2IPC Versioa 1.04

Sample ID......cccceeven titania-silica gel

sample Description...... 1l Week Aged

COMMONES .. crsesesaceasss Water / TECS = 3

Gas TYP®c:-:-coosscscesnns NITROGEN

Cross-Sec Area.. 16.2 A Corr Pactor.. 6.S580E-05 Molec Wgt.. 28.0134
Sample Weight... 0.0500 g P/Po Toler... 4 File Name.. AS7AGEQ2.RAW
Analysis Time... 152.9 ain Equil Time... 2 operator... Young-Min Kw

OQutgas Time..... 3.0 hrs Outgas Temp.. 24 °C station ¢$.. 1
End of Run......

AREA~-VOLUNE-FORER SI3E SUNMARY

SURFACE AREA DATA

........................... Wetiesesessesessss 3.263E4+02 ®' /g
Langmulr Surface Area.........ceooeeee ceeaeeaesnaee Ceeeaeens 6.861E+02 =n'/g
MESO POLE ALBA.....cvverseeasesssocssssssnosssorenenreoosscss 1.892E+02 2a'/g
a t-Method Micro Pore Area........- Ceeeceasssssvssenccance we. 1.371E+02 n'/Qq
« MP-Method Micro Pore Area......c.cseccccce ittt iessesssasess 3.224E+02 n'/g
CR-Method Micro Pore Area...... ceesen Ceseesssaasesescsennon . S5.493E+02 al/g
Cuzulative Adsorption Surface Area......... eeesesessseseses S5.892E+00 n'/g
Cumulative Desorption SUrfac@® Ar@a.......ccecccecererrorcnts . 7.592E+00 m’/g

PORE VOLUME DATA

roral Pore Voluze for pores with Radius

less Than 15926.8 A at P/Po = 0.9994....c.ccnvevnn 2.12SE-01 cc/9g
e« =—Merhod MiCro POre VOluUR@......ccecvecercmseecemsrsonnrs .. 6.008E-02 <cc/g
e« Mp-Method Micro Pore Volus@....... T LR R 2.111E-01 cc</g

Average Pore Radius....... P R R R 1.302E+01 A

* Nocte: MP and t-Method values based on data points with t-Tags.
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Date: 2-25-95

Page 1
Quantachrome Corporatioa
guantechrome Autosord Automated das Adsorption Systas Report
ASORBIPC Versioa 1.04 )
Sample ID...ccecvvecceee titanja-silica gel
Sample Description...... 2 Weeks Aged
COBMONTScssevecssssses. WARAT/TECS = 3
Gas TYP®:--+evscc-oss... NITROGEN
Cross-Sec Area.. 16.2 A3 Corr Pactor.. 6.580E-0%5 Molec Wgt.. 28.0134
sample Weight... 0.0500 g P/Po Toler... 4 Pile Name.. AS14AGO3.RAW
Analysis Time... 152.4 ain Equil Time... 2 operator... Young-Min Kw
Qutgas Tizme..... 3.0 hrs outgas Temp.. 24 °C Station $.. 1

End of Run......

AREA-VOLUNE-PORE $I38 SUNMARY

SURFACE AREA DATA
Multi-Point BET

................. ettt eiesiesesesanesseasese 3.81SE+02 n'/g
Langmuir Surface Ared..........ccececeraennes NN eeses B.261E+02 m!/g
MESO POTE ALBA.....ccctvrressncccsscannscrsenes creeceen veess 2-311E+02 n'/g
« t-Methed Microc Pore Area....... creeerveane eeeseceeesssess 1.S04E+02 2a'/g
« Mp-Method Micro Pore Area..... ceeesannn W itevesseseeessses 3.805E+02 m'/g
DR-Method Micro Pore Area.........-. ceeessessesrsesanns veese 6.449E+02 =*/g
cumulative Adsorptiocn Surface Area...........ccvcc> visesees. B.079E+00 m'/g
Cumulative Desorption Surface Area....... cecssesseavans

veees 1.047E+01 m‘/g

PORE VOLUME DATA

Tctal Pore Voluzme for pores with Radius

less than 15926.3 A at P/Po = 0.9994. ... [ . 2.51SE-91 cc/9
e t-Method Micro Pore Volum@..........---- eeesesesnaaseesee 6.343E-02 cc/g
e MP-Method Micro Pore Volum@........cceceroccccncnnst ie..es 2.502E-01 cc/9

PORE SIZE DATA
Average Pore Radius..........ccecevecce J R .... 1.319E+01 A

e« Note: MP and t-Methcd values bpased on data points with t-Tags.



Date: 2-08-95

Page 1
Quantachroms Corperitioa
Quantachrome Autosord Automated das Adsorption Systea Report
ASORB2PC Version 1.04
sample ID.......es.sc.... titania-silica gel
Sample Description...... heat-treated at 100 C for 30 min.
COMBENES .. ccasssosssso. Water / TEOS = 2
Gas TYP®..-+csccessse+0.. NITROGEN
Cross-Sec Area.. 16.2 A Corr Factor.. 6.580E-05 Molec Wgt.. 23.0134
Sanmple Weight... 0.0500 g P/Po Toler... & Pile Name.. ASWATEC2.RAW
Analysis Tizme... 237.7 ain Equil Time... 2 Operator... Young-Min Kw
Outgas Tizme..... 3.0 hrs outgas Temp.. 24 °C Station ¢.. 1

End of Run......

AREA-VOLCNE-PORS SISE SUMMARY

SURFACE AREA DATA
Multi-Point BET

.......................... teeecesccsesssassss 2.435E+02 1'/g
rangnuir Surface Area..........c.c.cn0en ceeoes veeesesassssss 6,093E+02 nl/g
VeSO POre ACA.....c.teoesssnnnocsscnsroccsons tesesecensssss L1.264E+02 n'/q
« p-Methcd Micro Pore Ar€a........ccoeeve i eeersesseessacess 1.171E+02 2'/q

e« Mp-Method MicCro POre ACEa........ccoveecncrocccncnccscncns 1.234E+02 =a'/g

CR-Method Micro Pore Area.......c..occ-- e itiecesassesescess 4.111E+02 2'/g
Cuanulative Adsorption Surface Area......-. Weevesessescesssss L1.844E+01 nt /g
Cumulative Desorption Surface Area....... iiteessesneaeesess 2.820E+01 m'/g

PORE VOLUME DATA

Total Pore Volume for pores with Radius
lass than 2595.2 A at P/PO ™ 0.9963.....cceverrnnmnvnnerones 1.868E-01 cc/9g

e r-Methcd Micro Pore VOlum@.........cocceces teseecessenaanse 5§.902E-02 cc/9

« up-Methed Micro Pore Volume......... secseses Ceeseessesenan 7.124E-02 cc</9

PORE SIZE DATA
Average Pore Radius.......... ceease e R R R 1.534E-01 A

e Nota: MP and t-Method values tased on data points with t-Tags.



Date: 3-02-95

Page 1
. Quantachrome Corporatios
QUARTASETSES AGLS3SIS iutoaatsd Ga3 2dsorptiss Systam Rspot
ASORB2PC Version 1.04
Sample ID......ve.uvee.. titania-silica gel
Sample Description...... heat-treated at 200 C for 30 amin
CORBONES..cccccscsssscees WATEAT / TEOS = 2
Gas TYP®...:cccsss0ees.. NITROGEN
Cross-Sec Area.. 16.2 A Corr Pactor.. 6.580E-0% Molec Wgt.. 23.0134
Sample Weight... 0.0300 g P/Po Toler... 4 Pile Name.. ASHEATOl.RAW
Analysis Tize... 189.8 ain Equil Time... 2 Ooperator... Young-Min Xv
Outgas Time..... 3.0 hrs outgas Temp.. 24 °C station ¢.. 1

End of Run......

AREA-VOLUNE-PORE SIIE SUNNARY

SURFACE AREA DATA
Multi-Point BET

.......................... teerseesesseseesass  4.640E+02 3'/g
Langmuir Surface Area...........ccoees ceeeans Ceeeenceanas ..+ 9.81SE+02 =2'/q
MeSO POr@ AFBA.....c.cvvevneeronoassonnnce ceecaane weessssees 2.476E+02 2'/g
« t-Method Micro Pore Area.......... teeesensvesacvsssssseaes 2.165E402 n'/g
« Mp-Methed Micro Pore Area........... Ceeesesessscesnasssses 4.248E+02 1n'/g
DR-Method Micro Pore Area.........ceeccoccesccs ceeesesessase T.754E+02 n'/q

Cumulative Adsorpticon Surface Area..........cccceeecscoccccs 7.325E+00 nl/g

Cumulative Desorption SUrface Ar@a.........ccceccccccvecccns 2.006E+01 =al/g

PORE VOLUME DATA

Total Pore Volume for pores with Radius
less than 2908.0 A at P/Po = 0.9967.....ccvccecccnonrconanee 3.164E-01 cc/g

« t-Method Micro Pore Volume....... Wesecerestseanaansnnse vee. 9.959E-02 cc/g

« yp-Methcd Micro Pore Volume@............. heeacesascscsens .. 2.775E-01 cc/g

PORE SIZE DATA
Average Pore Radius............. Cieeerssessaeseerecsssnnoans 1.364E+01 A

+ Note: MP and t-Method values tased on data points with t-Tags.



Date: 3-04-95 Page 1
Quantachrome Corperatios
Quantachrome Autosorb Automated Gas Adsorptios System Report
ASORB2PC Versioa 1.04

Sample ID.....c.ccee.... titania-silica gel

Sample Description...... heat-treated at 300 C for 30 ain
CODDENES..ccceseesssesss Water / TEOS = 3

Gas TYDP®.:c-v-sec-o.-.+. NITROGEN

Cross-Scc.Azcn.. 16.2 A Corr Pactor.. 6§.580E-05 Molec Wgt.. 28.0134
Sapple Waight... 0.0%00 g P/Po Toler... 4 File Name.. ASHEATO02.RAW
Analysis Tize... 158.9 zin Equil Tise... 2 Operator... Young-Min
outgas Tinme..... 3.0 hrs outgas Temp.. 24 °C Station .. 1

End of Run......

AREA-VOLUNE-FORS $I38 SUMMARY

SURFACE AREA DATA

Mylzi-Point BET

....................... S ERRREEEREERLE R $.024E+02 =a'/g
Langmuir Surface Area...........- tetesesseneens cesassonse veoes 1.014E+03 =!/g
MESO POTrE ALBA....cevecosssvosnnsscscssocnsssos teeesesesasces 2.523E+02 2i/g
« v-Mathed Micro Pore Area....... teteessssecsscesssssrsennece 2.501E+02 =a!/g
« MP-Method Micro Pore Area.......... cesaseee eeeesveseese-s 4.488E+02 2'/q
OCR-Merhcd Micro Pore Area....... ceseeee ceesene eeeeeeeseses B.346E+02 1n*/q
cumulative Adsorption Surface Area..... i reeieesevessasesses 6.911E+00 um'/g

Cumulative Desorption SUrface ArSa......c.ceeroreccccnroosss 8.995E+00 m'/g

PORE VOLUME DATA

=5zal Pore Voluze for pores with Radius

Tess than 15326.8 A at P/Po = 0.9994...... Ceeeesaesaans veve. 3.240E-01 c</9
e r-Marhcd Micro Pore VOlUum@......c.ecveveromeoemmnoensnnnns 1.171E-01 c</q
« up-Mathod Micro Pore VOlum@.......ccevvoncccs Ceeeasensrens 2.916E-C1 <c<cc/g

PORE SIZE DATA
Average Pore RadiusS........c..c--e- T V..... 1.290E+01 A

« Neze: MP and t-Method values bpased on data points with t-Tags.
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pDate: 3-07-95

Page 1
Quantachrome Corporation
guantachrome Autosord Autcsated das Adsorption System Report
ASQRS2C Verasion 1.04

Sample ID....cocvvencnes titania-silica gel
Sample Description...... heat-treated at 400 ¢ for 30 ain
COMMANES..coseceesscess. WALEEr / TEQS = 2
Gas TYP®.:-osscesssesess NITROGEN
Cross-Sec Area.. 16.2 A Corr Factor.. 6.580E-0S Molec Wgt.. 28.0134
Sample Weight... 0.0500 g P/Po Toler... 4 File Name.. ASHEATO3.RAW
Analysis Time... 151.0 @in Equil Time... 2 Operator... Young-Min
Qutgas Time..... 3.0 hrs Outgas Temp.. 24 °C Station ¢.. 1

End of Run......

AREA-VOLUNE-PORE SISB SUMMARY

SURFACE AREA DATA
Multi-Point BET

........................ et ieeesseeseenssess I.559E+02 mi/g
Langmuir SUrface Aread...........ececcceconcns cresseeseane ..e. T1.282E+02 2'/q
MEeSO PCTre AX@3.....ccsssvcossocssonsanss ceeseseenoe Weesesess 1.814E+02 nm!/g
e t-Methcd Micro Pore Area.........c.-oe¢ teesssesssnasessenn 1.745E+02 2 /g
* MP-Method Micro Pore Area......c...e«. Ceesessssasesessanss 2.996E+02 nm!/g
DR-Method Micro POre Ared......csceoecoveece cessssne cessaess .. 5.974E+02 n’/g
cumulative Adsorption Surface Area........ e iesceseseenasese 6.817E+00 2! /g
cumulative Desorption Surface Area........ ot teeveseseseesss T.291E+00 n'/g

PORE VOLUME DATA

Tctal Pcre Volume for pores with Radius

less than 15926.3 A at P/Po = 0.9994...cceccreasacanossroens 2.302E-01 c&/g
e r-Mathod Micro Pore Volum@.......-.cc.covevvens heseesesense 8§.291E-02 cc/g
« Mp-Method Micro Pore Volume........... ces e feeereeneann 1.956E~-01 cc/g

Average Pore RadiuUS......c.scceceecrnereroretrnnnts ceseasves 1.294E+01 A

« Note: MP and t-Methocd values based cn data points with t-Tags.



Date: 3-09-95

Page L
Quantachrome Corporation
Quantachrome -Autosord Autcmated Gas Adsorption System Report
ASORBZPC Versios 1.04¢

Sample ID....cc-ncencnns titania-silica gel
Sample Description...... heat-treatad at 500 C tor 30 min
CORRENTS.-ccrcesssesss-- Watar / TEOS = 2
Gas TYP@:-cccosssssessss NITROGEN
Cross-Sec Arsa.. 16.2 A Corr PFactor.. 6.580E-05 Molec Wgt.. 28.0134
Sample Weight... 0.0500 g P/Po Toler... 4 Pile Name.. ASHEATO4.RAW
Analysis Time... 150.0 ®min Equil Time... 2 operator... Young=-Min
outgas Time..... 3.0 hrs Qutgas Temp.. 24 °C station $.. 1

End of Run......

ARRA-VOLUNE-PORE $I3E SUNOMARY

SURFACE AREA DATA
Multi-Point BET

........................... teteecsesseecseses 4.280E+02 m'/g
TANGRULir SUrface Ared..........cescerensnacnonconacnoces veo 8.433E+02 nmi/g
MESQ POCE AL@A.....evsesccesresressecvnsnascones teeeeesessss 2.064E402 12'/g
« p-Methcd Micro Pore Ared........eccceecoences teessseesessss 2.175E+02 m'/g
+« Yp-Method Micro Pore Area....... ceeessasceseaes seeeeans .o. 3.718E+02 =!'/g
OR-Method Micro Pore Area.......c..... Cheesnsass tieeescesess T.063E+02 mi/g
cumulative Adsorpticn Surface Area........ e seeasseeasaass 6,015E+00 n'/g
cymulative Desorpticn Surface Area........- Citiiseesesseeees 6.980E+00 2'/g

PORE VOLUME DATA

~otal Pore Volume for pores with Radius

Less than 15926.8 A at P/Po = 0.9994........ teeensosesmans .. 2.697E-01 cc/9
e t-Methcd Micro Pore VOluUD@.....cceoecevssesrocereerensrrsts 1.027E-Q01 cc/g
« Mp-Method Micro Pore Volum@........c.eccereomorronmsoorts . 2.399E-01 cc/9

average Por@ Radius.........c.eeecceneonrremesrnrtres s ttinns 1.272E+01 A

« Moze: MP and t-Methcd values vased on data peints <ith t-Tags.
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pate: 3-11-95

Page 1
Quantachrome Corporation
Quantachrome Autosord Autcamsted Gas Adsorption System Report
ABORB2PC Versios 1i.04

Sample ID..cececccncense titania-silica gel
sample Description...... heat-treated at 600 C
CORRANTS..cccesocanses.s Watar / TEQOS = 2
Gas TYP®-..ccccceseeso. NITROGEN
Cross-Sec Area.. 16.2 A Corr Factor.. 6.580E-0S Molec Wgt.. 28.0134
Sample Weight... 0.0500 g P/Po Toler... 4 File Name.. ASHEATOS.RAW
Analysis Tizme... 148.4 min Equil Time... 2 Operator... Young-Min
Qutgas Time..... 3.0 hrs outgas Temp.. 24 °C Station .. 1

End of Run......

ARRA-VOLUME-PORR SI3E SUNDMARY

SURFACE AREA DATA
Multi-Point BET...cceeecscnn

Cereeaaeaneas teieesesessesseses 3.951E+02 m'/g
Langzuir Surface Area.........cecrccccsecreves teceeccsces «e.  T.912E4+02 um'/q
MeSO POF® AC®A......covressssssoncssoonscoconss cesecssesen .. 1.954E+02 =2’/g
+ r-Mathod Microc Pore Area.......ccccccevccacs Ceeecssesseeae 1.997E+02 u'/g
« Mp-Method Micro Pore Area......cceooeevcen cesnae esecseness . 3.483E+02 nm‘/g
DR-Method Micro Pore Area....... cecseneccason tieessseseeesss 6.593JE+02 n'/qg
Cunulative Adsorpticn Surface Area...........:- ceeesessseees 6.680E+00 m' /g
cumulative Desorption Surface Area....... et veeascesessesss 6.940E+00 m'/qg

PORE VOLUME DATA

Total Pore Volume for pores vWith Radius

less than 15926.8 A at P/Po = 0.9994.....cc0ccvcnnenen veeeees 2.5S12E-01 cc/9g
« t-Mathcd Micro Pore Volum@........c-evrreccce cecaaeee Vee.. 9.374E-02 cc/9
+ Mp-Mathcd Micro Pore VOluB@.........cresenervccemrsrornns 2.238E-01 cc/g

PORE SIZE DATA
Average POrT@® RadlUS.......eeocecnsnmorrnennmroromoosneins L... 1.272E+01 A

e Nota: MP and t-Method values based on data points wvith t-Tags.
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Jate: 2-08-95

fage L
Quantachrome Corporatioa
Quantachrome Autosord Autcmated Gas Adsorption Systeam Report
ASORB2PC Version 1.04
Sample ID....ceocenee ... titania-silica gel
Sample Description...... Water ;/ TEOS = 2
CommentsS...ccooseoovsces used as sanple for heating and PEG effec
Gas Type....-.. eeessse.. NITROGEN
Cross-Sec Area.. 16.2 At Corr Factor.. 6.580E-05 Molec Wgt.. 28.0134
Sample Weight... 0.0500 g P/Po Toler... 4 File Name.. ASWATEO2.RAW
Analysis Tize... 2137.7 ain Equil Tizme... 2 Operator... Young-Min Kw
Outgas Time..... 3.0 hrs Outgas Temp.. 24 °C Station ¢.. 1
End of Run......
ISOTHERRM
P/Po Volune
cc/g STP
2.1301 6§6.500
0.2259 75.240
0.2999 80.620
0.4311 89.040
3.3104 33.680
0.6Q29 98.920
0.6975 105.500
0.8008 110.460
0.9005 115.660
0.9963 120.700
0.8%921 115.740
0.7919 110.840
0.6543 105.720
0.5953 100.700
0.4973 95.320
0.4014 90.160
0.2711 81.060
0.1728 72.800
0.0880 62.780



Date: 2-09-95

Page 1
Quantachrome Corporation
Quantachrome Autosord Automated Gas Adsorption Systam Report
ASQRB2PC Versiom i.04
Sample ID.......-....... titania-silica gel
Sample Description...... containing 2 % PEG
COMMENTS. ccecscccccscns dried at 100 C for 30 min
Gas TYp®...---essce.-... NITROGEN
Cross-Sec Area.. 16.2 At Corr Factor.. 6.58Q0E-05 Molec Wgt.. 28.0134
Sample Weight... 0.0500 g P/Po Toler... 4 File Name.. AS2PEGOLl.RAW
Analysis Time... 118.1 13in Equil Time... 2 Operater... Young-Min Kw
Outgas Tizme..... 3.0 hrs Outgas Temp.. 24 °C station ¢.. 1
End of Run......
ISOTHERRM
P/ Po Volune
cc/g STP
3.1222 0.140
J.2134% 0.200
2.314% 0.380
0.4150 0.480
J.3%% 0.540
0.6139 0.680
0.7143 0.740
0.8137 g.920
0.913% 1.000
3.9994% 1.920
0.38356 1.140
0.7854 1.080
0.6850 1.040
0.5855 0.860
0.4853 0.640
0.3856 0.500
0.285S% 0.360
0.1853 0.000
0.0854 -0.220



Sate: 1-04-95

fage 1
Quantachrome Corporation
quantschrome Autosord Autopated das Adsorption Systam Report
ASORB2PC Version 1.04
Sample ID.....covcecnnnne titania~-silica gel
Sample Description...... heat-treated at 100 C for 30 ain.
CORMENntS....ccccceee-0-0. Water / TEQS = 2
Gas TYP®...ccvresessesso NITROGEN
Cross-Sec Area.. 16.2 A Corr Factor.. 6.580E-05 Molec Wgt.. 28.0134
Sample Weight... 0.0500 g P/Po Toler... 4 File Name.. ASHEATO2.RAW
Analysis Time... 158.9 uin Equil Time... 2 Operator... Young-Min
outgas Time..... 3.0 hrs Outgas Temp.. 24 °C Station ¢.. 1
End of Run......
ISOTHRRM
P/ Po Volume
cc/g STP

0.0996 121.540

0.2042 144.420

0.3054 163.720

9.39S3 178.960

0.498S 192.320

0.6092 200.540

0.7065 203.680

0.810S 205.120

0.911S 205.960

0.9994 209.4290

0.8862 205.780

0.7861 204.940

0.6860 203.820

0.5864 202.440

0.4876 200.420

0.4019 180.140

0.3013 162.500

0.1998 143.160

0.1001 121.100
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Cate: 2-11-35

Page 1
Quantachrome Corporation
Quantachrome Autosord Automated Gas Adsorption Systam Report
ASORB2PC Version 1.04 -
Sample ID.....cccc0ene .. titania-silica gel
Sample Description...... 2 ¢t PEG contained
COMMENTS....c0v:es---0++. heat-treatad at 300 C for 10 ain
Gas TYDP®-.coveoroosannncs NITROGEN
Cross-Sec Area.. 16.2 A Corr Factor.. §.580E-05 Molec Wgt.. 28.0134
Samplc.inqnt... 0.0500 g P/Po Toler... 4 File Name.. AS2PEGO2.RAW
Analysis Time... 181l.1 min Zquil Time... 2 Operator... Young-Min Kw
outgas Time..... 3.0 hrs Outgas Temp.. 24 °C Station ¢.. 1

End of Run......

ISOTHRRM
P/ Po Volume
ce/g STP

0.12638 134.780
3.2065 158.180
0.2986 175.340
0.3588 191.500
3.3007 205.660
0.6026 217.840
0.704 228.040
0.8059 236.900
2.9023 245.820
J.9922 251.900
0.8891 248.800
0.7978 242.820
0.6999 235.740
0.5995 228.240
0.49913 220.620
0.3906 191.880
0.2929 176.120
0.1951 157.780
0.0987 134.400
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Date: 2-9

Sample ID....ccevencnnnn.
Sample Descripticn......
COMBENTS..cccoeecnsnsennn
Gas TYP®.crc-sscncocones
Cross=-Sec Area..
Sample Weight...
Analysis Tizme...
Outgas Time.....

End of Run

6-35

Quantachrome Corperation

fage 1

Quantachrome Autosord Automated Gas Adsorption Systea Report
ASORBIPC Versioan 1.04

16.2
0.0500
210.7
3.0

titania-silica gel
Water / TEOS = 1.5

Dried at 100C feor 10 min
NITRQGEN
Corr Factor.. 6.580E-05 Molec Wgt.. 28.0134
P/Po Toler... 4
Equil Time... 2
Outgas Tezp.. 23 °C

k:
g.
ain
hrs

P/PO

. 1097
0.2295
0.3108
0.1080
0.3092
0.6023
0.7100
0.8166
0.9151
0.9994
0.8883
0.7826
0.6810
0.5811
0.4826
.3875
.29130
.1680
.0767

0000

ISOTEERM

Volume
cc/qg STP

48.100
56.600
61.100
65.800
70.420
75.600
80.280
84.100
88.080
92.080
87.640
83.520
79.460
75.580
71.400
66.920
62.160
54.380
45.920

File Nanme..
Operator...
Station ..

ASWATECLl.RAW
Young=-Min Kw
1



Cate: 2-98-35

Page 1
Quantachrose Corporation
Quantachrome Autosord Autcmated Gas Adsorption System Report
ASORB2PC Version 1.04
Sample ID.....cocvuvnnn titania-silica gel
Sample Description...... Water ; TE0S = 2
Comments........--.++..-. Used as sample for heating and PEG effec
Gas TYP®:.:e+vevvoses... NITROGEN
Cross-Sec Area.. 16.2 A: Corr Factor.. 6.S80E-05 Molec Wgt.. 28.0134
Sample Weight... 0.0500 g P/Po Toler... 4 File Name.. ASWATEOZ2.RAW
Analysis Time... 237.7 ain Equil Tize... 2 Operator... Young=-Min Kw
Qutgas Tize..... 3.0 hrs Outgas Temp.. 24 °C Station ¢.. 1

End of Run......

ISOTHRRN
?/Po Volume
cc/g STP
2.12321 66.500
3J.2259 75.240
3.233% 80.620
J.4311 39.040
J.312 33.680
J.580329 98.920
3.6875 105.500
3.3008 110.460
0.5005 115.660
2.9963 120.700
3.3921 115.740
2.7919 110.840
0.6943 105.720
3.5853 100.700
3.4971 95.320
0.4014 90.160
2.27%1 81.060
93.17238 72.800
9.0880 62.780
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Quantachrome Corporation
quantachrome Autosorbd Automated Gas Adsorption Systeam Report
ASORB2PC Version 1.04
sample ID............... titania-silica gel
sapple Description...... Water ; TEOS = 3
COBDeNtS....ccocve--+-++ USed as no aging sanple
Gas TYDP®...cocvercccscen NITROGEN
Cross-Sec Area.. 16.2 A’ Corr Factor.. 6.S80E-05 Molec Wgt.. 28.0134
sapple Weight... 0.0500 g P/Po Toler... 4 File Name.. ASWATEO3.RAW
Analysis Tile... 134.1 »in Equil Tizme... 2 Ooperator... foung-Min XKw
Cutgas Tine..... 3.0 hrs Outgas Tezp.. 24 °C Station ¢.. 1
end of Run......
IS0TEERN
P/ Po Volume
cc/qg STP
9.1032 53.020
0.2242 63.920
0.3080 72.240
0.3980 77.740
Q0.5020 82.060
0.6075 84.740
0.7112 85.980
0.3119 86.7C0
0.9126 87.060
0.9994 88.100
0.8859 86.980
0.7857 86.640
0.6861 86.060
0.5855 85.640
0.48S6 84.720
0.3991 78.340
0.2960 71.820
0.1982 63.620
0.0917 51.680
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Quantachrome Corporation
guantachrome Autosord Automated Gas Adsorption System Report
ABORB2PC Versionm 1.04
Sample ID.......... «e+.. titania-silica gel
Sample Description...... Water ; TEQS = 4
COmMentS...c.oc-+-+-.... dried at 100C for 130 zin
Gas TYP®..:-ccvvve=+--+- NITROGEN
Cross-Sec Area.. 16.2 Al Corr Factor.. 6.S80E-05 Molec Wgt.. 28.0134
sample Weight... 0.0500 g P/Po Toler... 4 File Name.. ASWATEO4.RAW
Analysis Time... 172.8 min Equil Tize... 2 Operator... Young=-Min Kw
Outgas Tinme..... 3.0 hrs Outgas Tezp.. 24 °C Station ¢.. 1

End of Run......

ISOTHERX
P/ Po Voluzme
cc/g STP
3.1253 75.780
0.22:2 95.060
3.1095 111.840
0.13963 123.920
9.5042 134.000
0.560330 138.280
0.7114 119.660
3.8:37 140.020
0.9135 140.160
0.9994 141.680
3.3869 139.980
0.7855 139.320
0.6862 138.500
0.5863 137.580
0.4866 136.460
0.3932 121.520
3.2986 107.940
9.1995 91.820
0.1025 74.260
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Quantachrome Corporation

Page .

Quantaclkrome Autosord Automated Gas Adsorption System Report
ASORA2PC Version 1.04

Sample ID...ccccvveennns
Sampla Description......
COMMENTS.cccsoccncoocssn
Gas TYP@.:-cooccscannnse
Cross-Sec Area.. 16.2
Sample Weight... 0.0500
Analysis Tize... 144.1
Outgas Time..... 3.0
End of Run......

titania-silica gel
Water / TEOS = 3

used as no aging sample
NITROGEN

Ax
g
ain
hrs

Corr Factor..

P/Po Toler... ¢
Equil Time... 2
outgas Temp.. 24 °'C

P/Po

0.1022
0.2042
0.3080
Q0.3980
0.5020
0.6075
0.7112
0.8119
0.9126
0.9994
0.8859
0.7857
0.6861
0.5855
0.4856
0.3991
0.2960
0.1982
0.0917

ISOTHRRK

166

Volume
cc/g STP

53.020
63.920
72.240
77.740
82.060
84.740
85.980
86.700
87.060
88.100
86.980
86.640
86.060
85.640
84.720
78.340
71.820
63.620
51.680

6.580E-0S Molec Wgt..

File Nane..
Operator...
Station ¢..

28.0134
ASWATEOJ.RAW
Young-Min Kw
1



Date: 2~14-35
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Quantachrome Corparatioa
Quantachrome Autosord Automated Gas Adsorption Systea Report
ASORB2PC Version 1.04
Sample ID.....ccvcece-.. titania-silica gel
Sample Description...... 4 Day Aged
CoMM@NES.....coccecess-.. WAtEr / TEQS = 3
Gas TYP®...ccccec-sesesss NITROGEN
Cross-Sec Area.. 16.2 At Corr Factor.. 6.580E-05 Molec Wgt.. 28.0134
Sample Weight... 0.0500 g P/Po Toler... 4 File Name.. AS4AGEOl.RAW
Analysis Tize... 168.9 nin Equil Tize... 2 Operator... 7Young-Min Kw
Outgas Tize..... 3.0 hrs Qutgas Temp.. 21 °C Station $.. 1
End of Run......
ISOTHERRM
P/ Po Volune
cc/g STP
0.1019 ’ 64.340
0.2026 78.240
0.3Cl3 90.600
0.4005 102.400
0.3024 112.280
0.5985 118.220
0.7237 122.820
0.3132 123.500
0.9143 123.680
0.39994 124.160
0.3863 123.020
0.7861 122.480
0.6868 121.840
0.5865 120.880
0.4868 119.1380
0.3921 101.680
0.2922 89.660
0.2026 77.940
0.0545 62.060
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Date: :-18-35

Page 1L
Quantachrome Corporation
quantachrome Autoserd Automated Gas Adsorption Systea Report
ASORBIPC Version 1.04
Sample ID....ccvvccveenn titania-silica gel
sample Description...... 1 Week Aged
COBM@NES . ccssescescse.. WAter / TEQOS = 3
Gas TYP®.-:ccv-cssssss0.. NITROGEN
Cross-Sec Area.. 16.2 A Corr Factor.. 6.580E-05 Molec Wgt.. 28.0134
Sample Weight... 0.0500 g P/Po Toler... 4 File Name.. AS7TAGEO2.RAW
Analysis Tize... 152.9 min Equil Tige... 2 operator... Young-Min Kw
Outgas Time..... 3.0 hrs outgas Temp.. 24 °C Station ¢.. 1

End of Run......

ISOTHERRM
P/Po volune
cc/qg STP
0.1031 74.400
0.2018 90.000
0.3019 103.760
0.4009 116.480
0.5043 126.560
0.5992 132.140
0.707S 134.880
0.3118 136.080
0.9133 136.580
0.9994 137.320
0.88S0 136.860
0.7860 136.280
0.6787 142.680
0.5957 139.260
0.4861 138.580
0.3969 118.580
Q.2928 104.360
0.1919 89.440
0.0913 72.940
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Quantachrome Corporation
Quantachrome Autosord Automated Gas Adsorption System Report
ASCRB2PC Version 1.34
sample ID............... titania-silica gel
sample Description...... 2 Weeks Aged
COMBONTSc.coceascesesse. WAtar/TEQS = 3
Gas TYDP®...cciecvovnones . NITROGEN
Cross~-Sec Arsa.. 16.2 A? Corr Factor.. 6.S80E-05 Molec Wgt.. 28.0134
Sample Weight... 0.0500 g P/Po Toler... 4 File Name.. AS14AGO3.RAW
Analysis Time... 152.4 2in Equil Time... 2 operator... Young-Min Kw
Outgas Time..... 3.0 hrs outgas Temp.. 24 °C Station ¢.. 1
End of Run..... .
ISOTERRM
P/Po Volune
cc/q STP
0.1C96 86.C60
g..996 103.C60
3.2973 119.780
0.3977 135.160
J9.3020 147.440
2.5092 155.500
0.7080 158.980
0.8097 160.960
0.9118 162.000
0.9994 162.560
0.3358 161.940
0.7855 161.240
0.6860 160.1320
0.587 158.700
0.4888 156.180
0.4003 135.180
0.2981 119.180
0.1965 101.880
0.0965 82.680
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Date: 2-08-95
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Quantachrome Corporatien
Quantachrome Autosord Automated das Adsorption System Repert
ASORB2IPC Version 1.0¢
Sample ID............... titania-silica gel
Sample Description...... Water / TEOS = 2
Comments................ usad as sanple for heating and PEG effec
Gas TYpP@.....ccccees+... NITROGEN
Cross~Sec Area.. 16.2 A Corr Factor.. 6.580E-05 Molec Wgt.. 28.0134
Sample Weight... 0.0500 g P/Po Toler... & File Name.. ASWATEO2.RAW
Analysis Time... 237.7 Bin Equil Tize... 2 Qperator... Young=-Min Kw
Cutgas Time..... 3.0 hrs outgas Temp.. 24 °C Station ¢.. 1
End of Run......
ISOTHERM
P/ Po volune
ce/q STP
9.1301 66.500
0.2259 75.240
0.2999 80.620
0.4311 89.040
0.5104 93.680
0.6029 98.920
0.6975 105.500
0.8008 110.460
0.900S 115.660
0.9963 120.700
0.8921 115.740
0.7919 110.840
0.6943 105.720
0.5953 100.700
0.4973 9%.320
0.401¢ 90.160
0.2711 81.060
0.1728 72.800
0.0880 62.780
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Quantachrome Autoserd autcmated Gas Adsorption Systeam Report
ABORB2PC Versioa 1.04

sample ID.cccorocecccecs titania-silica gel
sample Description...... heat-treated at 200 C for 30 ain
CORRBALS. cccccssesecses. Watar / TEQS = 2
GasS TYP®cccsocccsccncsons NITROGEN
Cross-Sec Area.. 16.2 As corr Pactor.. 6.580E-05 Molec Wgt.. 28.0134
Sample Weight... 0.0500 g P/Po Toler... 4 File Name.. ASHEATO1l.RAW
Analysis Time... 189.8 min Equil Time... 2 operater... Young-Min Kv
Outgas Time..... 3.0 hrs Outgas Temp.. 24 °C Station ¢.. 1

End of Run......

ISOTERRM
p/Po . Volusme
cc/g STP
0.1003 T 110.260
0.203S 131.760
0.3038 150.120
0.4074 166.980
0.4990 178.420
0.6071 186.680
0.7056 189.920
0.810S 191.380
0.9110 192.320
0.9967 204.460
0.8865 201.580
0.7860 199.600
0.686] 197.580
0.6040 190.780
0.4908 188.120
0.3929 165.340
0.2987 149.160
0.2011 131.260
0.1014 110.440
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Date: 3-04-95

Quantachrome Corporatioa

Page 1

Quantachrome Autosord Autosated das Adsorptioa System Report
ABORSZFC Versioa 1.34

sample ID...cceeeccnnaee
Sample Description......
COMBONEB..ccccovoccannos
Gas TYP®cccvcrvocsocscse
Cross-Sec Area.. 16.2
Sample Weight... 0.0500
Analysis Time... 158.9
Qutgas Time..... 3.0
End of Run......

titanjia-silica gel

heat-trsated at 300 C for 30 min.

Water / TEOS = 2

NITROGEN
Corr Pactor.. 6§.580E-Q0%5 Molec Wgt.. 28.0134
P/Po Toler... 4
Equil Time... 2
Outgas Temp.. 24 °C

Al
q
rin
hrs

p/Po

0.0996
0.2042
0.3054
0.3953
0.4985
0.6092
0.7065
0.8105
0.9115
0.9994
0.8862
0.7861
0.6860
0.5864
0.4876
0.4019
0.3011
0.1998
0.1001

ISOTEERM

Volune
cc/q STP

121.540
144.420
163.720
178.960
192.320
200.540
203.680
205.120
205.960
209.420
205.780
204.940
203.820
202.440
200.420
180.140
162.500
143.160
121.100

Pile Name.. ASHEATO2.RAW
Operator... Young-Min
Station $.. 1



Date: 3-07-95

Quantachrcme Autoserd

sample ID....ccv.cecece.. titania-silica gel

Quantachrome Corporatioa
Automated das Adsorptioa System Report

ASORBZPC Versiom 1.4

Sample Description...... heat-treated at 400 C for 130 ain

COMMENEtS.ccosseessassse. WALy / TECS = 2
NITROGEN

Gas TYP®cccocsccscanenen
Cross-Sec Area.. 16.2
Sample Weight... 0.0500
Analysis Time... 151.0
Qutgas Time..... 3.0
End of Run......

Al
9
ain
hrs

Page 1

Corr Pactor.. 6.580B-05 Molec Wgt.. 28.0134
P/Po Toler... 4
Equil Time... 2
outgas Temp.. 24 °C

p/Po

Q0.1094
0.2017
0.3007
0.4005
0.5038
0.5981
0.7061
0.8106
0.9113
0.9994
0.8865
0.7862
0.6861
0.5865
0.4873
0.3912
0.2923
0.1922
0.0942

ISOTEERK
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volume
ce/qg STP

88.720
102.500
115.700
127.720
137.220
142.760
145.940
147.180
147.960
148.760
147.980
147.400
146.580
145.420
143.760
126.760
114.620
100.940

85.640

Pile Name..
operator...
Station ¢..

ASHEATO1.RAW
Young=-Min
1



Date: 3-09-95

Quantachrome Corporation

Page 1

Quantachrome Autosord Automated Gas Adsorption System Report
ASORB2PC Version 1.04

Sample ID.cccecrcvacecne
Sample Description......
CORRONES..ccccocccnsavsne
Gas TYP®.ccccoccccrcscns
Cross-Sec Area.. 16.2
Sample Weight... 0.0500
Analysis Time... 150.0
Outgas Time..... 3.0

End of Run......

titania-silica gel

heat-treated at 500 C for 30 min

Water / TEQS = 2

NITROGEN
Corr Factor.. 6.580E-05 Molec Wgt.. 28.0134
P/Po Toler... 4
Equil Time... 2
outgas Temp.. 24 °C

Ax
g
min
hrs

P/Po

0.1071
0.1999
0.29813
0.3990
0.5029
0.5982
0.7067
0.8113
0.9122
0.9994
0.8857
0.7852
0.6859
0.5867
0.4877
0.3931
3.2933
0.1949
0.0958

ISOTHERRN

174

Voluzse
cc/q STP

105.140
121.880
137.260
151.300
162.020
167.980
170.880
171.900
172.360
174.280
172.300
172.120
171.440
170.400
188.680
150.500
L36.58¢C
12C.983

102.40C0

File Name.. ASHEATO4.RAW
Operator... Young-Min
Station #.. 1



pate: 3-11-95
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Quantachrome Corporation
Quantachrome Autosord Automated das Adsorption System Report
ABORB2PC Versionm 1.04
Sample ID...... eeesse.ss titania-silica gel
sample Description...... heat-treated at 600 C
CORMENtS...cccveee-s0ss+ Water / TEOS = 2
Gas TYpPe-.:-ece-eo-asss. NITROGEN
Cross-Sec Area.. 16.2 As Corr Factor.. 6.580E-05 Molec Wgt.. 28.0114
Sample Weight... 0.0500 g P/Po Toler... 4 File Name.. ASHEATOS.RAW
Analysis Time... 148.4 min Equil Time... 2 Operator... Young=-Min
outgas Time..... 3.0 hrs Outgas Temp.. 24 °C Station ¢#.. 1
End of Run......
ISOTHEERN
P/Po Volume
cc/g STP
0.1083 97.480
0.2008 113.260
0.2995 127.880
0.4003 141.000
0.5043 151.040
0.5985 156.640
0.7067 159.720
0.8106 161.040
0.9126 161.760
0.9994 162.340
0.8854 161.600
0.7866 160.980
0.6859 160.240
0.5864 159.100
0.4871 157.540
0.4046 3 141.700
0.2960 127.160
0.1941 111.96C
0.0947 94.500
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