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I SECTION I

I INTRODUCTION

a. Overview of Program Goals and Proaress

The goals of our Multi-Investigator Research Program (MIRP) are: 1) to achieve an

I understanding of the science of ultrastructure processing of glasses, ceramics and

composites, and 2) apply the science of ultrastructure processing to produce new optical,

electronic, optoelectronic, and structural materials. Ultrastructure processing as used in our

program and in this report refers to the manipulation and control of chemistry based processes

for the purpose of attaining a new generation of high performance materials with unique

properties.

The primary emphasis of the MIRP is devoted to the science and application of sol-gel

processing to achieve a new generation of optical and optoelectronic materials with unique

properties. The rationale for this emphasis on sol-gel processing is the low thermal

requirements to produce materials in this way and the unique physical properties that result.

Net shapes of optical components can be made using our sol-gel processing method thereby

I eliminating costly grinding and polishing. Micro-optical components can be produced reliably

and inexpensively by use of plastic molds for casting the sols. Two new types of optical

silicas and important new optical devices have resulted from alkoxide sol-gel processing.

I An important material characteristic of sol-gel derived materials is the very large (30-

70%) percentage of microporosity in the materials after drying. Consequently a wide range

of physical properties can be achieved with materials of the same chemical composition by

varying the volume fraction, size distribution, and connectivity of the microporosity.

Impregnation of the optically transparent microporous structures to produce a wide range of

composite optical materials is also possible. Preparation of sol-gel derived materials with



I

I reinforcing whiskers, fibers, or weaves is also possible resulting in an even wider range of

* properties.

Consequently, one of our operating hypotheses for the MIRP is that understanding the

I chemistry of sol-gel derived materials will make it possible to achieve unique combinations of

physical properties to fulfill a broad range of design objectives.

Because of the breadth of this objective we pursue two parallel paths in our sol-gel

studies: 1) Sol-gel monoliths, and 2) Theoretical predictions of sol-gel structures and

processing. Previous efforts on organometallic precursors, solution derived particulates, and

sol-gel coatings have been phased out of the MIRP. This has made it possible to concentrate

on achieving a new generation of optical materials during the last two years of research. The

collection of papers listed in Part IX in this report illustrate the rapid growth of our contribution

I to both the science and the technology of this new field. For example, Project A is focused

on the chemistry of sol-gel derived silica monoliths using alkoxide precursors. The papers

discuss in detail the several steps involved in the processing of sol-gel derived optical silicas:

I 1) mixing, 2) casting, 3) gelation, 4) aging, 5) drying, 6) stabilization, and 7) densification.

The low temperature sol-gel method developed in the MIRP, using alkoxide precursors, results

in an ultrastructure that is approximately 200X smaller than achieved by the colloidal method.

Consequently dried and stabilized gel monoliths made by the University of Florida MIRP route

are optically transparent and can be used for transmission optics. This new material, with

properties unique to any previous optical material, has been designated Type VI optical silica.

* The development and characterization of this new optical material is discussed in several

papers. The optically transparent ultraporous Type VI silica can be impregnated with a broad

range of optically active polymers, as discussed in Project B. It also can be used as a

substrate for laser densified structures.

I
*



Full density is achieved in the alkoxide sol-gel derived silica, termed Type V gel-silica,

at 11 50 0 C. This low temperature is in contrast to the colloidal sol-gel method which requires

1450-1720 0 C. The physical properties of the Type V alkoxide gel-silica optics developed in

the MIRP are superior to most optical silicas. The optical transmission is higher throughout

the Vacuum UV, UV, Visible, and near IR than other silicas, the homogeneity of index of

refraction is better, strain birefringence lower, and other defects such as bubbles and

inclusions are non-existent. The coefficient of thermal expansion is also substantially lower

than other silicas, such as the NIST standard silica. Thus, the MIRP Type V optical silica is

as close to an intrinsic amorphous silica as has ever been made. Because of the importance

of the development of these new silica materials a new direction for the MIRP was launched

during this contract, theoretical predictions of ultrastructured materials based upon quantum

mechanical molecular orbital calculations. This effort, headed by Dr. Jon West, has been in

collaboration with the AFOSR theoretical silicon chemistry group of Professor Marc Gordon,

North Dakota State University and Drs. Larry Burgraff and Larry Davis, AFOSR, and the

I University of Florida Quantum Theory Project with Professor Mike Zerner participating. INDO,

I and AM-1 (MOPAC) and HMO calculations have been completed for a wide range of silica

clusters with and without extrinsic defects. Predictions of the size of our acid catalyzed

alkoxide gel ultrastructures have been achieved along with the theoretical UV cut-off of our

Type V optical silica. Effects of extrinsic OH on optical absorption have also been predicted.

Calculations of the effects of H20 on the silica structures correspond to experimental

dilatometry and NIR measurements.

The MIRP continues to support the interdisciplinary work between the Departments of

Electrical Engineering and Materials Science and Engineering in the area of understanding the

I electron transport and noise of semiconductor devices. This program, albeit a small one,

continues to produce a very high level of science in a field that may evolve into a new

3



direction for ultrastructured quantum well high band gap devices. A new Monte Carlo method

of simulating charge transport in GaAs two terminal devices has been reported previously by

Professor Bosman's group and this report presents new work on visible light emission of P-N

porous silicon homojunction diodes.

A collaboration was also launched with Professor Hsieh of the University of Florida

Mechanical Engineering Department in the area of theoretical modelling of laser densification

which has resulted in a couple of papers.

One of the distinguishing features of the MIRP is a continuing series of interinstitutional

collaborations. The cooperative effort in quantum calculations was mentioned earlier.

3 Similarly, the collaboration with the University of Illinois Chemistry Department and Professor

Jeri Jonas continues to be profitable. New directions were launched during this contract with

I Texas Christian University and Professor T. Zerda with results published that describe use of

3 positronium decay analysis of the pore distribution of gel monoliths. A long standing

interaction with Professor Y. Abe of Nagoya University in Japan has resulted in a series of

papers on proton conduction in oxide glasses, Project F.

A new direction was launched in this contract to integrate our efforts in understanding

the molecular level of silica structural evolution with biological processes. Two papers are

included in Project D and experimental work on sol-gel derived bioactive materials has led to

a new generation of alkali-free bioactive materials with a much broader range of composition.

These new CaO-P 2 0 5 -SiO 2 gel-glasses have higher levels of bioactivity than any other

material. They are protected by patent.

The MIRP has pursued a broad base of process and application patents which are listed

in Section X. Most are licensed and production of gel-derived silica optics is underway by the

* licensee.

I
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I In summary, the MIRP continues to serve as an excellent management vehicle for

initiating exciting new directions in chemically derived materials with unique ultrastructures.

Projects that offer the most promise for eventual employment in DOD systems are maintained

* long enough to achieve statistically significant property measurements and reliability analysis.

Prototypes of useful devices are produced, characterized and tested. The technology for

these successful new materials, such as Type V and Type VI optical silicas, is transferred by

licensing arrangements of the University of Florida to a U.S. corporation (Geltech, Inc.) for

scale-up to manufacturing. Products made by sol-gel processing developed by the MIRP are

now being supplied to a large number of DOD contractors. This linkage between basic

science - applied science - and product deveiopment has been very successful and is one of

the main strengths and accomplishments of the MIRP. This effort has been published as a

I semi-quantitative model of technology transfer processes.

Projects that have been interesting and fruitful from a publication standpoint but show

meager potential for eventual DOD application are phased out from support by the MIRP upon

I graduation of the students.

In this manner the MIRP maintains a health and vitality that we believe makes each

year's achievements new and exciting.

* The last two sections of this report itemize a complete list of the publications and

patent applications for the four (4) year AFOSR MIRP program.
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a. SOL-GEL PROCESSING OF LARGE
SILICA OPTICS

L.L. HENCH, M. J. R. WILSON, C. BALABAN, AND J. L.
NOGUýS

15.1. INTRODUCTION

In the first Ultrastructure Processing Conference in 1983, J. D. Mackenzie
summarized numerous potential advantages and disadvantages of sol-gel
processing (1]. The advantages cited were largely based upon the intimate
mixing possible with chemically based processing compared with powder
processing. The disadvantages primarily centered around the difficulties in
controlling this new generation of molecular-based processing and potential
costs.

The objective of this Chapter is to summarize and present, 6 years later, the
progress made in achieving the advantages and minimizing the disadvantages in
the sol-gel processing of one important application, sol-gel-derived silica
optics. The potential advantages discussed are homogeneity, purity, coefficient
of thermal expansion, As-cast shapes and surface features, and unique properties
of silica ultrastructurcs, such as for doping applications and laser-enhanced
densification.

The possible disadvantages discussed in this Chapter are inherent to size
scaleup. They can be in most cases overcome by well-defined processing
including control of drying, elimination of casting defects, and precise at-

Ultrastructure Processinq of Adtanced .latertals.
Edited by Donald R. Uhlmann and Donald R. Ulrich (deceased).
ISBN 0-471-52986.9 4) 1992 John Wiley & Sons. Inc.

159
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160 SOL-GEL PROCESSING OF LARGE SILICA OPTICS

mosphere control. The consequence of overcoming most of these problem areas
is the ability to make new types of silica optics with sizes of 100 mm and larger
using organometallic-based sol-gel silica processing.

15.2. SILICA OPTICS PROCESSING

Silica optics are preferred for many optical systems, such as intracavity laser
optics, because of the characteristics listed in Table 15.1. Development of a
successful sol-gel-derived process for making silica optics requires achieving all
the features listed in this table. It also requires achieving significant improve-
ments in at least some of the most important properties over what is presently
produced commercially.

There are presently four major methods of manufacturing silica optics, as
summarized in Table 15.2 [2,3]. The first two processes involve melting
naturally occurring quartz crystals at high temperatures. The resulting materials
are termed fused quart:. Deficiencies of fused quartz optics can include:
substantial amounts of cation impurities (type I), hydroxyl impurities (type [I),
inhomogeneities, seeds, bubbles, inclusions, and microcrystallites. The relative
extent of these defects depends on the grade of fused quartz. The higher the
grade, the iewer the deft,-,s, but the higher the cost and the more difficult the
production of large opt....

Both types III and IV are termed synthetic fused silica. The cation impurity
content of fused silica optics is substantially lower than fused quartz optics due
to the higher purity of the raw materials [3]. It is difficult for the chemical
reactions indicated in Table 15.2 for these types of silica to go to completion,
consequently water contents up to a few thousand parts per million are present
in type III silica, and Cl ion contents of a few hundred parts per million can be
retained as an unreacted residue in both type II and type IV silicas. Other
defects are somewhat lower for fused silicas than for fused quartz [3]. The nature
of the chemical processes involved in the production of types III and IV silicas

TABLE 15.1. Features of Silica Optics

I. Excellent optical transmission from the ultraviolet (160nm) to near infrared wave-
kength_ (36•) nm)

2. Excellent refractive index homogeneity.
3. Isotropic optical properties.
4. Small strain birefringence.
5. Very low coefficient of thermal expansion of about 0.55 x 10"/"C.
6. Very high thermal stability.
7. Very high chemical durability.

8. Small numbers of bubbles or inclusions.
9. Ability to be polished to high standards.

91. . . . . . . . .. . . . . . . . . . . . . . . . . . . . ..
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TABLE 15.2. Methods of Silica Optics Manufacture

Fused Quartz

Type I: Electric melting of natural quartz crystals

heat

SiO 2 (quartz) ..... SiO 2 (glass)

Type Ii: Flame fusion of natural quartz crystals

heal

SiO 2 (quartz) *zyhydroaa SiO 2 (glass)

Fused Silica

Type III: Vapor-phase hydrolysis of pure silicon tetrachloride carried out in a flame

SiCI, + 02 + 2H 2 -* SiO 2 (glass) + 4HCI

Type IV: Oxidation of pure silicon tetrachloride, which is fused electrically or by means
of a plasma

SiCl, + 02 - SiO 2 (glass) + 2C12

Gel-Silica

Type V: Gelation of alkali silicate colloidal solutions with fully densification (1500 to
1720'C), or
Hydrolysis and condensation of organometallic precursor with fully densification (1150
to 1200"C) Si(OR), + 4HO - Si(OH)2 + 4(ROH)

Si(OH), -' SiO, (dense gel-silica) + 2(HO)

Type VI: Hydrolysis and condensation of organometallic precursor with partial de-
nsihication (600 to 950'C)

Si(OR). + 4H:O - Si(OH). + 4(ROH)

Si(OH), -- SiO., (porous gel-silica) + 2(H2 0)

makes the direct manufacture of near net shape optics impossible. Price
increases considerably as the quality of fused silica and the size of the optics
increase.

During the last few years chemically based sol-gel processes have been
developed and lead to the manufacture of types V and VI silicas as described in

Table 15.2 [3-6]. These processes offer the potential for improving many

10



162 SOL-GEL PROCESSING OF LARGE SIUCA OPTICS

features of silica optics listed in Table 15.1. Additional advantages over types I
to IV silicas are also possible, as described in Table 15.3.

Two primary sol-gel processing methods for silica optics have reached
commercialization: (1) hydrolysis and condensation of an organometallic
precursor [3-5] and (2) gelation of a colloidal alkali silicate powder suspension
[6]. The silicas resulting from these sol-gel processes are termed type V when
the final product is fully dense with no residual porosity. If the densification
process is not accomplished entirely, the organometallic method produces a
porous optical material named type VI silica.

The ultrastructure of the gel and the final densification conditions are
considerably different for the organometallic versus the colloidal methods of
manufacture of sol-gel silicas, as summarized in Fig. 15.1. An organometallic-
based sot-gel silica, such as GelsilTrt, has a totally interconnected porosity with
a dried bulk density of 1.2 g/CM 3, an average pore diameter of 2.5 nm, and a
specific surface area of 700-800 m2/g prior to densification [3]. Because of the
very small pore size and the very narrow distribution of pores, the gel is optically

I TABLE 15.3. Potential Advantages of Gel-Silica Optics

Net Shape/Surface Castinq

Complex geometries
Light weight optics
Aspheric optics
Surface replication (e.g., Fresnel lenses)
Internal structures

Reduced grinding
Reduced polishing

Improved Physical Properties (Type V)

Lower coefficient of thermal expansion
Lower vacuum ultraviolet cutoff wavelength
Higher optical transmission
No absorption due to HO or OH bands
Lower solarization
Higher homogeneity
Fewer defects

I Transparent Porous Structures (Type V1)

Impregnation with organic polymers
Graded refractive index lenses
Laser-enhanced densification
Controlled chemical doping
Control of variable oxidation states of dopants

I cGclsIf Iis a tradcmark of GELTECH. Inc.

11
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Gel-Silica Glass Process Sequence

1800 - )•OLS.•€TC

1600-

1400- ( OmmIrml

•.1200- G EL.S&JCAOPTICS

" 8 1000- 0

LU

a. 1100
600-

o Drie

RELATIVE TIME

Figure 15.1. Processing sequence for sal-gel silica oaptics.

transparent. Thc uniformity of the ultrastructurc results in densification at a
very low temperature, I1l50'C, without a change in mean pore radius. Densifica-
tion takes place almost entirely by decreasing the connectivity (genus) of the
uniform pore network [-7] and is very sensitive to pore size, as shown in

Fig. 15.2.
Because there is no pore growth by Ostwald ripening, the organometallic

derived monoliths remain optically transparent throughout the processingI schedule shown in Fig. 15.1, after they pass the opaque stage in drying
(Chapter 22). Examples of a large 100-mm organometallic sal-gel-derived
optical silica monolith after drying is shown in Fig. 15.3a. Samples of
organometallic-derived type VI and type V silica piano-piano optical compo-

nents are shown in Figs. 15.3h and c, respectively.
The colloidal sal-gel optics process developed by Shoup ['6] involves

nucleation and polymerization of potassium silicate by colloidal silica in the

presence of a hydrolytic organic reagent. By varying the ratio of colloidal species

I 12
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164 SOL-GEL PROCESSING OF LARGE SILICA OPTICS
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Figure 15.2. Tiempcrriiure dependntfce on pore nctwiork connectivity of iirganometalIic gel-silicasI ~ ~with differing mnean pore ratdii. I1):ta courtcsy of W. Vascuinceluis. University of Florid~i.)
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SILICA OPTICS PROCESSING 165

Figure 15.4. Lightweight mirror backing made by colloidal gel-silica process: (a) after drying. (b)
after densification. (Photo courtesy of R. D. Shoup, Corning Glass Works.)

to soluble silicate, the gel pore diameter can be controlled between 10 and
300 nm with a relatively narrow size distribution. As a result, strong silica gel
structures are formed by the colloidal process with large pores, >200rnm
diameter, that can resist capillary pressures encountered during drying.
Microwave drying can be used for these >, 80'/. porous colloidal gels in minutes
to hours, depending on body dimensions, without cracking.

The large-pore structures produced in the colloidal sol-gel method help in
the removal of alkali ions by an aqueous dealkalization process. The large pores
also facilitate gaseous removal of chemisorbed impurities prior to densification.
yielding low water levels and alkali and transition metal impurity of a few

';".'!•'7; 14 8 ; . • '.• 1 , I o il jýo

I - O

Figure 15.5. Near nct-ihliap colloidal gel -silica component: li) after drying. (h) after densfieation.
WPhoto courtesy of R. D Shoup Corning (;Ias Works.)

I14
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166 SOL-GEL PROCESSING OF LARGE SILICA OPTICS

hundred parts per million. Total density is achieved after 30 min at 1500°C and
high-quality optical silica is achieved after 10 min at 1720°C. Examples of type V
silica glasses made by the colloidal gel-silica process are shown in Figs. 15.4 and
15.5.

15.3. FACTORS IN SIZE SCALEUP

Scaleup of sol-gel processing has been considered potentially one of the greatest
uncertainties. In order to achieve large optical components by the sol-gel route
it is essential to control: (1) drying rates, (2) defects in the as-cast gel monoliths,
and (3) removal of chemisorbed water prior to pore closure in densification.
Control of these factors is less sensitive in the colloidal method because of the
large pores in the structure.

1. Drying Control. A critical step in the drying of organometallic-derived
sol-gel optics is the rate of removal of water during the "opaque stage." As
shown by Wilson and Hench in this text (Chapter 22), it is during the
transition between filled pores and pore emptying that substantial bulk
strains are developed in the gel monoliths. The rate of water removal must
be slowed during this critical period to avoid cracking. The gel monolith is
relatively insensitive to the rate of drying prior to and after the opaque
stage.

2. Defect Control. Imperfections in a gel will cause stress risers during drying
and further processings steps. Consequently, even if a gel monolith has
sufficient strength to withstand a given level of bulk strain, the presence of
stress risers will induce fracture. These imperfections can take many forms
and arc usually created during casting of the sol and arc incorporated in
the solid when gelation occurs. Several examples of bubbles, which are
particularly damaging stress risers, are shown in Fig. 15.6. In Fig. 15.6a, a

I 15

I



FACTORS IN SIZE SCALEUP 167

(I

6 4b

Fiue156 uhlsia e lcam ndihi a in a %rs isr N ntain rak c

intaigtreIr~s n d rm iw. m ltakfot
16.~



168 SOL-GEL PROCESSING OF LARGE SILICA OPTICS

stress field is beginning to develop around the bubble; in Fig. 15.6b, we can

see a crack initiating from a bubble; in Fig. 15.6c, three cracks have
initiated; and in Fig. 15.6d, a complex crack front originates from the
interaction of stress fields around two bubbles.

Elimination of bubbles involves careful deareation of the sol prior to
casting, using a casting technique that does not introduce air, avoiding gas
generating chemical additives in the sol formula, and avoiding containers
that nucleate bubbles at the interface.

3. Atmosphere Control. Tightly bound hydroxyl ions on the surface of pores
must be removed prior to pore closure during densification for both
organometallic and colloidal sol-gel silicas. Surface dehydroxylation
occurs from 200 to 1000°C for organometallic-derived gels and up to
1300°C for colloidal silica monoliths. It is usually necessary to enhance the
dehydroxylation process by flowing halogen-containing gases through the
pore network before closure. In this particular case the atmosphere
control treatment should include the removal of any halogen left in the
structure of the glass. If densification is attempted without hydroxyl
removal, foaming and bloating result due to expansion of the gases formed
and trapped in the closed pores. Because of the very small size of pores in
organometallic-derived gels and the absence of pore growth during
densification, it is especially critical to have complete hydroxyl removal for
these materials if they are to achieve full density. It is important to
recognize that more internal SiOH groups are retained in an acid-
catalyzed organometallic-derived gels at high temperature than base-
catalyzed gels [8]. The internal SiOH groups polarize the silica tetrahedra
[9], which probably is responsible for a decrease in the viscosity of the
silica gel network. Consequently viscous flow, responsible for pore closure
and reduction of pore network connectivity, takes place at a lower
temperature. Thus, it is essential to optimize hydroxyl removal for acid-
catalyzed gels when the pore network has as large a connectivity as
possible. such as at as low a temperature as possible, for example. below
900"C for small pore organometallic-derived gels (Fig. 15.2).

Control of drying rates. elimination of casting defects, and rigorous at-
mosphere-control can yield large sol-gel silica optical components as shown in
Figs. 15.3 to 15.5.

I 15.4. POTENTIAL ADVANTAGES OF SOL-GEL SILICA
OPTICS

I 15.4.1. Homogeneity

One of the primary incentives for use of chemically based ultrastructure
processing of materials is improvement of homogeneity. The fact that or-
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ganometallic precursors can be hydrolyzed with watcr on a molecular scale of
mixing yields the possibility that the glass structure derived from an organomet-
allic gel may have a molecular level of homogeneity. However, as indicated
above macroscopic defects must be eliminated first in order to achieve high
levels of homogeneity. Also, processing controls must be developed to eliminate
fluctuations in the density and index of refraction during densification.

Successful processing controls have been achieved for organometallic-derived
optics up to 75 mm for type V silica and 100 mm for type VI silica (Fig. 15.3).
Results from optical property measurements show no evidence of bubbles, no
striae, a superior index of refraction homogeneity of about 1-6 x 10-6, and very
low strain bircfrinencc of 4-6 nm/cm. These characteristics of organometallic-

I
I
I
I

I Figure 15.7. innazlcvsr,. . orfaty', f denc org;ir1omc1li;hL ' d slicas (type V GelsilT"): (a)
improperly denificI . ilh •cerc index gradihcnt',,. 1hi isdel. ,e 1IL.hiI n with good homogeneity.I
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derived sol-gel silica (GelsilTM) are equal or superior to types I to IV optical
silicas. Figure 15.7a is an example of an earlier generation organometallic gel-I silica monolith that was homogeneous as a gel, but developed large index of
refraction gradients during densification. This type of inhomogeneity can be
eliminated, as shown in Fig. 15.7b.

15.4.2. Purity and Properties

Another major incentive for low-temperature, chemically based processing is
achieving a higher level of purity than traditional glass and ceramic-processing
methods. The organometallic sol-gel glasses have very few cation and hydroxyl
impurities. An important consequence of the elimination of impurities is the
improvement of transmission throughout the optical spectrum. Figure 15.8
compares the ultraviolet optical transmission of two commercial ultraviolet
(UV)-grade optical silicas (type 1I1) with a typical spectrum from an
organometallic-derived gel-silica (type V). The vacuum UV cutoff wavelength is
substantially improved for the gel-silica material. Recent quantum mechanical
calculations of West et al. have shown that the greater transmission in the UV
can be attributed to a lower alkali and OH radical content in the gel-silica
(Chapter It ). Results from the quantum mechanics calculations are compared in
Fig. 15.9 with the improvement in gel-silica transmission over the last three
Ultrastructure Processing Conferences, as the OH radical content of the gel-
silica glasses has been progressively eliminated. The ultraviolet transmission of

I '00
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,2,
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Figure 15.8. Ullraivioko optical Irainsmis-on of .I dense org~anometallik gel -mica~ (type V Gelsil'")
compared with two commercial type III silicais.
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Figure 15.9. Improvements in UV transmission of organometallic gcl-s.licas with time compared
with quantum mechanics predictions of UV cutoff wavelength.

colloidal based silica is poorer than organometallic-derived gel-silica due to a
higher level of impurity inherent to the alkali-silicate-based colloidal process.

Elimination of OH radicals from gel-silica optics also results in elimination
of absorption bands in the near infrared, as shown in Fig. 15.10. This figure
shows the difference between type V gel-silica and type III silica, which exhibits
absorption bands at 1400 and 2200 nm. and a very broad absorption band at
2730 nm. Reliability of production of low Oil radical content in type V gel-
silicas (GelsilTM) has also been recently achieved.

15.4.3. Coefficient of Thermal Expansion

A very low coefficient of thermal expansion (CTE) is an e':pecially important
physical characteristic of optical silica. The organometallic process leads to the
production of a type V silica having a lower CTE than other types of silica.
Figures 15.11 and 15.12 compare the thermal expansion and the CTE values of a
type V silica (GelsilrM) optics with the NBS silica reference and type III and IV
commercial silicas over the temperature range of 25 to 700"C. The organometal-
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Figure 15.10. Near infrared transmission of a dense organometallic gel-silica (type V GelsiiTM)3 compared with a type III silica.

3 400-

~. 300.

CL

! 0.

WX 200

Eu

- - NBS Silica Reference

I. 100oo Type III Silica
Tv,'* IV Silica

- Type V Silica (Gelsil)

0 100 200 300 400 500 600 700 800

Temperature (*C)

Figure 15.11. Thermal expansion of a denie organometallic gel -silica (type V Ge,!silT") compared
with NBS silica refcrence and types III and IV silicas.
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Figure 15.12. Coefficient of thermal expansion (C-TE) of a dense organomctallic gdl-silica (type V
GelsilrN) compared with NBS silica reference and tyMps Ill and IV silicas.

lic sol-gel optical silica have lower values of thermal expansion and CTE than
the other types of silica [10].

15.4.4. As-Cast Shapes and Surface Features

I Another area of potential advantage of sol-gel optics processing is that of
obtaining net shapes and surfaces or at least near-net shapes and surfaces
through casting sols at low temperature into molds of predetermined configura-

tions. Advantages offered by this type of processing are listed in Table 15.3. A
lightweight mirror with integrally cast face plate and honeycomb backing made
by gelation of silica organometallic precursor is shown in Fig. 15.13. This
configuration has been successfully dried and a sample of similar size (75 mm in
diameter) and shape has been successfully dcnsified. A net shape honeycomb
mirror backing made by the colloidal route is shown in Fig. 15.4 and a complex
mold casting of colloidal silica gel-glass is shown in Fig. 15.5.

Another application of net shape casting is the replication of specific surface
features. For example, Fig. 15.14 shows the surface characteristic graphs
obtained on a Sloan Dcktak/FLM profilometer of a plastic Fresnel lens master

and the corresponding gel-silica Fresnel lens. The lens master was machined in
a polymer and the organometallic sol-gel silica positive replica was made by
direct casting against it. Figure 15.15 shows a microscope photograph of a dry
organometallic sol-gel silica part. It can be seen from this photograph and the
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Figure 15.14. Protilometry graphs of Fresnel lenses: (a) polymer master. (h) replication in
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Figure 15.15. Microscope photograph of a dry organometallic gel--silica Fresnel lens.
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TABLE 15.4. Optical Composite Made from Type V1 Silica (Porous Gelsili')

U Non-linear Optical Polymers

Phenylenebenzobisthiazole
2-Methyl-4-nitroaniline

Organic Fluors

2-(4'-t-Butylphenyl)-5-(4"-biphenylyl)- 1,3,4-oxadiazole
p-Terphenyl
p-Quaterphenyl

Wavelength Shifter

3-Hydroxyflavone

Other Organics
Laser dyes
Liquid crystals

I from some of these studies have been discussed elsewhere [3, II]. The colloidal-

based silica processing produces gels with large pore size that are not optically
transparent and therefore cannot be used to make type V1 optical silica.

Another unique application of the type VI structure is to use it as the
substrate for laser densification. Optical waveguides have been made using laser
writing of higher-density tracks on the porous gel-silica substrate [12]. The

higher-density tracks have a greater index of refraction than the porous matrix
and therefore can serve as a planar waveguide. The prime advantage of the laser-
written waveguide is that it matches the index of refraction of silica fiber optics,
which is not the case for ion-exchanged or diffusion-based waveguides.

15.5. CONCLUSIONS

Since the first Ultrastructure Processing Conference, the progress made in sol-
gel science allowed the development of two new types of optical silica. A fully
dense sol -gel-derived silica, termed type V gel-silica, can be made either with a
colloidAl, process or an organometallic process. The colloidal method results in
optically opaque gels to large pores of >200nm in diameter with ->80','
porosity requiring 1500 to 1720"C densification temperatures. The organomet-
allic process results in optically transparent gels with 45?$, pores of only 2.5 nm

in diameter and require a densification temperature of only I 150"C. An optically
transparent sol-gel-derived porous silica, termed type VI yel-silica, can be

made by the organometallic route. This new type of silica can be used for
applications such as an optical element with a second phase impregnated within
the pores or as a substrate for laser-written waveguides.

* 25
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The major progress was made in size scaleup. This was achieved by (1)

developing an understanding of the chemical mechanisms involved in each of

the seven sol-gel-glass processing steps and (2) establishing careful process
controls for each processing step. It is the precise control over the chemical
mechanisms and rates of reactions that allows the production of optics of 75 and
100 mm in diameter or larger for both type V and type VI silicas, respectively.

The physical properties of the organometallic-derived type V gel-silica are
equal or superior to types [ to IV optical silicas and include short UV cutoff, low

optical absorption throughout the spectrum, high homogeneity, very few

defects, low strain birefringence, and low coefficient of thermal expansion.
Both the colloidal and the organometallic methods of optical gel-silica

manufacture can be used to produce complex net shapes by direct casting at
ambient temperature. This unique property of the sol-gel process can be used to
make optics with special shapes and surface features, such as lightweight
mirrors, Fresnel lenses, and aspheric optical components.
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*] b. REAL TIME MONITORING OF SILICA
GEL DRYING BEHAVIOR

M. J. R. WILSON AND L. L. HENCH

I 22.1. INTRODUCTION

One of the main difficulties in monitoring changes during the drying of gels is
that the "as formed" gel is extremely sensitive to physical contact. Any device
contacting the gel may affect drying behavior by altering the surface temper-
ature, causing inhomogencous evaporation and development of differential
stresses that can lead to cracking.

In this apparatus, optical means are used to measure changes in thickness
and diameter of a gel and the stresses that develop during drying. Weight change
is measured simultaneously enabling density and pore volume to be calculated.

The gel is suspended within a drying chamber contained within an oven. Both
the drying chamber and the oven are equipped with windows to provide 360"
viewing of the sample. The windows allow transmission of polarized light
through the sample and also side illumination. An automatic 35-mm camera is
used to record the dimensions of the gel (by careful use of mirrors) and the
balance readout at any time interval, from I sec to 120 hr. An automatic data
collection system records temperature at up to eight locations within the drying
chamber in order to confirm temperature homogeneity. Temperature control is1 provided by means of a (Micristar) ramp and soak controller.

Ulhrastructure Prncessinq of Advanced Materials.

Edited by Donald R. Uhlmann and Donald R. Ulrich (deceasedl.
ISBN 0-471-52986-9 'f) 1992 John Wiley & Sons. Inc.
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248 REAL TIME MONITORING OF BEHAVIOR

I22.2. EXPERIMENTAL APPARATUS

The apparatus is shown in detail in Fig. 22.1. Evaporation rate is controlled by
both temperature and by two vapor outlets, one of which is variable. Details are
shown in the inset of Fig. 22.1. The camera records the sample dimensions on
high-resolution 35-mm slides that afford a four- to five-times magnification of
the sample.

I •Draft shield

/ )•-•Mirror

I I M I. Glass support rod

-Data acquisition system

Temperature
controller External insulation

Control TIC Mirror

Variable vapor Camera with
outlet olarising filter

Polaris tr 

N

L s ===q J---Drying chamber top

Thermocouple array

Sample In Drying chamber window
bolder I. .Drying chamber frame

-S r r Double oven window

-306 sIs nange Heating elements
I ;Silizeoc seals

7rin cbambcr top

PTFE disc Blower

I Figure 22.1. Experrmcnli apparatu., fir real-lime moniloring of silica gel drying behavior.
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The gels 22 and 25 used in this study were made by adding I mol of
tetramethyloxysilane to 16.17 mol of water containing 0.089 mtol of nitric acid at
pH - 1.5. After stirring for 10 min, the resulting sol was chilled to 20°C and cast
into a 110-mm-diameter polymethylpentene mold. Gelation occurred in 55 hr at
23°C and was followed by aging for 3 months at 220-25 0C. The aged gel was
removed from its mold and placed on edge on the sample holder. The drying
chamber was sealed and the wet weight recorded. The drying chamber was
heated to I 10°C at a rate of 5°C/hr. The gel was maintained at 110C + 0.5°C
until no further changes in weight or dimension occurred, this was about 135 hr
for gel 25.

22.3. RESULTS

The data collected are weight, diameter, thickness, birefringence, transparency
(or opacity), and temperature. These data are shown in Fig. 22.2 for a 99.3-mm-
diameter, 21.2-mm-thick silica gel monolith (gel 25) with an initial density of
1.077 g. The sequence of photographs (I to 10) in Fig. 22.2a show the appearance
of the gel at points marked on Fig. 22.2. Figure 22.3 shows the equivalent data
for a similar monolith 99.4 mm in diameter and 19.4 mm thick with an initial
density of 1.080 g/cm2 (gel 22).

The pore volume can be calculated by
Sv, = vb V

where Vb is the bulk volume, calculated from the sample thickness and diameter,
and V, is the volume of the network, calculated from knowledge of the amount of
SiO, in the sample (from the amount of alkoxide used) and assuming a
structural density of 2.11 g,'cm 3 for the acid-catalyze-i gels used (Chapter 11).
The time dependence of the pore volume is shown for gel 25 in Fig. 2".4c. The
change in the rate of weight loss and density is shown in Figs. 22.4a and 22.4b.
Figure 22.5 shows the comparative (log) loss rates for both samples. During the
rise in temperature the gel expands slightly up to - 70'C after which evaporative
losses begin to dominate and the gel rapidly loses both weight and volume
(stage I). This first stage of drying accounts for over 80', of the total weight loss
and almost 100"',, of the total volume loss while taking only 30", of the total
drying time. The end of this stage coincides with the maximum observed density
of 1.48 g/cm'. This value corresponds to the calculated density of the dry gel
with the pores completely full of pore liquid.

After shrinkage stops, the rate of evaporation slows and assumes a linear
relationship with time (Fig. 22.4a). This stage (stage 2) accounts for 1 1"' of the
total weight loss and about 35", of the total drying time. Shortly after entering
this stage the gel turns opaque (photographs 5 to 10), first at the edges,
progressing linearly toward the center. It is normally during this opaque stage
that the gel breaks, if sufficient stress or defects are present (Chapter 15). Some
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further shrinkage (- I'%, linear) is observed during this stage, although the gel

subsequently expands to its previous size as transparency is regained. At the end

of this stage, the gel is within 5",, of the theoretical weight of silica formed in the

original hydrolysis and subsequent polycondensation. Further soaking at I 10"C

reduces the weight to within 2.2",, of the theoretical value, but at a very reduced

rate. This final stage (stage 31. leading to equilibrium, accounts for the remaining

I
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Figure 22.5. Comparative (log) loss ra.es for gel 22 and gel 25.

I drying time. The aged gel consists, by volume, of 91% pore liquid (35%.
methanol/65% water at pH - 1.5) and 9%, solid phase. The I 10'C dry gel, in
contrast, consists of 42% solid phase, 57% open porosity, and 1% adsorbed
moisture. The Brunaur-Emmett-Teller data give an average pore radius of
23.1 A, a surface area of 566 M2 . and a pore volume of 0.654 cm 2 /g for gel 25,
compared to a pore radius of 23.8 A• a surface area of 581 m2 , and a pore volume
of 0.692 cm 3 for gel 22.

22.4. DISCUSSION

The drying process consists of three stages:

Stage I. During which the greatest changes in volume weight and structure
occur.

Stage 2. In which changes in weight and volume are small, but large changes
iW optical characteristics are seen.

Stage 3. In which there are no further dimensional changes, but there is a
progressive loss of weight to the minimum attainable value.

The physical changes that occur during these stages are shown in Fig. 22.4. In
stage I, the rise in temperature is accompanied by the rapid increase in the loss
rate seen in Fig. 22.4a and Fig. 22.5. The rise in temperature is also responsible
for the small increase in pore volume seen in Fig. 2 2.4c due to thermal expansion
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of the enclosed pore liquid. The drop in density seen in Fig. 22.4b can only be
partially attributed to this expansion. The minimum density observed occurs
slightly before the peak loss rate. The volume loss does not equal the volume of
evaporated pore liquid, but follows closely behind suggesting that the evapora-
tion rate is greater than the maximum strain rate of the gel and that pore
emptying is occurring. As the evaporative forces begin to dominate, the gel
begins to shrink rapidly, resulting in an increased packing density of the solid
phase, further polycondensation (formation of new Si-O bonds) and a rise in
density, modulus, and viscosity of the solid phase. The shrinkage is accompanied
by a nonlinear decrease in the loss rate, which may be due to decreasing surface
area and pore radius. This structural change would create a dry surface layer
through which vapor must diffuse to reach the surface. A decrease in the strain
rate of the gel or a combination of these factors may also be involved in
producing the observed rates. The maximum density corresponds to the point at
which shrinkage stops and the meniscus is at the surface. This is the point where
the resistance to shrinkage becomes greater than the applied stress, and the
meniscus penetrates the interior of the gel. This marks the beginning of stage 2.
Once this occurs the loss rate progressively slows as the liquid vapor interface
moves toward the center. The opacity seen during stage 2 is due to this interface.
Shaw [I] suggests that this phenomenon is caused by light scattering from
isolated pores (or groups of pores) of such a dimension that they are able to
scatter light. The data obtained during stage 2 indicate an increase in open
porosity from 0.0 12 to 0.364 cm 3/g during the opaque transition, thus support-
ing Shaw's scattering theory. The start of stage 3 occurs when the loss rate again
drops. The division between stages 2 and 3 is not as well defined as that between
I and 2. but can be seen clearly in Fig. 22.5.

A small level of stress birefringencc appears to be present throughout the
whole process. However during stage I the position and motion of the stress
generated isogyres is difficult to monitor. During the opaque stage the
birefringence is obscured by the scattering. On completing the opaque stage the
stress birefringence becomes sufficiently strong to lead to the formation of the
biaxial optical figure of the two curved isogyres and the Maltese cross optical
figure seen in Fig. 22.2148- 10). For further analysis of this stress birefringence
data see Ref. 4.

The presence of differing drying rates for silica gels has been noted by
Zarzycki [3], although long drying times ( 400 hr) were required to preserve
monolithicity. Dwivedi [4] reported that the water loss during drying of
alumina gels takes place in two stages, although cracking occurred during the
drying process. The detailed drying data presented herein on uncrackedI monoliths shows three identifiable stages of drying. These three stages are
consistent with the constant rate period Istage I), the first falling rate period
Istage 2), and second rate period (stage 3), discussed by Scherer and Brinker [5].

-- For further discussion of the differences between stage 1, as determined herein
and the constant rate period. see Ref. 2.
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22.5. CONCLUSIONS

The apparatus described is capable of accurately monitoring the physical and
optical changes that occur while drying large monolithic gels. The data show
that the drying process consists of three distinct phases.

Stage 1. Initial gel expansion is followed by rapid loss of weight and volume.
Stage 2. When shrinkage ceases, the gel turns opaque to transmitted light

and undergoes a small and temporary reduction in volume. During this
second stage the rate of weight loss becomes linear.

Stage 3. The rate of loss falls to a lower value. The third stage takes
considerable time, but results in a gel within -2% of theoretical dry
weight at 110'C.
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*I c. SCL-GEL-DERIVED TITANIA-SILICA
GEL-GLASSES

I
YEU-CHYI CHENG AND LARRY L. HENCHI

I 31.1. INTRODUCTION

TiO,-SiO2 glasses are of significant technical importance due to their unusual
thermal expansion behavior. The linear thermal expansion coefficient decreases
with increasing titania content, with zero expansion in the range of 7-8 wt %,
TiO, [1, 2]. Conventionally, the titania-doped silica glasses, produced either by
melting or by flame hydrolysis, are difficult to prepare as large, transparent,
homongeneous single-phase materials. Recently, the sol-gel technique has been
successfully used to prepare glasses at a relatively lower temperature. Yoldas [3]
and Kamiva and Sakka [4.5] have shown that it is possible to prepare titania-
silica glasses through this route. which involves hydrolyzing liquid metal
alkoxidcs and subsequently heating the gel to produce a vitreous glass.

It is concluded from X-ray diffraction [6] and infrared analysis [7. 8] that the
titanium ions are in tetrahedral coordination in the TiO,-SiO_, glass system
with up to 10.5 wt TiO,. Also, these glasses are built up of a homogeneous
network in which each TiO. tetrahedron is linked to four SiO. tetrahedra.

The objectives of this investigation are (1) to study the effect of atmosphere on
the densification of the TiO,-SiO, monoliths, (2) to determine the physical
properties as a function of densification temperature, and (3) to investigate the
effect of densification on the coordination of titanium ions in the monolith
throughout densification using Fourier transform infrared spectroscopy.
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Figure 31.4. The effect of processing temperature on the hardness and surface area of titania-silica
gel-glasses (a) 3%TiO2 (b) 7rT1j0 2.

Figures 31.4 and 31.5 illustrate the effect of processing temperature on the
physical properties of titania-silica gel-glasses when sintered in flowing dry air.
The change of linear dimension, weight loss, and skeletal density as a function of

temperature for 5"1 titania-silica gel-glass is shown in Fig. 31.6.

31.4. DISCUSSION

I All the physical properties determined in this study, that is, microhardness,
specific surface area, pore radius, pore volume, and bulk density, show no
significant changes below 600"C regardless of TiO, content. Above 600"C, theseI- properties change rapidly with temperature. However, there is about 6%
shrinkage when the dried titania-silica gels are heated to 600'C for all the
compositions studied. Gel shrinkage can be attributed to four mechanisms: (1)
capillary contraction, (2) condensation-polymerization, (3) structural relaxat-
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Figure 31.6. The change of linear dimension, weight loss and skeletal density as a function or
temperature for a 5% titania-silica gel-glass.

I ion, and (4) viscous sintering [I 1]. Below 400'C, the skeletal density of the gels is
essentially constant (see Fig. 31.2) with 10%' weight loss in this temperature
regime as indicated by thermogravimetricanalysis results (see Fig. 31.6). This
weight loss is attributed to the desorption of water molecules and pyrolysis of
the gels. Thus, shrinkage in this temperature range is attributed to condensation

reactions, Si-OH + HO-Si - Si-O-Si + H 20, which result in a more rigid
network and increases the bulk density and microhardness.

At higher temperature (<600"C), structural rearrangement or structural
relaxation takes place due to available thermal energy, which results in the
decrease of the excess free volume. This is confirmed by the increase of the
skeletal density as shown in Fig. 31.2. Thus, both condensation and structural
relaxation contribute to the shrinkage observed. In addition, the network
structure is further strengthened as indicated in Fig. 31.3. The infrared peak at
1050 cm- attributed to the antisvmmetric Si-O stretchine mode within the
SiO. tetrahedra. and the peak at 460cm ', attributed to the bending mode of
O-Si-O within tetrahedra and Si-O-Si between tetrahedra, are shifted toward
higher wavenumbers, suggesting higher force constant for the vibrations. The
vibrational band associated with TiO, tetrahedra is obtained at 945 cm-, as
reported in the literature [8, 9].

It is observed that gels sintered under ambient static atmosphere all bloated
at a temperature above 800'C. On the other hand, sintering conducted under a
dried air atmosphere showed no sign of bloating at a temperature of 1000'C.
This is presumed to be due to the lower water content of gels sintered in dried air
atmosphere. Densification of silica glass increases with increasing OH content
[12]. Consequently, densification starts earlier for gels with higher water
content, as in the case of static ambient atmosphere, and bloating is observed.
because pores are closed before water can be thermally desorbed.

There is no question that gels with higher titania content are more difficult to
sinter. l3ecause the size of the Ti' ' ion is larger than that of Si' , it is expected
ItIIit as T"' ' enters the glass network, both bond angle and bond length are
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affected. Grcegor et al. [13] and Morikawa et al. [14] have shown a Ti-O-Si
bond angle of 159' and a Ti-O distance of 1.80 to 1.86 A compared to the 152°
Si-O-Si bond angle and 1.6-A Si-O bond distance. Thus, the network structure
"opens up" upon titania addition. The increase in densification of the TiO 2-
SiO 2 glasses thus may be attributed to the introduction of more easily deformed
Ti-O-Si bonds, which increase the ease of structural rearrangement.

31.5. CONCLUSIONS

Large, monolithic TiO 2-SiO 2 gel-glasses were produced using organometallic
sol-gel technology. The physical properties of the gel-glasses do not change
significantly below 600'C in either an ambient static or controlled dried air
atmosphere. Above 600'C, the properties change rapidly with densification
temperature. Bloating of the samples was observed when sintering was carried
out in ambient static, but not in controlled dried air atmosphere. This was
attributed to the difference in the water content of the samples, which resulted in
the difference in densification rates. The network structure is strengthened as
densification temperature increases, as indicated by the increase in the waven-
umbers of infrared vibration peak. The vibrational band associated with TiO 4
tetrahedra is obtained at 945 cm - L. The increase in densification with increasing
titania concentration is explained in terms of the weaker nature of the Ti-O-Si
bond. increasing the ease of structural rearrangement as titania content
increases.
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a. OPTICAL COMPOSITES

L L Hench, Advanced Materials Research Center, University of Florida, One Progress
Blvd., #14, Alachua, FL 32615

Two methods are described for preparation of optical composites: (A) a sol method
where an organic phase is mixed with an inorganic precursor and (B) where an optical
transparent inorganic Type VI gel-silica matrix is first prepared and stabilized thermally,
then an optically active polymer is impregnated into the interconnected 3-D pore
network. Comparisons of relative processing merits, mechanical properties and optical3 applications are presented with emphasis on solid state tunable dye lasers.

INTRODUCTION

For centuries optical components have been primarily single phase materials with or
without chemical dopants to produce specific optical characteristics. Examples include
glasses and single crystals for lenses, mirrors, lasers, filters; polycrystalline ceramics for

optoelectronics; and glass-ceramics for mirrors.' During the last few years the use of
sot-gel chemical processing has made it possible to develop optical composites which
have two or more phases, and thereby possess unique optical properties. The
composites are usually an optically active organic phase and a sol-gel derived oxide
matrix. Because of the chemical stability of an oxide network such optical composites
offer substantial advantages in processing, reliability, and performance over the organics
by themselves. Many of the organics of interest are liquid at ambient temperature and
are therefore restricted in use in an optical system. By using the composites approach
these restrictions are circumvented.

Several groups have pioneered the growing interest in optical composites including
Reisfeld. Avnir and colleagues in Israel;2.3.4 Mackenzie 5 and Dunn 6 and co-workers at
UCLA; King and colleagues at the University of Manchester, U.K.; 7, Prasad and Karasz
at SUNY at Buffalo and University of Massachusetts 8 and Nogues and co-workers at the
University of Florida and Geltech, Inc.9 Their developments will be reviewed as
examples of this new field along with recent results from our laboratory.'°

* PROCESSING

Two alternative pathways are used in making optical composites, as illustrated in Figure

1. In Method A, termed sol processing, the metal organic sol-gel precursor is mixed
with the optical organic molecules. Hydrolysis and polycondensation reactions occur
in Process Steps 1-3, see References 11 and 12 for details, which results in formation
of a highly porous, interconnected 3-D oxide network, the gel, containing the organic
within the framework of the gel. Removal of the alcohol-water liquid from the pores of

I
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I OPTICAL COMPOSITES PROCESSING
METHOD 1

Process METHOD A (Adsorption or
Step (Sol Processing) Impregnation Processing)

1 25*C Mixing i xng Produces colloidal
-4 I Hr (Hydroiyas & (Hydrolyssl & suspension (sol).

Condensatlon) I iCondensaton Used for films, coatings.

S ol cast Into inexpensive
r25C Casting Casting molds of desired product

Hr shapelsurface replication.
:5to 1 i Stio l solidifies by coss

mu urnlinking olfundamental
Minutes -1. 48 Hrs (Polycondensjtion) (Polyconden. lon) particles.

Structwrl evolition of the
4 10o 0C Aging Aging gel by podycondenstatlon.

12 - 48 Hrs (Syneresis) (Syneresis) dissolution and# redeposiion.
5I .)I Removal of the gel

100 o 2 180°C Drying Drying lq p has e.
24 - 72 Hrs' liquid phase.

Removes any remaining
Stabilization surface species without
(CehVdratloni significant structuralI alteration.

P u trx (Type VI gel-silica)SPorous Matrix

6 180 - 3 950*C Type Vt Gel-Silical
12- 72 Hrs +

dsorb or Impregnate
7Optical organic

I DrLingZ
OPTICAL OPTICAL
COMPOSITE COMPOSITE

Figure 1. Process steps for two methods of making optical composites.

the gel, Step 5, produces a dry and moderately strong two phase material. The size and
volume fraction of pores containing the organic phase are influenced greatly by the
amount of water or alcohol used in making the gel and the pH of the solution. The
mechanical and chemical behavior of a composite made in this manner is restricted by
the temperature limitation of drying imposed by the thermal stability of the optical
polymer. Figure 2 illustrates the range of microhardness. flexural and diametral tensile
strength, and hydroxyl content of silica gel monoliths dried at 180I C. The improvement

I
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Figure 2. Effect of stabilization temperature on properties of Type VI gel-silica optical

matrices with 1.2 nm pores OH content, ref.: flexural strength (MPa), ref.:

diametral tensile strength (MPa), ref.; Microhardness (Kg/mm2), ref. X = flexural
strength for fully dense vitreous silica, ref.

in mechanical properties with increased processing temperature is also illustrated in

Figure 2.

Method B is a two part process, termed absorption or impregnation processing, which

circumvents the thermal stability limitation on processing. The first part, Steps 1-6, uses

the sol-gel method to make an optically transparent gel-silica matrix with a very large

volume fraction of interconnected porosity with a very small average pore radius

(< 1Onm). This type of material is termed Type VI gel-silica. (For a discussion of Type

I-IV silicas see Bruckner, 13 for a description of the processing of Types V and VI gel-

silica see references 11 and 14.) The Type VI matrix is chemically stabilized by a

thermal treatment, see Figure 1, Step 6, and then ground or polished, if necessary, to

produce an optical element. In the second part, Steps 7 and 8. the optical organic

phase is diffused or impregnated into the porous matrix where it is chemically or

physically absorbed within the pore network. The extent of chemical interaction between

the optical organic phase and the network is strongly influenced by the stabilization

treatment which controls the silanol concentration on the surface of the pores.' 5 16

Figure 3 illustrates two variations in the pore geometry, silanol concentrations, adsorbed

I
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and bound water layers, and sorbed organic molecules that are possible using Method
B processing of optical composites. Thickness of the bound-water layer varies from 0.7
to 1.2 nm as pore radius increases from 1.2 to 7.5 nm, References 11 and 16.

There are advantages and disadvantages of both process options. The primary
advantage of Method A is its simplicity. There is relatively little information on the
mechanical, and thermal properties of composites made by Method A. Likewise data
on ultrastructural or textural characterization of composites made by Method A is limited.

The primary advantages of optical composites made by Method B. Table 1, is that the
textural properties such as volume fraction and pore size distribution can be tailored for
specific applications. Also, the chemical nature of the pore network, largely controlled
by pore radius, silanol concentration, and absorbed water layers can be varied during
stabilization, Step 6, and optimized for a particular organic Impregnate. For example,
Nikiel. et al. have shown17 that the rotational relaxation times for acetonitrile in a Type
VI gel-silica matrix is an order of magnitude larger when the molecules are adsorbed in
the first monolayer compared with molecules that completely fill the pores. Perry and
Li18' and Hench and West' and Wangl8 b have shown that the extent of pore surface
hydration affects the ligand fields of elements adsorbed in the pores.

I Table I
Advantages of Type VI Gel-Silica as a Laser Dye Host

1 1) Fabricability into laser rods, slabs, 2) Wide range of volume fraction of

or Brewster angle segments porosity

3) Polishability 4) Wide range of pore sizes

5) High mechanical strength 6) High thermal stability

7) Net shape and net surface casting 8) High chemical stability

9) High purity 10) Excellent transmission over wide
range of wavelengths

11) Ability to tailor chemically the
surface to control the dye-matrix
interface

PROPERTIES OF TYPE VI GEL-SILICA OPTICAL MATRIX

Some textural characteristics of the optical matrices made by Method B are summarized
In Figure 4. Average pore radii, calculated from N2 adsorption isotherms, vary from 1.2
nm to 8 nm. The smaller pore size range is made using acidic conditions to control
hydrolysis and condensation, Step 1, whereas the larger pore sizes are produced by
also using HF in Step I or aging in basic conditions. Step 4. The volume fraction of
porosity varies from 0.3 to 0.75 depending upon the initial sol chemistry: aging
treatments, Step 4; or thermally induced changes during stabilization, Step 6. The
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connectivity of the porosity, which influences the impregnation of a second phase, also
varies with processing, as determined by Vasconcelos, et al.19 Figure 5 shows the
variation In pore connectivity with densification or stabilization temperature for three Type
VI gel-silica matrices with pore radii of 1.2, 3.2 and 8.1 nm. The connectivity Is

calculated as the topological parameter genus, where the genus of a completely dense
solid Is zero. For details, see References 20 or 21.

0.8

0.6 - Vv 3.2 nm Pores-.-

3. 
4 2 o rc VV 1.2 nm Pores-1

8.1i 
por 

sizes.es

4 0
.0.0

0 400 800 1200 c

TEMPERATURE (-C)

Figure 4. Variation of volume fraction and size of pores as a function of stabilization
temperature for Type VI gel-silica optical matrices with 1 .2nm, 3.2nm, and
8omam pore sizes.
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Figure 5. Variation of the connectivity of the pore network (genus) of Type VI gel-silica
optical matrices as a function of stabilization temperature and initial pore size.
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The optical properties of the matrices depend on the texture of the pare network and
stabilization history. The UV cut-off increases to longer wavelengths as the pore size
Increases, due to Raleigh scattering.22 Figure 6, and as the OH content Increases. 11 ,16 ,23

Consequently, the optical characteristics of Type VI matrices are a function of processing
temperature, as shown In Figure 6. The UV cut-offs for fully dense silicas, Types I-IV, are
shown for comparison.23 Absorption within the near IR Increases with Increasing OH
content, as discussed In References 16 and 23. The OH content of the pore network
varies with thermal treatment,' 5 as shown In Figure 2.

Mechanical properties also vary with the texture of the 2el and interconnecting pore
network as shown in Figure 2 based upon Vasconcelos, 2 Park25 and Wang'sl1 b work.
It is a major advantage of Method B processing over Method A that the strength and
hardness of the optical matrices can be increased substantially by thermal processing
without loss of the ability to impregnate the network with a second phase to form a

composite. Consequently, it is possible to use Method B processing to design a matrix
for an optical composite with a specific volume fraction of porosity of a particular size
that has a controllable concentration of silanol groups on the pores and a pre-
determined thickness of bound water or water-alcohol mixture when the organic

molecules are impregnated into the pore network. This approach can be considered as
molecularly tailoring of the composite and offers great potential for optimizing the optical
performance of the multiple phase material.I~ -----_____ -____ ________

100

w 0 [ -Type 800 Tye ° .1 '°::ýType VI V
Z I- Type III' ..4<--(1.2 nm•S•'yp

< 6Type 11 (8.0 nm Pores)

I 60I•,ye II "J40 D•.'"•-ec rea sing

I U3 ; " OH Content

ZI

I0 250 350 450 550 650

WAVELENGTH (nm)

Figure 6. Ultraviolet cut-offs for Types II and Ill optical silica, Type V full density optical
gel-silica, and Type VI porous optical matrices. Variation of uv cut-off with
stabilization temperature and pore size of Type VI matrices is illustrated.
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TYPES OF OPTICAL COMPOSITES

Reisfeld has reviewed 4'26 the use of Method A sol processing to form a very large variety
of optical composites and discussed in detail several of those developed by her Institute.
Table 2 summarizes several of the optical composites made by either Method A or

* Method B and their potential applications. It Is clear that the versatility of these methods
is extraordinary. However, in most cases considerable effort is still required to optimize
the composite systems and make them commercially viable. Two systems that have
received considerable attention, solid state dye lasers made by both Methods A and B,
and scintillators and detectors. Method B, are reviewed here.

SOLID-STATE DYE LASERS

Incorporation of laser dyes in a solid matrix has been studied for many years with the
goal of obtaining a lightweight, portable solid state system which is inexpensive to
fabricate, is reliable, and is safe to handle. C'rganic dyes are attractive for use in lasers
because they offer tunability. In contrast to tunable lasers based on transition elements,
such as chromium Ill, doped in crystals which operate only in the near IR, 2 7 organic
dyes can emit in the entire visible spectrum. The potential advantages of solid state dye
lasers over their liquid dye counterparts are listed in Table 3.

In most solid state dye laser systems, inorganic crystals, glasses and polymers are used

as host materials or saturable absorbers. 4 Recently, porous structures made by Method
A sol processing have been used to incorporate dye molecules in the solid state
systems. 2 -' 32 Type VI gel-silica made by Method B has also been studied by King 7 and
Shaw, et al.33 and Hench, et al.10 for lasing characteristics using two different types of

dyes. The Type VI matrix is potentially superior because it can be made as a laser rod
and has many desirable features, as listed in Table 2. Controlling the chemical
environment of the dye molecules is likely to be essertial to achieve high photostability,
based upon comments by Reisfeld.

4

In the recent work by i1hu, et al. and Hench, et al.10 rectangular gel-silica specimens
of 6 X 6 X 10 mm were stabilized to 8000C for 4 hrs. The ends of the rectangles were
pouk:hed to 600 grit and are parallel to each other. Other surfaces of the specimens
were not polished and were kept in an as-cast condition.

The laser dye used in this study developed by Lee and Robb 35 was 4-{2-(5-phenyl-

oxazolyl)}-1-methylpyridinium p-toluenesulfonate (4PyPO-MePTS). This dye is water

soltble which is a major advantage in the processing of the composite. The dye also

has exceptionally high photostability.3
5

Type VI gel-silica monoliths with pore sizes ranging from 1.2 to 8 nm were filled with the
dye solution, and tested using methods discussed in another publication.3" The

*Aldrich Chemical Company, Inc., Milwaukee, Wisconsin.

I
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impregnated gel-silica monoliths exhibited good environmentz.,, chemical and thermal
stability.

Table 2
Types of Optical Composites

P ?OCESS METHOD A

Matrix Organic Application Ref.

sol-gel silica film Rh6G luminescent solar concentrators 37
polymer/sol-gel film

sol-gel silica/polymer BASF-241 luminescent solar concentrators 38

sol-gel alumina/polymer Rh6G, RhB, oxazine-4, solid state dye laser (N2  5
BASF-241 pum,.ing)

sol-gel silica/polymer [2,21 -Bipyridyll-3,31 - solid state dye laser 39
D00L

sol-gel silica/ethanol Rh6G solid state dye laser (0-switched 40
Nd laser pumping

sol-gel silica fluorescein non-linear optics 41

sol-gel silica acridine yellow non-linear optics 4

sol-gel silica acridine orange non-linear optics 4

sol-gel silica film ruthenium (11) trio (2.21 photochemical conversion of 42
bipyridl cation solar energy

sol-gel silica film oxazine 170 reversible optical sensor for 4.43
ammonia and acids

PROCESS METHOD 8

Type VI gel-silica Rh6G solid state dye laser (249nm K F 7.33
excimer lacer, 532nm doubled
Nd:YAG. 504nm flashlamp
excited dye laser pumping)

Type VI gel-silica 4P'yPO-MePTS solid state dye laser (N2 laser 10.34
p ___mping)

inorganic Nd (A12 03) low expansion Nd-silica laser 7

Type VI gel-silica PBD.P-TP.P-0D scintillation detector 9

(fluors) 3-HF
(wavelength shifter
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Table 3
Advantages of Solid State Dye Lasers

Advantaae Conseauence

1) Eliminate fluid pumping and Compactness, ease of handling,

flow system less expensive
2) Isolation of dye molecules by Minimizes dimerization and

pore walls aggregation

3) Increase thermal stability Operate at higher power
4) Isolate dye molecules Inhibits destructive photo

processes
5) Steric hindrance of dye molecules Reduces rotational modes that

by porous silica matrix cause non-radiative loss
6) Easy substitution of laser rods Wide selection of wavelength

with different dyes throughout uv, visible and NIR

7) Higher thermal conductivity Higher pumping thresholds
* than liquids

In brief, the impregnated gel was tested in a single optical cavity using nitrogen laser
pumping at 337.1 nm in a transverse configuration where the rectangular nitrogen laser
beam was focused to a line within the specimen. The maximum average power of the
system was 50 mW, the maximum energy per pulse, 2.5 mJ, and the pulse duration, 800
ps.

Laser dye solutions were compared with the dye impregnated gel-silica. The latter was
pumped by the nitrogen laser beam split from the primary laser source in an amplifier
stage to increase the population density of the signal. The amplification factors are
based upon this single path mode. The particular wavelength was selected through a
grating system.

The major features of the transmittance spectra from 200 to 900 nm for 4PyPO-MePTS
water solutions and for the dye impregnated gel-silica specimens are an absorption at
the region between 300 and 430 nm due to the presence of the dye. Therefore, it is
possible to use a nitrogen laser at 337.1 nm as the primary source for pumping. The
high transmittance of the Type VI gel-silica matrix over a wide region, Figure 6, makes
this an ideal host material for the impregnated laser dye.

A gain of 23 was observed after amplification with a single pass of the laser beam at
509.5 nm through the dye gel-silica sample. 10.34 A much higher gain is expected when
the ends of the rectangular gel specimen are optically smooth and parallel to each other.
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Figure 7 compares the tuning curve for 4PyPO-MePTS Impregnated gel-silica over the
blue-green spectral region with the dye solution. 1 The relative energy of the laser
output shows a maximum at 510 nm. This result Is consistent with Contnolr's data36

where he used water as the solvent. However, the tuning range of the dye water
solution is wider (40 nm) compared to that of the solid state sample (20 nm).

The spectroscopic properties of both liquid and solid state 4PyPO-MePTS and R6G dye
lasers are summarized In Ref. 10. With R6G, two kinds of host materials are compared
Including sol-gel derived silica and the microporous quartz glass (MOG), which is a
leached sodium silicate glass. The gel-silica used in this study has a higher volume
fraction of porosity (0.5) but smaller average pore radius (1.2 nm) as compared to MOG
with <0.25 volume fraction of pores and an average pore radius of 3-4 nm. The
maximum of the fluorescence spectra reported by Avnir, et al.2 and Shaw, et al.33 are
very close to each other. However, Efendiev's fluorescence spectrum shows a
maximum located at lower wavelength along with a lower value of the volume fraction
of porosity of the glass matrix.32 With 4PyPO-MePTS, the peak shifted to a lower
wavelength for the solid state dye laser compared to that for the solution.

% %

I *, ..wL It I t

Z 6.67 2 / %

_j 3.33 5-"
Crl

0 I I I I
420 460 500 540 580 620 660

WAVELENGTH (nm)

I Figure 7. Tuning curves of the 4PyPO-MePTS or R6G impregnated gel-silica and the
dye solutions 1-4PyPO-MePTS water solution; 2-4PyPO-MePTS impregnated
gel-silica with data from the total energy output; 3-4PyPO-MePTS impregnated
gel-silica with data after grating: 4- R6G water solution; and 5-R6G
impregnated gel-silica.
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SCINTILLATORS AND WAVELENGTH SHIFTERS

Fast radiation hard scintillators have been developed by Nogubs, et al. 9 using Type VI
gel-silica as the matrix with a 1.2 nm average pore radius and 0.35 volume fraction of

porosity to host organic fluors such as B-PBD, P-TP and P-OP. The silica matrix
provides high y-ray radiation resistance compared to the organic plastic scintillators and
the organic fluor provides fast scintillation response. Both properties are advantageous
for high-speed counting necessary for high-energy physics applications.

The problem encountered with B-PBD, P-TP and P-QP is that their fluorescence spectra
typically peaks at wavelengths below 400 nm at which the gel matrix has some
absorption. To solve this problem, Nogu~s, et al.9 used 3-HF as a wavelength shifter to
absorb the < 400 nm radiation of the primary fluor and to re-emit in wavelengths of 500-
600 nm. These wavelengths are advantageous as they are less absorbing in glass than
the shorter wavelengths and also result In high quantum efficiency for silicon
photodiodes. When analyzed for scintillation efficiency with a-, as-, and y-ray sources,
the light output was reported to be only a few times lower than the much more highly
developed plastic scintillators but very much more resistant to y-radiation.

3 CONCLUSIONS

Two methods of preparing optical composites have been developed. Both are extremely
versatile processes. Method A, where the organic is mixed directly with the sol offers
the advantage of simplicity. Method B, where the organic is adsorbed or impregnated
into a porous gel-silica matrix, offers the advantage of superior mechanical properties
and considerable control over the interfacial chemistry of the pores and organic phase.3 It is too early to establish which is preferable for commercially viable optical devices.
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I Abstract: The sol-gel method of producing silica optics results in both fully dense
Type V gdl-silica and a Type VI gel-silica intermediate product. Advantages of the
Type V gel-silica for net shape precision optics are described. Uses of the Type VI
ation cooled windows, fast radiation-hard scintillating detectors and solid state dye

lasers.

1 INTRODUCTION mation of the quality of each step of processing,I which in turn is a function of the skill, training and
Optical systems have become one of the largest time devoted by technicians. The performance of ani growth fields in high technology industry. All optical optical system is an aggregate of the quality of the
systems require many precision optical components. individual components and therefore is highly
In some cases the optical components are very small dependent on the availability and skill of technicalH and extremely difficult and too costly to machine, manpower. As the size of optical components
Thus there is a major need for a new approach to the decrease the limitations of human grinding and
manufacture of small precision optics. polishing become even more severe. Thus there is a

Precision optics have been made by basically the finite limitation to size and precision imposed by
same process since the time ofgGaileo, i.e. erains of economics and availability of skilled personnel. A
crystalline quartz have been melted with various major objective of sol-gel processing of precision
fluxes, homogenized at very high temperatures optical components is to eliminate the need forI above the liquidus and cast into glass ingots.- 3  grinding and polishing. This objective is termed net
Sections of the ingots with minimum bubbles, seeds, Shape casting. There is no limitation imposed by size
striae or other defects have been selected by hand for in sol-gel casting of optics. in fact smaller is easier.I grinding by skilled opticians into the shape of lenses, There is also no limit ofcentro-symmetry as is often
prisms, windows or mirrors, followed by successive desired for traditional grinding and polishing.
polishing steps, again performed by highly trained Aspheric optics or angular optics are equally easy.I optical technicians. The quality of each optical All that is required is a master mold.
component is therefore dependent on the sum- Until recently optical components have for the

most part also served only a single function in an
optical system, i.e. lenses refract, mirrors reflect,H t Presentcd at the Wtirll Cinire.s on lifh Tech Ceramics (7th windows transmit, filters absorb and lasers amplify.

CIMTEC). held in Moniccatini. Italy. 24-30 June 1990. The As optical systems requirements become ever more
complete Proceedings of that meeting can he obtained from
Elsevier Science Publishers. PO Box 211. 10M0 AE Amsterdam. demanding there is a great incentive for components
The Netherlands. under the tiile (eramic.A Tuehtr -Twpwrrowl'i to serve more than one {unction. This need is very
(','/1•1/,. Vý Vinicenr/11i t ld dillictilt to satisfy with traditional methods of

2o')
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Fig. I. Sol-gcl proccssing scquence for multifunctional optics.

Table 1. Potential advantages of gel-silica optics making precision optics. The fundamental charac-
t steristics of glass as an isotropic, homogeneous solid

Net shape/surface casting generally restrict its use to a single optical function.

Lightweight optics Sol-gel chemical processing of silica provides a
Aspheric optics new approach to each of the historical restrictions of
Surface replication (e.g. Fresnel lenses and gratings) silica optical components summarized above, i.e. (1)
Internal structures elimination of hand operations in manufacturing by
Reduced or no finishing net shape casting and (2) development of multi-
Higher reliability functional optics by producing ultraporous silica
Eliminate grinding

Reduced or no polishing matrices that are optically transparent.
v pA summary of the potential advantages offered by

Improved physical propertmis (Type V) sol-gel processing optics is given in Table 1. Manv of
Lower vacuum ultraviolet cut-off wavelength these advantages have been realized during the last 2

Higher optical transmission years of R&D in this field. Several examples are
No absorption due to H20 or OH bands presented in this review.
Lower dispersion

Lower solarization
Higher homogeneity 2 SOL-GEL PROCESSING
Fewer defects
No striae

Recent publications discuss the important features
Transparent porous structures (Type Vr) of sol-gel technology used in producing monolithic

Impded regnaction inic le rs silica optical components.'" There are three general
Laser enhanced densification approaches to making sol-gel monoliths suitable for

Controlled chemical doping optical applications: '.-'
Controlled or variable oxidation states of dopants Method I Gelation of colloidal po~ders.
Controlled interfaces with polymers Method 2: Gelatio n polloidal ition of

56 Mcthid 2: Ft,,lrolvsi, and pol~coindcnsat o1"
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alkoxide precursors, followed by
hypercritical drying to form aerogels.

Method 3: Hydrolysis and polycondensation of EType V Pores

alkoxide precursors, followed by Ir i -. 0 Mimi P•res

aging and drying under ambient
atmospheres to form xerogels.

Method I has been used by Shoup" to make silica 20 aptIcs
for reflective optics. Method 2 has been used by
Kistler,8 Fricke,9 Phalippou et aL.° and others to 250 350 450 ,50 6W0

make aerogels which can be used as very low density wF. Vu Isf gti,, V s)

optical components with an index of refraction close Fig. 2. UV cut-offs of Types 1, H. 111. V and VI silica.

to 1.00, or densified to form silica glass."1  advantage of the sol-gel method is the low tempera-
I In order to make net shape multifunctional optics ture (< 1000C) of casting and gelation. Consequently

Method 3 is used," with an emphasis on controlling inexpensive polymers can be used for molds. The low
at a molecular level each of the seven steps of temperatures also mean that molds can be reused.
processing listed in Fig. 1. Consequently the economics of gel-silica precision

In our process the alkoxide is tetramethylortho- optics are very favorable compared with traditional
silicate (TMOS) and the catalyst is either nitric acid processing methods.

I or hydrofluoric acid, depending upon the average The optical properties of Type V gel-silica are also
pore size desired after drying. Type V gel-silica used superior to most of the commercial grades of optical
in full density net shape precision optics requires all silica." 5 3̀ Figure 2 compares optical transmission

* seven steps listed in Fig. 1. Partially dense, controlled from the vacuum ultraviolet range of wavelengths to
porosity Type VI gel-silica optics require only the the visible for Type V gel-silica with typical curves
first six steps listed in Fig. 1. (For detail of the for Types II and III optical silicas. Type V gel-silica

i differences in processing and properties of Types I, has a lower wavelength UV cut-off than even Type
11, 1II, IV, V and VI silicas see Refs 4 and 5.) [II silica, made by flame hydrolysis of SiCi4 , which is

used for UV applications. Removal of cation and

3 TYPE V, DENSE GEL-SILICA hydroxyl impurities in sol-gel silica processing and
maintenance of purity by low temperature dehy-

The average pore size of the dried monoliths used in dration and densification is responsible for the
I making Type V dense gel-silica is very small, in the improvement in optical transmission. The low

range of 1.2 nm. with a very narrow size distribution, temperatures of densification also eliminate prob-
Densification occurs at a low temperature, 1150"C, lems of warping and sagging, and loss of dimen-

I in a dry atmosphere due to the very small pore radii sional tolerance. This is a very important advantage
and very large. >700m 2 /g, surface area. There is of the alkoxide route (Method 3) to make precision
almost no change in pore radii as densification optics.

I occurs. As shown by Vasconcelos,'2 nearly all the Transmission in the near IR of Type V gel-silica is
change in texture during the densification is due to a also excellent, as illustrated in Fig. 3. There are no
decrease in connectivity of the pore network, which absorption peaks due to hydroxyl impurities (see
decreases the surface area and volume fraction of the Table 1), unlike Type III optical silicas.
pores per unit volume. At 1150"'C all the pores are Other physical properties are similar to both UV
eliminated and the bulk density of the glass is 2"2
g/cm 3, equivalent to that of fused quartz or synthetic
vitreous silica, Types l-IV, made by other pro-
cesses. 4.5.13 CTyp It Typo V

The shape of the optical component is determined T V- -.

-I by the shape of the mold used for gelation (Step 2 in
Fig. I). With use of precision molds and sol-gel
processing it is possible to achieve as-cast tolerances

I for the diameter, thickness and radius of curvature
of silica lenses which exceed the tolerances achieved 900 ,5oo 2,oo 2700

by precision grinding and polishing. A major iH. 3. NIR rImimisiontcurvce 1)r Typcs Ill. V ýd Vilii,ca.
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I especially important characteristic in the use of Type of gases through the interconnecting pore structure
VI gel-silica for impregnation with second phases as while optical transmission is maintained.
required for many multifunctional optical appli- The first step in evaluation of the concept of a
cations. 4 ,5  transpiration cooled window is to determine

It is possible to vary the pore size and volume whether transpiration of gases is possible through a
fraction of porosity of the Type VI gel-silica by using porous Type VI gel-silica medium. The second step,
HF as a catalyst in Step 1, as discussed by Parsell,' 6  if transpiration is possible, is to characterize theI Vasconcelos' 2 and Elias."s Details of textural transpiration velocity as a function of pressure, pore
characteristics and the thermal behavior of mono- radius, sample thickness and type of gas. The third
liths with a range of pore sizes from 1-2 to 8.0 nm are step is to determine whether UV transmission occursI presented elsewhere by Vasconcelos'" and Elias."s through the Type VI porous gel-silica window at
Increasing the pore size of the network is important elevated temperatures and with gases impinging on
for a number of multifunctional optical appli- it. Fourth, thermal shock characterization of theS cations, as shown below. However, the larger window is also needed.
pores degrade the UV cut-off to some extent, from Most of these multifunctional performance
160 to 235 nm as shown in Fig. 2, probably due characteristics have now been demonstrated.s-' 9

I to Rayleigh scattering as shown by Elias."s The UV transmission was shown to exist at temperatures
porous Type VI optics also have a small concen- > 1000°C when exposed to an oxygen-acetylene
tration of residual hydroxyls retained on the pore torch heat source.' 8 Flow of both He and N2I network (Fig. 3), with the concentration depen- through the window has been demonstrated at
dent on the maximum stabilization temperature. pressures up to 3"2MPa. Maximum He transpir-
Davydov et al. 7 have shown that nearly 1100°C is ation velocities of up to 3 cm/s have been measured

I required to eliminate all hydroxyls from silica gel for windows with 5-nm pores.' 9 This is three times
powders by thermal decomposition. Since the larger the velocity needed for transpiration cooling. The
pore network is more thermally stable,' 2 . 4.' 5 the flow rate of He is considerably faster (-3 x) than

i larger pore optics can be heated to the higher nitrogen. Transpiration velocities of He of 0.6cm/s
stabilization temperatures to decrease the OH result in cooling effects as large as 44°C from 160'C.
content and still retain a very large volume fraction Tests of cooling at elevated temperatures are under
of porosity. The increase in volume fraction of way.
porosity and greater thermal stability of the larger
pore Type VI gel-silica offers a major advantage for 6 FAST, RADIATION-HARD
the multifunctional optical applications discussed SCINTILLATING DETECTOR

I below.
The physical features of Type VIA porous gel-silica

5 TRANSPIRATION COOLED UV described above are attractive to use as matrices for
I WINDOWS doping or impregnation with fluors, non-linear

optical polymers or compounds, wavelength shifters
N1 ultifunctionality is highly desirable for optically or lasing dyes. The result is a hybrid multifunctionalI transmitting windows in high speed rocket guidance optical component. Table 2 lists examples of some
systems due to severe operating conditions. The organic and inorganic compounds that have been
windows need to transmit ligzht over a broad range of successfully impregnated into several Type VI gel-

I wavelengths, including the ultraviolet. Most impor- silica samples.'' 5

tantly. the optical transmission must not be affected It is possible to select various combinations of
by very high ambient temperatures and impinge- second phase loading which are a function of poreI ment of very energetic gases. Reasonably good size and total pore volume of the porous optical
structural strength, thermal stability and thermal matrix. Previous studies have shown that physical
shock resistance is also required for rocket windows, properties such as flexural strength, compressive

A unique approach to achieving thermally strength. elastic modulus. coefficient of thermal
resistant properties is to cool the window by passing expansion. density and microhardness are also a
gases Ihrtu,/i the window. Such a concept is possible function of pore size and volume fraction of
w ith the ultraporous Type VI gel-silica monoliths, porosity.i2 For example.' an 800 C heat treatment

The objective ol the multil'1untion1al optical ol' a I in diameter x 't in thick piano-piano Type VI
compon)cnt is to cool the window via transpiration eel-silica bla nk withi -2nm pores produces aln
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Table 2. Compounds impregnated into Type Vl Nogues el al.-" used another fluor. termed a
porous gel-silicas' wavelength shifter (WLS) 3-HF (Table 2), which

Non-linear optical polymers Transition meials absorbs the <400 nm radiation of the primary fluor
PBT (phenylenebenzobisthiazole) Cu and re-emits in wavelengths of - 500-600 nm. These
MNA (2-methyl-4-nitroanoine) Ni wavelengths are advantageous as they are less

Cr absorbing in glass than the shorter wavelengths andSOrganic fluors Co

B-PBD ((2-4'-t-butylphenyl) Ag also result in higher quantum efficiency for silicon
5-(4"-biphenylyl)-1,3.4-oxadiazole) Fe photodiodes. When analyzed for scintillation effici-

P-TP (p-terphenyl) Co ency with oe-, i#- and 7-ray sources, the light outputS~P-OP (p-quarterphenyl) was reported to be only 6-7 times lower than the
Wavelength shifter Rare earths (lanthanides) much more highly developed plastic scintillator. The

3-HF (hydroxyflavone) Nd "-radiation resistance of the silica matrix was many

Laser dye times greater than the organics. These are very
Rhodamine 6G encouraging results for the first generation of
4PyPO-MePTS multifunctional optical components.

This same type detector with the 3-HF fluor
optically transparent component that weighs 4-02 g. dopant was supplied by Nogues for use as the WLS/
has a 117 HV microhardness and has nearly 2500 m2  detector used for the high-temperature UV trans-
surface area with pores 1i-2nm radius. This mission test in the above-mentioned transpiration
component can accept 1-6cm 3 of a dopant second window study.'" A source emitting 365 nm radiation
phase using various impregnation techniques. Thus passes through the heated porous window being
40-50vol.% of the component can be filled with a tested for transmission and is absorbed and re-
second phase. emitted by the detector as visible green - yellow-

If a harder and stronger component is desired, a green light from the WLS/detector. Thus a qualita-
900'C heat treatment can be used although the tive and visual method for testing high-temperature
amount of dopant phase is reduced to 1-31 cm 3. UV transmission through a porous silica matrix was

The Type VI gel-silicas with larger pore sizes achieved. The Type VI porous gel-silica window
described above make it possible to impregnate the protected the window from the oxygen-acetylene
component with higher molecular weight polymers. torch. The combination window-detector system
The same 800-C treatment of a I in diameter x l in demonstrates the effectiveness and versatility of this
thick sample with 8"0 nm pores produces an optical new class of optical materials.
component that weighs 1-98g, has a 18HV micro-
hardness and has nearly 583m 2 surface area with 7 SOLID STATE GEL-SILICA DYE LASER
pores - 80 nm radius. This component can accept
2"36cm' of a dopant second phase in its 70-75 vol.% There are many advantages of organic laser dyes,
porosity. including a wide tuning range of 300-3800 nm and

For example, consider the fast radiation-hard high quantum yields of fluorescence, absorption and
scintillator developed by, Nogues et al.2' They emission. However. there are many limitations of
utilized a Type VI gel-silica matrix with a 1"2 nm liquid dye lasers, including thermal stability, ease of
average pore radius and 0"35 volume fraction handling, spectral shifts and non-radiative quench-
porosity as a host matrix for organic fluors to ing of upper lasing levels. These disadvantages are
produce a fast, radiation-hard scintillation detector, associated with the liquid medium of the dye.
The silica matrix provides high radiation resistance Consequently incorporation of laser dyes in ther-
compared to the organic plastic scintillators and the mally stable gel-silica matrices offers potentially
organic fluor provides fast scintillation response. great advantages for tunable dye lasers.2 '-24
Both properties are advantageous for the high-speed Two studies have been conducted to test these
counting necessary in high-energy physics appli- potential advantages. In both Type VI optically
cations. The primary Iluors used by Nogues et al.,20  transparent gel-silica matrices were prepared follow-
B-PBD, P-TP and P-QP (Table 2), have good ing a schedule similar to Fig. I. The porous gels were
radiation resistance and short decay times of a few prepared to yield average pore radii of 12 nm and
nanoseconds, but the fluorescence spectra typically pore volume fractions of >0-46.
peak at wavelength, below 40Onm. making it 4-:2-(5-phenyloxazolyl)! -I -methylpyridiniun-l-
Idillicult to mieastirc. To overcome this problem toluenesulflonate (4l'yPO-NMcPTS) was imnpregna ted
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by Zhu & Hench2' into the gel-silica matrix, which hosts. Consequently thermal lensing. which leads to
had been stabilized at a critical temperature to loss in laser energy and reduction in beam quality, is
control the thickness of the adsorbed water layer. reduced. Since excess heat can be removed at a faster
This laser dye was selected due to its excellent rate, laser outputs of higher powers can be achieved
photostability, as demonstrated by Lee & Robb.26  for the same cavity.I The impregnated specimens were tested for lasing It may also be possible to use transpiration
in a single cavity using nitrogen laser pumping at cooling of the dye-impregnated porous matrix toI 337.1 nm in a transverse configuration where the dissipate heat even more quickly and effectively.
rectangular nitrogen laser beam was focused to a By varying the volume fraction and size of
line within the specimen. The testing system, PRA porosity in the gel-silica matrix it is possible to
1000 in a triggered mode, was used as an amplifier to achieve relatively high dye concentrations. This
increase the signal output. Lasing of a gel-silica should make it possible to design more compact and
hybrid dye laser was observed in the blue-green efficient laser cavities. The higher concentrations are
spectral region. feasible since collision-induced aggregation and

Power outputs were measured at single modes dimerization of the molecules is minimized by
after the grating. Gains of 7-35 times the standard chemisorption of the dye molecules in the poreI cell were obtained at 509.5 nm with half widths of network.
0.3 nm. Details are presented elsewhere.2" Berry & King's investigation of the solid state

Successful lasing of an equivalent Type VI R6G dye laser in Type VI gel-silica confirms an
gel-silica matrix impregnated with Rhodamine increase in the fluorescence lifetime of the upper
6-G(R6G) laser dye has been reported by Berry & laser level in the dye molecules. They conclude that
King.2" They showed that the photostability of the the increase is due to bonding of the dye molecules in
R6TG laser dye increased by an order of magnitude the porous glass network which makes the transition
by using the Type VI gel-silica matrix to replace the to lower states less allowed. Consequently popul-
liquid organic laser host. Because the dye molecules ation inversion is easier to attain and threshold for
were isolated within the ultrapore silica network the gain is reduced. Laser linewidths are similar to that

I formation of dimers of the dye molecules was of R6G in methanol.
negligible: when dimers are formed in liquid media Recent work of Berry & King 2" using a C504
they greatly decrease the lasing ability of the dye. pulsed dye laser for pumping the solid state R6G

Also Berry & King conclude that molecular Type VI dye laser shows great promise with no
Immobilization of the dye molecules in the porous photodegradation of the dye doped glass even after
glass matrix can reduce the intermolecular colli- 100 high-energy pulses.I sional deactivation of dye molecules. Collisions can The results from Zhu & Hench and Berry & King
occur between the dye molecules and other dye indicate that flashlamp pumping of solid state dye
molecules. photodecomposition products or impur- lasers may be feasible. If this can be achieved BerryI i ties. Since dye molecules cannot migrate in the and King suggest it should be feasible to use small
porous silica matrix then repeated quenching and cavities that house solid state dye-Type VI rods with
decomposition is prevented. flashlamps and samarian down-conversion filters to

The isolation of dye impurities from the photo- produce a low-cost compact tunable laser.24 Such a
active dye molecules by the porous matrix prevents configuration would be much more along the lines of
quenching of upper laser levels. Likewise, the conventional solid state ruby or Nd:YAG or glass

adsorbed photoactive dye molecules are isolated lasers. The advantages offered by net shape. net
from organic solvents and gases with low chemical surface casting of Type V or Type VI gel-silica
or thermal stability. Consequently molecular isol- (Section 3) will make it feasible to use either slab ori ation of the dye molecules results in higher quantum rod configurations for these new solid state tunable
yields and improved spectroscopic and kinetic dye lasers. There should also be important economic
behavior of the dyes. advantages of net shape casting of gel-silica matrices

An additional advantage of incorporating laser over traditional glass or crystal solid state lasers.
itdyes porous gel-silica matrix is improved heat

lisipation. Berry & King suggest that there is a 8 CONCLUSIONS
more uniform temperature distribution thlroughout
the photoactive mediiurm which reduces forma tion of Sol-gel processing of'silica nionoliths has resulted in
rcfrctiIlLng cnmvccilliI cirirenkco•mlmli in liquidl (le two new typcs ol'silica optics: Type V. fully denCsC Ucl-
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I
a.QUANTUM CALCULATIONS ON

*I SOL-GEL SILICA CLUSTERS

I J. K. WEST, S. WALLACE, L. L. HENCH, AND C. R.
LISHAWAI

I 11.1. INTRODUCTION

Recent developments in sol-gel optics have produced type V amorphous silica
monoliths with extremely wide optical transmission bands (1,2]. Laser-
densified optical waveguide tracks have been produced in porous type VI silica
(3]. Optically transparent soda-silica monoliths with good UV cutoff wave-
lengths have also been made [4] at substantially. lower densification tempera-
tures than the pure silica system.

These developments and others increase the importance of understanding the
structural models of sol-gel silica and the theoretical grounds for the UV cutoff
of silica optics. Thus, semiempirical quantum calculations have been initiated
using Hliickel molecular orbital (HMO) [5] and intermediate neglect of
differential overlap (INDO) molecular orbital models. The INDO program was
made available by the Quantum Theory Project at the University of Florida [6].

11.2. MODEL STRUCTURES

The structures evaluated contain from one to six silica tetrahedra. In each model
two bridging oxygens and two nonbridging oxygens are bonded to each silicon.

Ultrastructure Proce.ssinq of Advanced Materials.
Edited by Donald R. Uhlmann and Donald R. Ulrich (deceased).
ISBN 0-471-52986-9 1) 1992 John Wiley & Sons. Inc.
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112 QUANTUM CALCULATIONS

One hydrogen is bonded to each of the nonbridging oxygens to terminate the
structure and balance charge. Both ring and chain cluster models of silica
tetrahedra were evaluated and their energies compared. Figure 11.1 shows the
two-dimensional projection of a geometrically optimized INDO chain and ring
structure for four silica tetrahedra. These projections are typical of the
hydroxylated silica structures modeled in this study.

The clusters were each optimized for the minimum energy using a molecular
mechanics (MM2) (7] routine. The molecular orbitals were calculated first using
HMO then using geometrically optimized INDO calculations. The molecular
energies were evaluated and compared to establish the relative stability of each
structure. The energy gap between the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO) for the single
states and the corresponding UV cutoff wavelength were determined.

The heteroatom parameters, k and h, which are used to modify the
Hamiltonian matrix for the HMO calculations, were adjusted to compensate for
the differences in the bonding orbitals between carbon and silicon. In HMOI theory the matrix diagonal represents the ionization potentials, oa, of the valence
electrons for carbon i, where h = 1, and the off diagonal matrix elements
represent the bond interactions, flj,, between carbon atoms i andj, where k = 1:

a,= - 11.26 x hi(eV) (I)

U f•s= - 2.5 x ki(eV) (2)

The HOMO-LUMO gap for a single silica tetrahedra was set at 8.2 eV, and
the parameters were determined. Thus, the relative energies of the various
structures were determined without further adjustment of the parameters by
comparison to a single silica tetrahedra. Table 11.1 shows the results of the
empirical determination of the k and h parameters for silicon [8], carbon,
oxygen, and nitrogen [5].

I

I (a) CHAIN OF 4 SILICA TETRAHEDRA (h) RING OF 4 SILICA TETRAHEORA

Figure I1.1. The two dimcnsional projection of a geometrically optimized INDO chain aznd ring

structure for four silica tetrahedra.
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TABLE 11.1. Heteroatom Parameters

Reference Reference
Bond k parameter No. Atom h parameter No.

I c-c 1.00 S C 1.00 5
C-0 0.80 5 0 1.00 5
C-N 0.80 5 N 1.50 5
C=• 1.00 5 Si 0.80 8I-0 1.414 5
C=N 1.0 5
C-.Si 0.72 8
O--Si 1.4 8

I 11.3. RESULTS AND DISCUSSION

Table 11.2 summarizes the HMO calculations of these silica structures. The
Hfickel energy (HE) is the total molecular energy for each structure. The relative
stability of each structure can be compared using the HE per silica tetrahedra. In
Table 11.3, summarizing the INDO calculations, a similar calculation is shown
to compare the relative stability of the INDO structures. The more negative the
energy, the more stable the structure.

Figure 11.2 shows the INDO energy per silica tetrahedra for rings and chains
as a function of the number of tetrahedra and suggests that the chain structures
are more stable than the rings. This has been observed experimentally using

I •".54 ___._ __ __

I
I ,=o o.54-

IW -660,,

2 3 4 5 6

NUMBER OF SILICA TETRAHEDRA
I Figure 1 2.2. INDO energy per silhia tetrahedra for rings, aind chains as a function of the number of

Ictrahcdra.
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116 QUANTUM CALCULATIONS

NMR spectroscopy [9], where a linear, as opposed to a ring, growth model most
consistently interprets the experimental structural evidence prior to gelation.

Investigators [10, I] have proposed models for the structure of acid-
catalyzed silica gels containing two levels of structure formed before gelation.
These models propose the formation of primary particles of diameter 1-2 run
that agglomerate to form secondary particles of about 4-6 nm before drying.
The secondary particles give rise to the pore structure after drying.

Table 11.4 shows the differences in the INDO structural energies between
chains and rings. The relative stability of chains compared to rings decreases as
the number of silica tetrahedra increases, as shown in Fig. 11.3 by the decrease in
the difference between their calculated INDO energies. The difference is
estimated to reach zero as the number of tetrahedra reaches about 10 or 12,

TABLE 11.4. Ene Difference between Chains and Rings

Number of Cluster Size (A) INDO" Hiickel
Silica (Chain-ring) (Chain-ring)

Tetrahedra Rings Chains (a.u.) (CV)

2 6.567 9.090 8.90 24.86
3 7.143 12.671 5.88 -9.84
4 9.293 16.253 4.45 1.79
5 11.319 19.832 3.59 -17.67
6 11.88 23.414 2.76 4.44

12 44.823 0.00 (Estimate)

"Abbreviation used: INDO, intermediate neglect of differential overlap.

10

ZZ 6l
W aU C-RENEFC-IES

X 0I "-

2
1 2 3 4 5 6 7 8

NUMBER OF Si TETRAHEDRA
Figure 11.3. The relative stability of chains compared to rings as a function of the number of silica
tetrahedra.
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when the driving force for rings becomes more favorable than for chains. This
result is similar to the size range where primary particle growth stops in acidic
silica sols [10, 11]. Acid catalysis ensures complete hydrolysis of the silica
tetrahedra, as used in these calculations. The size of the INDO calculated rings
or clusters for 10-12 tetrahedra appears to fall within the range of the radius of
gyration of the primary particles calculated from small angle X-ray scattering
analysis of acid-catalyzed silica sols [10, 11].

As gelation occurs, the crosslinking of the structure becomes more dominanL
Statistical analysis indicates that chain growth is limited by this process, and
rings must be formed [12]. The energy differences in the ring structures in the
INDO model are very small. This indicates that a broad distribution of ring
sizes may be possible in a gel as they become energetically more favorable.I_ Tables 11.2 and 11.3 show the HOMO-LUMO bandgap energy and the
associated theoretical UV cutoff. In both models the ring structures tend to yield
a lower UV cutoff than the chain structures. Experimental UV cutoff values of
dense dehydrated gel-silica are close to those predicted by the calculated ring
structures [13] involving five tetrahedra per ring.

The effect of dopants on the UV cutoff is significant. The hydroxyl radical
seems to have the most impact. The degenerate HOMO-LUMO bandgaps
indicate that absorption is complete. In the case of the sodium dopant, this
result tracks the experimental results of sol-gel soda-silica systems [4]. When
the concentration of soda was increased from 0 to 7%, the UV cutoff increased
by 105 nm from 200 nm to 305 nm. In the INDO model, as the sodium dopant
was increased from 0 to 6.257/. the UV cutoff increased by 54.6 nm. Hydrogen-
bonded water also increased the UV cutoff, as seen experimentally.

11.4. CONCLUSIONS

I The HMO molecular orbital model is relatively simple and can be run on
personal computers. The INDO model is more sophisticated and consequently
more accurate; it also requires larger computational power, for example, Sun
Microsystcm. The differences in the INDO structural energies between rings and
chains indicate that chain structures are the most stable up to about 10-12 silica
tetrahedra. The calculated UV cutoffs in the pure silica is lower than the
experimental values, however, ring structures with 5 tetrahedra are close to
experimental values of pure gel-silica optics. Small concentration of hydroxyl,
sodium, or water increases the UV cutoff wavelength, as expected.I
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An Investigation of Bioactive Glass Powders by
Sol-Gel ProcessingI

a. R. LI, A. E. Clark, and L. L. Hench

I Advanced Materials Research Center, College of Dentistry; University of Florida, Alachua, Florida

Bloactive glass powders, with a composition of SiOr-CaO-PzOs, have been successfully
synthesized via a sol-gel process at considerably lower temperatures than required for con-
ventional melting methods. Bioactive glass powders made via conventional methods form
an Interfacial bond with bone when they are implanted. Bonding Is correlated with the for-
mation of a surface hydroxyapatite layer. This study examined the formation of a
hydroxyapatite layer in Tris-buffered solution as a function of SiO 2 content of sol-gel
derived powders. A FT-IRRS technique was used to monitor the formation of the hydroxy-

apatite on the surface of the powders. X-ray diffraction analysis and BET were also used to
characterize the chemical and physical properties of the sol-gel derived bioactive
powders. It was discovered that: (a) the rate of hydroxyapatite formation decreased with
increasing SiO2 content for powders whose SiO 2 content was less than 90 mol%; (b) a hy-
droxyapatite film does not form for the powders whose SiO 2 content is more than 90 mol%;
(c) the SiO, limit, beyond which the powders lost their bioactivity, was much higher for
bioactive glass powders made through sol-gel process (90%) than those made by conven-
tional melting methods (60%). These results indicate that it is possible to significantly
expand the bioactive composition range through microstructural control made possible by
sol-gel processing techniques.

INTRODUCTION are mixed and then melted and homogenized at high
temperatures, 1250-14000C. The molten glass is then cast

It is now well established that certain compositions of into steel or graphite molds to make bulk implants. A
I silicate-based glasses and glass-ceramic implants can final grind and polish is often necessary to achieve re-

bond to bone.'" A common characteristic of these com- quired tolerances.
positions is the presence of CaO, P205, Na 20, and SiO 2  For some clinical applications, such as treatment of
in the material. The bonding to bone has been associated periodontal lesions9 or urinary incontinence"°, powdersI with the formation of a hydroxyapatite (HA) layer on the of the bioactive glasses are required. With conventional
surface of the implant. glass processing, powders are made by pouring the

It has also been shown that an even narrower range of molten glass into a liquid medium, such as water, fractur-I glass compositions can bond to soft tissues.- A charac- ing the frozen glass into small fragments. Subsequent
teristic of the soft-tissue bonding compositions is a very grinding and size separation steps are necessary to
rapid rate of HA formation. This has been previously at- achieve powders with specific size ranges, such as
tributed to the presence of Na-O or other alkali cations 90-710 M.m. required for periodontal treatment.
in the glass composition which increases the solution pH There are several disadvantages of these conventional
at the implant-tissue interface and thereby enhances the glass processing methods for bioactive glasses:
precipitation and crystallization of HA.7 The rate of HA (1) It is difficult to maintain the very high purity required
formation has also been shown to be very strongly depen- for optimal bioactivity. This is primarily because of
dent on the ratio of SiO 2, glass network former, to Na 2O, the high temperatures associated with melting and
network modifier, in the glass.' When the glass compost- homogenization, but is also related to the low silica
tion contains 60% SiO 2, or more, bonding to tissues is no and high alkali content of the traditional bioactive
longer observed. glass compositions. These compositions are very re-

Up to the present time, bioactive glasses have been active chemically and tend to dissolve even platinumI produced using conventional glass technology. The glass and can easily pick up other multiple cations as impu-
components in the form of grains of oxides or carbonates rities. Gross and Strunz" have shown how sensitive

-- tissue bonding is to M13•, M 4', and M5" impurity
Requet. ror reprints %hould he sent to Dr. A. E. Clark. J. Hillis Miller cations in bioactive glass-ceramics. Greenspan and

Health Center. College of Dentistry lonx J-44h. Department of Dental Bioma- ca ve shown tha assmall amou n an
tcrials, University of Florida, Gainesville. FL 320i10, Hench have shown that a small amount of Ai3* can

completely eliminate bone bonding for bioactive

Jiiurib~l ,f Applied Ilgmnier,. l.Vo[ 2. 231-231) If' l glasses. Recently Kitsugi and colleagues13 and
911Pi John WIcy & Sn,.I (I(n 1tW. 4•6t,1,,,.1 'I)(S ) Kokubo and coworkers'4 have shown similar compo-
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sitional sensitivities in other bioactive glass and glass- TABLE I. Compositions of Gel Powders (mol%)
ceramic systems. Sample SiO- P:OA CaO

(2) Process steps of grinding, polishing, fritting, sieving, 49S 50 4 46
etc., all expose a bioactive powder to potential con- 4S 50 4 41

taminants and the negative effects on bioactivity de- 54S 4 36

scribed above. 635S 65 4 31

(3) There is a compositional limitation imposed on bioac- 68S 70 4 26
tive glasses and glass-ceramics made by conventional 72S 75 4 21I high-temperature processes. This is due to the ex- 77S 80 4 16
tremely high equilibrium liquidus temperature of 81S 85 4 11
SiO 2 , 1713'C, and the extremely high viscosity of sili- 86S 90 4 6
cate melts with high SiO: content. 90S 95 4 1

(4) High-temperature processing in platinum crucibles
and multiple handling steps also increase production were prepared from tetraethyoxysilane (TEOS), triethylcosts considerably. The additional costs arc not only phosphate [OP(OEt)3 ], and calcium nitrate [Ca(NO3):"
ci n energ blyo in apital equipment la 4H 2 O]. Nitric acid was added to accelerate the hydrolysisin energy, but also in capital equipment, labor, rato fTO.Atrmxn h opnns h o

maintenance, quality assurance, quality control, etc. reaction of TEOS. After mixing the components, the sol

Lowering the processing temperature lowers such was cast into a polyethylene container and placed inside

- costs considerably. an oven at 60-180°C where the sol was gelled, aged, and
dried. The dried gels were heated in a silica crucible at a

Low-temperature sol-gel processing offers an alterna- temperature range of 6{X)-700°C for several hours in a

tive to conventional glass and glass-ceramic processing nitrogen atmosphere. The material then was ground into

I with the potential advantages indicated above, powders with a particle size range of I(X)-700 gm.
h pPrevious studies indicate that the essential condition

The sol-gel process has become a widely spread re- for a material to bond with bone is the formation of the
search field during the last decade.' 5 -7 Basically, the pro- surface hydroxyapatite layer in the body environment.
cess involves the synthesis of an inorganic network Therefore, the powders made as described above were
by mixing the metal alkoxides in solution, followed by subjected to an in vitro solution test to evaluate the po-

hydrolysis, gelation, and low-temperature firing to pro- tecntial bioactivit r of the material. In the in vitro test

Sdce a glass. Inherent in this process is the ability to procedure. the gel powders were reacted with a Tris-

modify the network structure through controlled hy- buofere . the g po = reat with a vris

drolysis and polycondcnsation reactions."'' Thus, struc- buffered solution (PH 7.2 t 0.0 at 37'C for various
tural variation can be produced without compositional times. The resultant reacted powders were then exam-- variation can be produced fromp gel ined by Fourier Transform Infrared Reflection (FTIR)changes. Because the glasses can be prepared from gels Spectroscopy on a Nicolct 20SXB Spectrometer with a
by sintering at relatively low temperatures (600-7(M)C), diffuse reflectance stage between 14W) and 4010 cm-1.
most of the disadvantages of high-tcmperature process- Also, to ensure that the gel powders did not undergo any

* ing can be eliminated with much higher control over pu-
rity. Also, sol-gel processing offers potential advantages reaction prior to the in vitro testing. unreacted powders

of case of powder production, a broader range of bioac- were tested by FTIR.

tivitv, and a better control of bioactivity by changing ei- There are several solution test procedures which can
r t be used for powders.:" The one which gave a more reli-

able and reproducible result for the bioactive gel powders
- processing parameters. c odr

Thus, the objectives of this work are: (a) synthesize Is dynamic rather than static. In this study, powders were

T ,obioactive gel powders through sol-gel processins by con- poured directly into the Tris-buffered solution in a
S ohNalgene container and agitated in an incubator shaker* trolling the hydrolysis and polycondensation reactions:trolimingathe Nay rolysis and ycompositions reataiongd-, for the reaction times indicated. This shaker is designed

(b) eliminate Naof from the compositions by taking ad- deliver orbital motion in a controlled temperature en-
vantage of low-temperature mixing of CaO-PeO,-SiO, vironment. The operating temperature remained at
Ssols; (c) determine the compositional dependence (SiO1 37TC _ I0C and the spinning rate was 22)0 rpm. This dv-
content variation) of the formation of hydroxyapatite: namic test procedure allowed the reacting solution to

m and (d) compare the bioactivity range of melt-derived surround and react with the powders continuously.
bioactivc glasses with the bioactive gel po)wders made X-ray diffraction (XRD) was used to study the pow-
through sol-gel processing. ders after heating between 6(00) and 70)0)'C and after

reaction in the in ritro test solution. The XRD range was
EXPERIMENTAL PROCEDURE from 5' to 85' 20 at a rate of 3/min, using Cu-K, radia-

lion at 4(0 KV. A Ouanta Chrlome Autosorb-6 was
Table I shows lie coiiipw),itions of ("a)- P.(),-SiO, gel emplh wed to ren.asuurc ihe ,,lurt;acc arcan and p )rc silc dis-
powdcrs invc•,igatcd in tlic prc,,cnt studics .TIie s, pniest, tribm i(tis, otf t1lie sample,, tIsIIiL N i., as ;III l aIsoietil.
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RESULTS in Figure I for comparison. The melt-derived glass
shows no x-ray diffraction lines, only a very broad peak

Conventionally produced bioactive glasses, such as 45S5 characteristic of an amorphous solid. The 49S, 54S, and
Bioglass" (Copyrights, University of Florida, Gainesville, 58S sol-gel derived powders show a very small amount ofi FL 32611) contain sodium oxide as one of the compo- crystallinity. All the other sol-gel compositions show
nents necessary to develop bioactivity. With the glasses complete amorphous x-ray spectra. Figure 2 shows the
derived by sol-gel method, bioactivity could be achieved FTIR spectrum of gel powders before the reaction in vitro.
with sodium absent from the composition, reducing the Figures 3 and 4 show the diffuse reflectance spectra of
glass from a four to a three component system. the various sol-gel derived powders at early stages of the

Figure 1 shows the x-ray diffraction spectra of the gel in vitro reaction (1 and 8 h, respectively).
powders after the dried gels had been heated between The peak at 1095 cm-' in the FTIR spectra is assignedI 600 and 700'C for 3 h. The x-ray diffraction spectrum of as a Si-O-Si stretching vibration.2 ' 22 The peak at 482 cm-'
a standard bioactive glass (45S5 Bioglass'*) is also shown is assigned as a Si-O-Si bending mode. The peaks at

I

I

I
.,J

86S

Iu

< 72S

I>_ 68S

I,,

z

Z 63S

54S

49S

45S5 Bioglass. (melt derived)

100 200 300 400 500 600 700 800

DEGREES 2u

Figure 1. The comparison of x-ray diffraction data of the bioact've gel powders listed in Table I after
heating to 600 C and 45S5 Bioglass" by standard melting and casting
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I

I

68S

I -J
I400 76,

L00

WA ENM.R (c )1o 27. 1s • 1• 7S • S

Figure 2. FT-IRRS spectra of gel powders with various composition WAVENUMBtERS (cm'V)
I before reaction. Figure 3. FT-IRRS spectra of gel powders with various composition

af ter 1 h.

598 cm-' and 566 cm-' are assigned as P-0 bending
I vibrations in [PO.,] tetrahedra." These two peaks are raieg,4S ols 0c n is2 .5 N 2 ,2 .%

characteristic of a hydroxyapatite crystalline phase. ratio, weight%, 45S5 aBa aiogas oftan 524.5 WhnaO 24.5
Figure 5 shows the time-dependent increase in inten- CaOc(ive weglas %), exosd to waateror bodyfl5.2.sWhenvbio-sity of the spectra of hydroxyapatite peaks for 58Ss

composition. Figure 6 compares the FTIR spectra of two key reactions occur. There is a cation exchange of Na÷`
melt-derived glass powders, 45S and 60S after 20 h and Ca * cations from the glass for protons in the solu-
in vitro reaction and Figure 7 is the comparison of the tion, producing hydrolysis of the surface silica group

I x-ray diffraction spectra of 58S bioactive gel powders and (silanols). The cation exchange also increases the hy-

45S5 Bioglass'* after different reaction times. droxyi concentration of the solution which leads to attack
of the silica glass network producing additional silanol

I formation and controlled interfacial dissolution. As the
DISCUSSION interfacial pH becomes more alkaline, the hydrolyzed

surface silanol groups repolymerize, producing a silica-
Conventional hio)activc glasses co)ntain less than 60 mol% rich surface layer. Another consequence of' the alkaline
SiO,, have high Na,O and Ca() content and a high Ca/i1 pH at the glass solution interf'ace is that CaO and P.O,,
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approaches and exceeds 60 mol%, the rates of network
dissolution and hydroxyapatite crystallization are re-
tarded and the bioactivity is reduced and eventually
eliminated. After reaction, Figure 6 shows that a pair of
hydroxyapatite peaks is present for the FTIR spectrum
from the 45S5 glass surface. These peaks grow as the
broad Si-O-Na and Si-O-Ca peak, shown for 4555 before
reaction, disappears. The 4555 Bioglass' (45 wt% SiO 2 )
is very bioactive and bonds to both hard and soft tissues.I , s In contrast, the 605 melt-derived composition (60 wt%
SiO 2 ) does not develop an apatite layer, even after several
weeks in solution. This composition is not bioactive and

Lu • does not bond to bone or soft tissues. Therefore, the
_J" maximum SiO 2 content of bioactive melt-derived glasses
<7 is 60 mol%.
<] The gel powders made by sol-gel process contain no

Na 2O. The spectra of unreacted samples show that there
w.1 are only silica and silica pluc alkaline earth vibrational
Z peaks from 1400 to 400 cm-' before reaction in the solu-

S68tion (Fig. 2). With a reaction time of only I h, the peaks
. at 598 cm-' and 566 cm-' increase their intensities for

.. pamost compositions, indicative of the formation of an HAI3S phase on the surface. No hydroxyapatite crystal is found

hydroxyapatite peaks decrease with increasing SiO: con-
tent in the one hour test (Fig. 3).

The Si-O-Si rocking vibration peak at 482 cm-' is di-
minished in the 54S and 58S samples after 8 h reaction in

58S the solution (Figure 4). Because of the very small pene-I tration depth of the IR beam (<1 M.m), the hydroxyap-
atite peaks developed on the gel-glasses (Figs. 3-5) must
be due to a surface layer of HA formed on the powders.
This is confirmed by XRD (Fig. 7). i he 58S gel powders

54S show strong x-ray d'•'fraction peaks which index as
Shydroxyzipatit after only 8 h reaction in vitro, whereas
the melt-derived 45S5 bioactivc glass requires more than

1•-'-1275 1150 1025 900 775 650 55 o400 10110 h to demonstrate sharp HA lines. Otner instrumental
WAVENUMBERS (cm-') techniques have confirmed this interpretation both

m in vitro and in vivo.' In Figure 8. the rate of formation of
Figure 4. FT-IRRS spectra of gel powders with various composition the hydroxyapatite layer is compared for different Com-
after 8 h. positions of the gel-glass powders. The comparison is

made by obtaining a ratio of peak intensities of FT-IRRS
which have been released into solution during network spectra. The intensity of each peak was measured rela-
dissolution, crystallize into a mixed hydroxy-carbonate tive to the intensity between 470 and 611) cm-'. 1, refers
apatite on the surface.' The crvstallites of the HCA to the intensity of P-O bending vibration at about
phase are proposed to bond to interfacial metabolites 566 cm' and I refers to Si-O-Si bending vibration at
such as mucopolysaccharides and collagen. It is hypothe- atnout 482 cm-'. A r,,'; was calculated of the apatite
sized that this incorporation of organic biological con- peak intensity divided by the silica peak intensity. I/I:.

m stituents within the growing HCA- and SiO.-rich layers The plot of I,/1, as a function of time shows that HA
appears to be the initial step in establishing bioactivitv formation is delavcd with the increasing of SiP: content
and bonding to tissues. at early stages. The data of Figure 8 suggest that the

Studies have shown that there is a minimum rate of compositional limit of formation of HA on the gel-
hydroxyapatite lfrmation which is necessary to achieve glasses is approximately 72'/ SiOt. fHowccr, if the expo-
bonding with hard tissues.-' Both the glass ciimposition sure time is increased to 7 days. IIA formation is
and the microstructurc exert anr iriluence on ilite devel- dcmnonst rat.d for the gel pitiw cr ý ith i up to 9)0 mol'f; silica
opinni and growth o Ihc I 1('/ phase. As the Si(). con- 1Xws) I l•iL. ()). It ,hiitltl bhc 1(lcd i it whilc he ,silicA

ut t of I lil t1, It-dclivc(l Ji1l;iClm\, c 1•,l,'V .N s .CoiriprMI inr l buit h11 I()[ I\ t(o rir;lli,,i is Ce tilCltlCt. thic
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101251150 1025 900 775 650 525 400

WAVENUMBERS (cm")

Figure 5. FT-IRRS spectra of 54S gel powders with various reaction times.

A possible explanation for thc extension of the corn-i rpositional boundary for bioac tivity is theprsneo
0 verysmallporcs and large surface areas of the sol--,el

derived powders (Table 11). The surface area of all theIi sol-gel derived compositions range from 200 to 650 m-/g
< and the total pore volume range between 0.3 and 0.6 cm'/g
cc as determined by Autosorb-6 analysis. These ultrastruc-I tural features may give rise to an increased density of
LU potential nucleatio'n sites that result in the formation of

U 60S the hydroxyapatite layer on the surface of the gel-derived
< powders. Previous investigations'5 of melt-derived Bio-

A glasses' show that bonding with bone in vivo occursI / within 1(0 to 30) days if the surface area developed in sim-
45S5 ulated test solutions is the range of 200-500 m-/g. In con-

trast. comoion of glass that do not bond to bone and

TABLE 11. BET Data of Bioacfive Gel Powders

1400 1275 1 150 1025 900 775 650 5,25 400 Surface Area Total Pore Volumc Average Pore Sizc
(m'/g) (cm1/g)(A

-WAVENUMBERS (cm 1') 49S 20)3 0.57 57
Figure 6. FT-IRRS spectra for 45S5 Bioglass' and 60S by melting 54S 213 0.53 50
method. after 20 h reaction. 5.s S 2X() 0.49 34

63S 324 0.44 27
kinetics of I-IA formation are retarded ais the CaO and 68S 320 01.41 25

P,,content of the gel-glasses is vairiedI. These results 725S 3811) 10.8 211
indicate that it is possible to extend the comnposit aonal 777S 431 01.321 15
b oundary for hioact ivitv up to 901 maY;~t SiO: by n1iik in si 547 ().37 1.4
use of a-e proccssing. 2I) 4
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I
58S-8HR

vooý VA- ý58S-OHR

I,-

U,

- 45S5-1 500HRIZ

I ~45SS-1 OOHR

45S5-10OHR

200 250 300 350 400 450 500 550 600
DEGREES 2o

Figure 7. The comparison of x-ray diffraction data of the 58S bioactive gel powders and 45S5 Bio-
glass' by standard melting after different reaction times.

o 3 powders will be highly bioactive since their initial sur-
54S face areas are high. The exposure to the Tris-buffered

X solution increases the surface area even more. Thus the
""' compositional range of bioactivity has been extended sig-E nificantly through sol-gel-derived gels. This extended

compositional range of HA formation and presumably
68S bioactive bonding is summarized on Figure 10.
"72S

" 0o 77SQ.
J- .ICONCLUSION

,.-

< 4 b (1)Alkali-free bioactive CaO-P20 5 -SiO 2 gel powders

REACTION TIMF (hourS) which can form a hydroxyapatite layer when exposed

S Figure 8. Rate of formation of hydroxyapatite at early stage for some to Tris-buffered solution have been synthesized using
bioactive gel powders. low temperature sol-gel processing.

(2)The rate of formation of hydroxyapatite, which is an
indicator of bioactivity, varies with the composition ofi are not bioactive develop less than 0.1 m2/g surface area the gel powders. Gel powders, which have lower SiO 2

when exposed to simulated test solutions. Consequently, content and higher CaO and P.O, content, exhibit
it is concluded the sol-gel derived CaO-P.O,-SiO2 gel higher rates of HA formation.
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ABSTRACT

Reactions that produce a biologically equivalent hydroxyl-carbonate apatite layer on an implant
surface lead to adherent tissue bonding and "bioactive fixation'. The effects of various
compositional factors, such as SiO2/ alkali ratio, CaO/P 205 ratio, A1203 and B203 content, andIA20
CaF 2/CaO ratio, on the sequence and rates of surface reactions of various bioactive glasses are
measured using Fourier Transform Infrared Reflection Spectroscopy. Five stages of reaction are
identified. The rate of silica polycondensation of surface silanol groups (Stage 3) appears to
control the rate of formation of an amorphous calcium phosphate layer (Stage 4) and its
crystallization into hydroxyl-carbonate apatite (HCA) (Stage 5). Increasing SiO2 content of the
glass from 45 to 53% slows down HCA crystallization by 40X; increasing to 63% stops HCA
formation altogether.

INTRODUCTION

The bonding of bioactive ceramics to tissues is a time dependent kinetic phenomena. As discussed
in Parts I and II of this series of papers (1,2) there are six stages of interfacial reactions that
describe the chemical changes occurring on the biomaterial side of the bond:

Stage (1) Rapid exchange of Na+ or X+ with H1+ or H30+ from solution,

Si-O-Na+ + + + 0H" -. Si-OH + Na+(solution) + OH"

Stage (2) Loss of soluble silica in form of Si(OH)4 to the solution resulting from breakage of Si-O-Si bonds
and formation of Si-OH (silanols) at the glass solution interface.

2(Si-O-Si) + 2(01r) - Si-Ol + OIl-Si

Stage (3) Condensation and repolymerization of a Si0 2 -rich layer on the surface depleted in alkalis and
alkaline earth cations.

2(Si-OH) + 2(OH-Si) - -Si-O-Si-O-Si-O-Si-O-

Stage (4) Migration of Ca2 + and P04
3 - groups to the surface through the SiO- rich layer forming a CaO-

P2 0S-rich film on top of the Si02-rich layer, followed by growth of the amorphous CaO-P2 05 -rich
film by incorporation of soluble calcium and phosphates from solution.

Stage (5) Crystallization ofthe amorphous CaO-P2 0 5 fibn b' incorporation of OH-. C0 3
2 -. or Fanionsfrom

solution to form a mixed hydroxyl-carbonate, apatite o',yer (HCA) or hydroxyl-carbonatefluorapatiteI ~ (71CFA) layer composed of small crystallites.

Stage (6) Agglomeration and chemical bonding of biological moieties within the growing HCA layer leading
to incorporation of collagenfibrils produced by osteoblasts orfibroblosts.
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The consequence of this sequence of reactions is the creation of an interfacial bonding zone
between tissue and the bioactive glass implant that is a 30-pm layer of hydroxyl carbonate apatite
(HCA) crystals on top of a 100 to 120 pmn layer rich in SiO2 . The thickness of both layersI depends considerably on composition of the implant, time after implantation, and surgical fit of
the implant. Electron and optical micrographs reviewed in refs. 3 and 4 show the direct bonded
interface between the bone of many species and several bioactive glass and glass-ceramic implants
from 7 to 365 days after implantation.

The rates of these stages are dependent upon composition of bioactive glass or glass-ceramic, as
discussed in Parts I and II and refs. 4-5. The three compositions reported previously are givenI in Table 1. The most significant difference observed in Part II was a delay in the onset of
crystallization of the amorphous calcium phosphate layer to a well ordered crystalline phase (Stage
5) for a bioactive glass containing B2 0 3 and a lower calcium/phosphorous ratio (glass #10).

The objective of this paper is to: 1) repeat the previous experiment on the reaction sequence of
the 45S5 composition using a Nicolet 20 SBX Fourier Transform IR Spectrometer. The previous
paper (Part II) used data obtained several years ago by Kim, et al. with an older FTIR. Also
previous work did not look for precise information on the time change between reaction stages.
The second objective is to compare Stages 1-5 of the new data on 45S5 with the previous studies
by Kim, et al. (6) and the authors (2). A third objective is to extend the compositional dependence
of the kinetic studies to include bioactive glass W,9 and the non-bonding glass #1 from Andersson's
investigations (7). Thus the relationship between the glass surface reaction sequence (Stages 1-6)
and implant bonding behavior should be obtained.

3 Table I shows that glass #9 has substantially more SiC 2 content than the other glasses previously

investigated. However, the Na2 O content is nearly the same. There is also a somewhat lower

CaO and P2 0 5 content for the glass. Composition #1 has an even greater SiO 2 content of 63.5%
with a substantially reduced Na 2 0 and CaO content. Previous investigations of compositions with
this large amount of SiO 2 indicate that the glass is outside the bone bonding boundary (5). Push-
out studies by Andersson and co-workers have shown that glass #1 does not bond to canine bone
within eight weeks (8). However, glass #9 does bond within seven weeks (9). The strength of
bonding of glass #9 at seven weeks is in the order of 20 MPa, equivalent to that of glass #10 at
the end of eight weeks. The variability in push-out strength is such that there is no statistical
difference between push-out strength of glasses #9 and #10. Previous work has shown that
45S5.4F and 45S5 bioactive glass bonds to bone with high strengths within four weeks (3, 10).

Table 1
Glass Compositions by Synthesis wt%.

Designation [SiO, I NaO ICa C aFE±2 P201 82-A A10
45S5.4F 43.300 23.640 14.150 13.130 5.770 0.000 0.000

45S5 44.970 24.550 24.490 0.000 5.990 0.000 0.000

#I(S63.5P6) 63.500 15.000 14.000 0.000 6.000 0.500 1.000

#9(S53P4) 53.000 23.000 20.000 0.000 4.000 0.000 0.000

#10(S45P7) 45.000 24.000 22.000 0.o000 7.000 2.000 0.000
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EXPERIMENTAL METHOD

The glasses listed in Table I were reacted at 370C in tris buffer solution with a surface area to

volume ratio 0.1 cm"1 with procedures equivalent to that of Kim, et al. (6). The surface films
formed during reaction were analyzed with the Nicolet SXB with a diffuse reflection attachment.
The time periods studied are shown in the figures.

EXPERIMENTAL RESULTS

45S5: The FTIR spectra of the 45S5 glass are shown before reaction (t=0) and after completion
of Stages 1-4 at 90 mins. (Fig. IA) and after completion of Stage 5 (Fig. IB) at 120 mins. The
peak assignments are listed on the spectra in Fig. lB and are discussed in ref. 6. The time
dependent changes in the Si-2NBO stretching vibration associated with Staýes 1 and 2 is plotted
in Fig. 2. The frequency of this vibration mode decreases from 930 cm" at the onset of the
surface reaction and by 10 mins., Table 2, has been replaced by a newer lower frequency mode
assigned to the Si-O-Si bond vibration between two neighboring SiO4 tetrahedra. The wave-
number for this new mode is approximately 840 cm-1. With time this mode also continues to
decrease in frequency throughout the reaction sequence, finally reaching a value as low as 720 cm"I ' This new mode corresponds to formation of the network of the silica gel layer produced by a

condensation reaction between neighboring surface silanol groups, e.g. as shown in eq. (1).
SiOH + SiOH = Si -0-Si + H2 0 (1)

Eventually the Si-O-Si stretching mode is masked by the growing apatite layer.

Figure 2 also shows that the Si-O-Si bending vibration at 495 cm"1 continuously decreases through
reaction Stages 1-3. However, in Stage 4 there is a slight increase in the vibration until Stage 5
is reached when there is a sharp decrease prior to the vibrational mode being completely masked
by the crystallizing hydroxyl-carbonate apatite layer.

Table 2
Time for Onset of Reaction Stages 1, 2, 3, 4 and 5.

Time (Min)

Composition 1 2 10 20 40 90 120 360 720 1440 4320

45S5.4 (2) 1+2 3+4 5

45S5 (5ld) (2) 1+2 3+4 5

45S5 (new) 1+2 3+4 5

Composition #1 NO SPECTRAL CHANGES NOTED
(S63.5P6)

Composition #9 1+2 3 4 5
($53P4)

Compositidn #10 (2) 1+2 3+4 5
($45P7)
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Figure 1C Comp #9 (S53P4)

* 85



I
I
I

Surface Reacdons for Bioacdve Glasses: L. L. Hench et al. 159

Surface Reaction Stages
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One of the most distinctive features of the surface reactions is the onset of P-O bending vibrations
from an amorphous calcium phosphate film that is present as early as 10 mins. on the 45S5
surface. This vibrational mode decreases in frequency, starting at 600 cm"1 and decreases to 570
cm" 1 , until crystallization of the apatite occurs at 120 mins. Thus the onset of Stage 5 of the 45S5
composition is 120 mins. With crystallization, the P-O bending vibration divides into two modes

with one at 600 cm 1l and the second at 565 cm"1 (1 1). Both modes remain unchanged thereafter.

I Figure 2 shows that just prior to the onset of crystallization of the apatite phase is the appearance
of a C-O stretching vibration in the amorphous calcium phosphate layer. This mode initially
appears at a wavenumber of approximately 930 cm"1 after one hour. It decreases in frequency
to 870 cm"1 as the crystallization of the hydroxyl-carbonate apatite phase occurs and is
subsequently not visible after the growth of the phase reaches a critical thickness.

These results for 45S5 are very similar to those previously reported by Kim, et al. (6) and
Andersson; et al. (2). The primary difference is the earlier onset of Stages 3 and 4 observed in
this study. The amorphous calcium phosphate phase occurs as early as 10 mins. in this study,
which is approximately twice as fast as previously reported (Table 2). This difference is attributed

I to the greater resolution of the SXB FTIR used in the present study.

Composition #I (S63.5P6)

I No changes in the spectrum of this glass are visible even after 5 days exposure to tris buffer at
37 0 C. Thus the increase in Si0 2 content from 53 wt% to 63 wt% is sufficient to slow down the
surface alkali exchange, network dissolution and hydrolysis to an extent that prohibits formation
of either the silica-rich film or precipitation of a calcium phosphorous-rich film on the surface of
the glass.

Composition #9 (S53P4)

The spectrum of this composition before reaction and after 360 and 4320 mins. reaction is shown
in Fig. IC. The appearance of new double peaks at 610 and 565 cm"1 show that a crystalline
hydroxyl-carbonate apatite layer has formed on this glass by 4320 mins. The time dependent
changes of the surface reactions for glass #9 are plotted in Fig. 3. They can be compared with
similar plots for glass 45S5, Fig. 2, and glass #10 reported previously (2), obtained under identical

* experimental conditions.

Figure 3 and Table 2 show that the reaction sequence observed for glass #9 is equivalent to the
reaction sequence previously reported for glasses 45S5.4F, 45S5 and composition #10 (S45P7),
ref. 2. Thus the presence of 8 wt% more SiO 2 in the glass did not alter the sequence of the five
stages of surface reactions. However, it is clear that the rate of the third stage of reaction, the
polycondensation of the SiO2 -rich layer, has been substantially decreased for glass #9. The time
required for formation of the Si-O-Si stretching vibration due to polycondensation of neighboring
silanol groups was lengthened to 90 mins. Likewise, the formation of the amorphous calcium
phosphorous layer is decreased to 360 mins. The incorporation of carbonate species within the

amorphous layer occurs as seen previously on the other bioactive glasses and eventually
crystallization of the hydroxyl-carbonate apatite phase on the surface occurs. However, this
crystalline phase is delayed until 4,320 mins. This is a decrease of nearly 40X over the onset of
crystallization of the HCA layer on 45S5.4F and 45S5 bioactive glasses. It is a decrease of nearly
12X over that of composition #10 (Table 2).
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DISCUSSION

Previous work by Andersson, et al. (7) showed that glass #1 developed only a thin silica-rich layer
and no calcium phosphate layer. This composition also did not result in interfacial bonding. In
contrast both glasses #9 and #10 did form substantial interfacial push-out strengths within 7-8
weeks. In various models 45S5.4F and 4555 implants have also developed substantial interfacial
strengths due to bonding in bone (3,10). Also, Wilson and Nolletti (12) have shown that bioactive
glasses 45S5, 45S5.4F and compositions similar to #10 bond to soft tissues. The compositional
bonding boundary for soft tissue adherence is close to composition for glass #9 reported herein.

These studies of the surface reaction kinetics lead to the following findings:

1) Compositions in excess of 60% SiO2 (glass #1) have sufficiently slow reactions that a calcium
phosphate-rich film does not form and no in-vivo bonding takes place. This finding confirms
previous studies (3-5,13).

2) Increasing the SiO 2 content from 45% (by weight) to 53% SiO 2 substantially reduces the rate
of formation of surface silanols and slows down the subsequent polycondensation reaction required
to form a silica-rich layer. Consequently, the time to form the amorphous calcium phosphate layer
is increased. The rate of crystallization of the hydroxyl-carbonate apatite (HCA) layer is greatly

slowed down. This drastic reduction in the rate of formation of the HCA layer is in spite of
having sufficient CaO and P2 05 content in the glass available for formation of the calcium
phosphate-rich film. Consequently, these results indicate that the kinetics of formation of the
polycondensation reaction of silica (Stage 3) are critical in controlling the rate of formation of the
calcium phosphate film, and its nucleation and crystallization to HCA. This finding is consistent
with previous studies on P20 5 free Na20-SiO2 glasses (13). Kokubo (14) has shown that glasses
that contain only CaO and Si02 form an apatite film on the surface by incorporating phosphate
ions from a simulated body fluid. The presence of pre-existing apatite crystals within the glass-
ceramic does not affect this process.

3) These results indicate that the critical reaction rate constant in bioactive glasses and glass-
ceramics is Stage 3 which controls the polycondensation of silanol groups that form Si-O-Si bonds
on the surface. This is an exothermic reaction and occurs due to the presence of a metastable
pentacordinated silica molecule on the surface as an intermediate step in the reaction (15). It is
possible that this metastable state and the loss of H20 from the condensation reaction is associated
with the nucleation of the calcium phosphate complexes on the glass surface. These complexes
incorporate CO 2 molecules from the solution and result in the nucleation of a hydroxyl-carbonate
crystal. Any changes in composition which slow down or eliminate the presence of the Stage 3
silica polycondensation reaction appear to greatly decrease the rate of formation of the hydroxyl-
carbonate apatite layer. It is this layer that forms the bonding with biological moieties and
eventually gives rise to tissue bonding and bioactivity. Thus, the rate of tissue bonding appears
to be controlled by the rate of the Stage 3 reaction.
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Abstract

We observed visible light emission with a peak wavelength of

640 nm from p+ - n+ forward biased porous silicon homojunction

diodes. The light emission is attributed to electron-hole

recombination across the direct bandgap of the monocrystalline

quantum wires which make up the porous silicon junction layers.
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This paper reports the fabrication and characterization of a

light emitting diode (LED) made of a p+ - n+ porous silicon (PS)

homojunction. Our work is based on recent developments which

indicate that the monocrystalline quantum wires, responsible for

the porous structure [1], have direct bandgaps ranging from 3.5 to

1.5 eV for wire diameters between 10 and 35 Angstrom (2]. These

quantum wires form during electrochemical etching of silicon

wafers in diluted HF [1].

Realizing that a wide spectrum of applications in the area of

silicon based photonics may result from these developments, many

I researchers, including ourselves, repeated Canham's

photoluminescence (PL) experiment, with some modifications [3,4,5]

and for other materials such as Ge [6] and SiGe [7], and basically

found similar PL results. Encouraged by these results, projects to

I fabricate PS based devices that exhibit electroluminescence (EL)

were initiated

I Richter et al. [8] published current-induced light emission

data measured on n-type PS samples covered by a 12 nm gold layer.

A spectrum with a peak at 680 nm was measured when a current of 5

I mA passed through the sample. The voltage across the sample was

200 V.

A Schottky-barrier type structure using p-type PS was

fabricated and analyzed by Koshida et al. [9). Their EL device

exhibited rectifying junction behavior, although their non-

ideality factor was quite large. When the forward current density

exceeded 90 mA/cm2 at 7 V, a stable and uniform light emission

resulted with a peak wavelength of 680 nm.

Namavar et al. [10] observed visible EL from a p-type PS / n-

type ITO heterojunction diode having rectifying properties and a

non-ideality factor of 10. The measured light intensity appeared

to depend linearly on the injected current. In both the Schottky

[9]- and the heterojunction [10]- diode the light emission is

explained in terms of electron-hole recombination across the

direct bandgap of the p-type PS layer making up one side of the

junction.
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The focus of this paper is on the fabrication and

characterization of a PS homojunction formed between a heavily

doped n-type and p-type PS layer.
P-type, <100> silicon wafers with a resistivity of 6 - 18 Q

cm were implanted through the back side with Boron to provide a p*

ohmic contact layer. To form a n+ - p+ junction, Phosphorous and

Boron were implanted through the top surface and subsequently

annealed. The resulting doping profile measured with spreading

resistance probes is shown in figure 1. A n+- layer with a doping

density between (1-2) x 1019 /cm 3 extends from the surface to a
*depth of 2.5 gm, followed by a p+ - layer with a peak doping

density of 1 x 10 1 9 /cm 3 . The background, p - type substrate.doping

is 8 x 10 1 4 /cm3 . Samples of 0.5 x 0.5 cm2 were cut from the wafer

and mounted on the anode of a teflon chemical cell filled with 20

% HF by volume after covering the ohmic, sputtered Aluminum back

contact with wax. The n+ - p+ - p layer ordering ensures that the

junction electric field does not impede the flow of charge

required for the electrochemical process to take place. The

electrochemical etching was carried out in the dark.
* A Hewlett Packard semiconductor parameter analyzer was

programmed to provide a constant current density of 20 mA/cm2 for a,

specific amount of time and was also used to monitor the voltage V

across the chemical cell during etching. Figure 2 shows V as a

I function of time t for a period of almost 600 seconds. Notice that

for t between 0 and 100 s. V is rather constant, then a sharp drop

occurs, followed by a gradual increase to again a constant level

of about 0.75 V. We believe that the HF-liquid / silicon surface

junction, which results from the surface Fermi level pinning at

adsorbed F- sites is responsible for this V(t) behavior [11]. For 0

< t < 100 s., pores form in the heavily doped n-region. The

I liquid-surface barrier is high due to Fermi level pinning at F-

sites at about 0.4 eV above the valence band [11], making it

difficult for the surface bond electrons to escape. This severely

limits the flow of charge resulting in a high voltage drop across

the cell when driven by a constant current source. At t = 100 s.

the pores start to penetrate the n - p junction region. The
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surface barrier becomes lower than in the n+ - case, As a simple

picture of Fermi level pinning will illustrate, and surface bond

electrons can more easily escape. Consequently, the liquid-silicon

interface impedes charge flow less and a low voltage across the

cell develops under constant current conditions. For 200 < t < 256

s., a constant V(t) is observed which we associate with pore

penetration of the p+ - region. At t = 250 s. a gradual increase

sets in which indicates that the pores have reached the rbgion

where the acceptor doping level decreases (see Fig. 1) and thus

the surface barrier widens, reducing the probability for surface

electron escape. This pore progression model is confirmed by

spreading resistance probe measurements.on our electrochemically

etched,-porous samples. Spreading resistance data on n- and p-

type porous sample sections show higher resistivity values with a

larger data variance than result from bulk layers and are

therefore a useful tool to determine the spatial extent of pore

formation. Based on this insight we electrochemically etched the

samples for six minutes since that results in n+ - p+ PS

homojunctions with the pores extending to p+ - p interface as

illustrated by the inset of figure 2.

After etching, the samples were exposed to 49 % HF for 30

minutes under equilibrium conditions and cleaned using DI water. A

100 Angstrom gold layer was deposited on the PS surface and used

as top electrical contact. A standard mesa etc h procedure was used

to define'a matrix of 5 x 5 mesas with a cross-sectional area of

about 1 mm2 each.

Orange/reddish light emanated from the side surface of

ndividual mesas at a forward bias turn-on voltage VL of 5 - 10 V

and was discernable with the eye in the dark. We observed a direct

correlation between the quality of a mesa and its value Of VL-

Mesas with good I - V characteristics had lower VL values. No

visible light emission was observed under reverse bias conditions.

The I - V characteristics of the mesa devices were found to be

stable for at least six hours in stress tests during which visible

light emission persisted.
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To increase the light output two adjacent rows of five mesas

each were contacted using silver paste and biased in parallel.

Figure 3 shows the current voltage characteristic of a sample

array consisting of ten mesas in parallel. Note that the sample

has excellent rectifying properties, has a non-ideality factor of

3 measured over three decades of current (inset) , and a series
resistance of 250 12.

Normalized PL and EL spectra are shown in figure 4. The

measured data was smoothened to reveal the peak position and the

spectral shape more precisely. The spectral measurements were

carried out using a double monochromator with photon counting

electronics. The PL spectrum was measured on a single p+ - n+ mesa

using a 514.5 nm Argon laser, whereas the EL spectrum was produced

by the array described above biased with a current source at 60

mA. The peak wavelengths of the PL and EL spectra are the same at

640 nm which corresponds to a wire size of 22 Angstrom [2]. The EL

spectrum is slightly broader that the PL spectrum. This may result

from the array area being 10 times larger than a single mesa area

so that a wider quantum wire size distribution may be expected in

the former.

In summary, we observed visible light emission from p+ - n+

porous silicon homojunction diodes biased at low forward bias
voltages of 5 - 10 V. Spectral measurements on an array of 10

devices biased at 60 mA indicated a peak wavelength of 640 nm. We

attribute the light emission to electron-hole recombination across

the direct bandgap of the quantum wires that make up the porous

silicon junction layers. Band calculations indicate that the peak

wavelength of 640 nm corresponds to a quantum wire size of 22

Angstrom. TEM measurements are underway to further investigate the

relationship between the peak wavelength of El. and PL spectra and

the quantum wire size.Finally, the above outlined low cost

fabrication procedure results in reproducible and stable devices

and has a high yield.
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Figure Captions.

Figure 1. Doping profile of Silicon N - P junction measured with

spreading resistance probes.

Figure 2. The voltage V across the chemical cell measured as a

function of time during electrochemical etching of a silicon wafer

in the dark. The cell was biased with a current source. The inset

schematically shows the layered structure of a single mesa.

Figure 3. The current - voltage characteristic of a p+ - n+ porous

silicon homojunction diode array. The inset shows a semi-

Slogarithmic plot of forward current and voltage revealing a non-

ideality factor of 3.

Figure 4. Normalized EL and PL spectra of a diode array and single

diode, respectively.
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a. Evidence for Protonic Conduction in Alkali-Free
Phosphate Glasses
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ABSTRACT

Species of electrical charge carriers in oxide glasses containing neither alkali ions nor transition metal ions is the sub-
ject of considerable uncertainty. Two different approaches adopted here made it clear that protons in 45BaO-55P 20 5
glasses are the charge carriers. One approach adopted is of a change in color by formation of HzWO 3, which was caused by
injection of the protons of the glass into W0 3 thin film under an electrical field, and the other is of a change in electrical
conductivity by H *-D substitution in the glasses.

In most oxide glasses, electrical charge carriers are alkali Preparation of WO3 film and construction of electrochro-
ions such as Na' and Li* in alkali-containing glasses, or mic (EC) ceLl.-Amorphous W0 3 films (3000 A thick) were
electrons in transition metal-containing glasses. Nami- deposited onto one side surface of optically polished BaO-
kawa et al. (1) suggested that protons may be the charge PzO5 glass plates (ca. 5 mm square by I mm thick) by vac-
carriers in alkali-free BaO-P20 5 glasses. Abe et al. (2) found uum evaporation. The as-deposited W0 3 films obtained by
that electrical conductivity is proportional to the square of the evaporation were slightly deficient in oxygen so that
proton concentration in alkaline-earth phosphate glasses the specimens were heated to 290°C and held for 2 h in dry
and suggested that the protons in these glasses are the oxygen atmosphere before they were submitted to the pre-
charge carrying species. sent electrochromic cell experiment. The heat-treatment

Generally, a small amount of "water" remains as -OH made a change in the color of the films from light blue to
groups in glasses. It is expected that the protons of the -OH light brown. The color is dependent on the stoichiometry
groups in alkaline earth phosphate glasses are responsible of the film composition. Figure 1 shows a schematic dia-
for the electrical conduction since the strength of the O-H gram of the EC cell in which BaO-P20s glas.: is used as an
bonding in these glasses is much lower owing to the for- electrolyte. Platinum was used for the electrodiz and the
mation of the strong hydrogen bonds of -OH . . 0-. electric leadwires. Gold foil was sandwiched between the
Hosono et al. (3) showed that D' ions doped in 45MgO- electrode and the specimen in order to improve the physi-
55P.Os glasses are as mobile as H* ions in the glasses cal contact. An external dc voltage of 250 V
under an electrical field. Abe et al. (4) suggested that the (-3.0 x 103 V/cm) was applied between the electrodes at
species in PbO-SiO2 glasses are also impurity protons in 200°C in air and dry nitrogen atmosphere, respectively.
the glasses. The same experiment was carried out for the W03-depo-

On the other hand, many researchers still have a preju- sited SiO2 glass.
dice that protons in oxide glasses are not so mobile to be
the electrical charge carriers in any glasses. In fact. electri- Electrical conductivity measurement.-Disk-like speci-
cal charge carriers in fused SiO2 glass are not protons but mens (ca. 3 cm diam by 0.3 cm thick) were cut from the
impurity Na' ions (5). Ernsberger (6-8) asserts that proton mother glass blocks and polished with 3 ;.m alumina abra-
migration is only observed in highly hydrated glasses and sive. Gold films sputtered on the specimen were used as

crystals; the mechanism involves the handing-on of the
proton from one H,.O to another by temporary formation of
H 1O'. Molecular water is necessary so that H' from H:10 Specimen
can be passed on to a different molecule from that from
which it came. It is evident from IR spectroscopy that in
the BaO-P.O. glasses used here, no molecular water exists, W0 3 film ElectrolyteSbut hydroxyl groups do exist (P-OH). We believe that (BaO.P 2,0.
whether protons in a glass become the charge carriers or
not depends on the O-H bonding strength. It is a reasona-
ble assumption that the protons (H') in the glasses are mo-I bile if the O-H bonding is weak, that is, the hydrogen bond
of OH - -0- is strong. The purpose of the present study is
to give some proof that the protons in the 45BaO-55P 20 5  SiO2 glass

* glasses are the electrical charge carriers.

Experimental Procedure
Preparation of glasses.--Guaranteed-grade reagents of

barium carbonate and orthophosphoric acid (85%) were
used as starting materials. Glasses were prepared by a con-
ventional melt-quenching technique. Concentration of the
remaining water (OH) was controlled by changing the Gold foil Electrode
melting temperature and time. Details of the preparation
process are described in Ref. (9). Proton-free glasses con- (Platinum)
taining various amounts of deuterons were prepared ac-
cording to the process involving hydration ofta "dry" glass Fig. 1. Schematic diagram of on EC cell used in the experiment The
in an autoclave (3). electrolyte is 45BaO-55P 20, glass.
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electrodes in a three-electrode configuration. Direct-cur. 100 1.0
rent (dc) conductivity was measured with a vibrating-reed __

electrometer over the temperature range from 100 to 200°C. so a 0.8 _

Above 200*C. conductivity was measured by alternative- 800.0
current (ac) method with a LCR meter in the frequency £
range from 100 Hz to 100 kHz. The dc conductivity was 60 0.6
evaluated from the Cole-Cole plots assuming a RC parallel U b 0
circuit for the specimens. E 40 0.4

Determination of proton content.-Proton content was €_.0
determined on the basis of Lambert-Beer's law by meas- 20 0.2
urina the intensity of the IR absorption band due to the I1-
OH (-2800 cm-1) or OD (-2100 cm-') stretching vibration 0 - 0.0
(10). The 45BaO-55P0 5 glasses containing D* instead of 200 300 400 500 600 700 800 900
H* were prepared according to the previous paper (3). In
the case of the proton-free but deuteron-containing speci- Wavelength (nm)
mens, it is impossible to evaluate the OD content directly
from the "raw" spectrum because the absorption bands Fig. 2. Optical transmission spectra of a W0 3-deposited 458o0-
originated from the glass network of P-O-P bonds 55P20 glass and an absorption spectrum of the W0 3 film. Curve a and
superimposed on the OD stretching band around b are spectra of specimen before and after the dc voltage was applied,
2100 cm-1. The OD band appeared clearly by removing the respectively. Curve c is the difference spectrum between a and b, which
network-related absorptions, i.e., the spectrum of the is characteristic of tungsten bronzes.

"dry" glass was subtracted from a given raw spectrum.
The molar extinction coefficient (COH) of the OH band used
was 150 L t mol" -cm-1, which was evaluated from the This indicates that the protons in the BaO-P20 5 glasses
plots (11) showing the relation between fOH and the OH form stronger hydrogen bonds with acceptor oxygens
band position. The quantitative relation between 40H and than those in the MgO-P 205 glasses. As a result, when com-

D is given by pared at the same proton content, the activation energy of
45BaO-55P 20 5 glasses for the proton conduction is lower

eOD = 0.60 EOH (1] than that of 45MgO-55P 2O5 glasses; the conductivity of the
c for obtaining the equation is described in former glasses is - 1033 times as large as that of the latterThe procedure ones. Upon substitution of D÷ for H', the band position

Ref. (3). moved from 2760 to 2130 cm-'. Then the ratio of the wave
Results and Discussions number of the OH band to that of the OD band is 1.30,

Coloration of W0 3 film.-The coloration mechanism of which is close to the value (1.44) estimated by a harmonic
w0 3 is oscillator approximation.

Direct-current conductivity (cr) varied exponentially
a-W0 3(light brown) + xM" + xe- -. M:WO3(blue) (2] with temperature for all the specimens over the tempera-

Tungsten bronze (M1W0 3 ) is formed to be colored when ture range measured

cations (i.e., H', Na', Ag*) enter into the WO, film from an o = cr0 exp (-E/RT) (3]
electrolyte and electrons from an electrode. The color cen-
ter arises from the added electrons which are trapped by where 0 o and E are the pre-exponential factor and the acti-
W"" ions. vation energy for the conduction, respectively. Figure 4

Figure 2 shows the optical transmission spectra of the shows the relation between the conductivity (ar47) at 144°C
specimen with W0 3 film; curve a and curve b are before (1000/T = 2.4) and the concentration of the protons or deu-
and after the voltage is applied, respectively, and curve c is
the difference spectrum between the curve a and b. On ap-
plying an external dc 250 V to the cell for several hourz in
dry nitrogen atmosphere, the specimen (w03 film) became
blue and the optical transmission was reduced to be =50%
at 900 nm. The broad absorption band around 900 nm was
obtained from the difference spectrum. It is known thata
the color band around 900 nm is characteristic of a series
of bronzes. It is evident that the protons in the BaO-P2,0 5  b
glass were injected into the W0 3 film and as a result, the

hydrogen tungsten bronze (HWO,3) was formed. After the
reverse voltage was applied to the colored specimen for U
the same duration time in the dry nitrogen atmosphere,
the transmission was recovered almost perfectly to the in'tial state. In the case of the W03-deposited SiO2. glass speci-
men, no reduction of the transmission was observed. C

In the case of the experiment in air, the specimen was -'d

colored more deeply than in the dry nitrogen atmosphere
when the external voltage was applied. Although the
bleaching was observed when the reverse same voltage
was applied, the transmission was insufficiently recovered
to the initial state. This was caused by the protons which
are supplied under the electrical field from the air atmos-
phere to the W0 3 film. The SiO2 glass specimen with W0. 4000 3000 2000
film showed no coloration in air as well as in the dry nitro-
gen atmosphere. It is clear that the BaO-PRO glass plays Wave number (crm"')
the role of proton conductor.

Change in electrical conductivity by substitution of D' Fig. 3. IR spectra of 45BaO-55P20 glasses containing residual
for H' of the glasses.-Figure 3 shows the IR spectra of the water. Curves a and c are typical spectra of specimens containing light
specimens (45BaO-55P.,O glass plates) containing protons and heavy water, respectively. Curves b and d are the "isolated" spec-
or deuteroins. Tile broad band around 2800 cm ' is due to tra of the light water and heavy water, respectively. These were ob.
the 0-11 stretching mode. It is located at lower wave num- tamed by subtracting absorptions due to the network of the host gloss
ber in comparisi)n with 45MgO.55P.O,, glasses (31001) cm '). l 0 o°m the "raw" spectra a and c.
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.9 _2. Electrical conductivity decreases with the strength of
the 0-H bonding, i.e., it increases with the strength of the
hydrogen bonding (2).I '3. Examination of the Seebeck effect shows that the

E sign of charge carriers in CaO. P 20 5 glass is positive

-10 (-2 mV/deg) (12).

I Concluding Remarks
r Many researchers still have a prejudice that protons in

"oxide glasses are not mobile under an electrical field. This

••-I Iis true in some oxide glasses such as SiO2 glass and silicateI _ glasses containing a large amount of alkali ions. However,
0 the mobility of protons in glasses depends on the O-H

bonding strength; it is possible that protons are the electri-
-12 -- cal charge carriers in some glasses in which O-H bonding

is weak. i.e., hydrogen bonding is very strong.
-1.2 -0.8 -0.4 0.0 Evidence for protonic conduction in alkali-free BaO-

P 2 0s glasses were given in the present work. In alkaline-

log [H-m earth phosphate glasses, the O-H bonding is weak owing to
lg -the formation of strong hydrogen bonding. Alkaline-earth

phosphate glasses have a potential use for the high proton
Fig. 4. Relation between electrical conductivity (0`117) at 417 K and conductive electrolyte when the OH concentration is in-

proton (0) or deuteron (0) concentration in 458aO-55P20 glasses, creased.

Manuscript submitted March 8, 1991; revised manu-
terons in the specimen. This relation is expressed by script received May 13, 1991.
Eq. (4], which has been previously reported (2)
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