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An H,0,-assisted, sol—gel synthesis route to precursors to magnesium silicate thin films
is described. Films having ratios of Mg to Si from 1 to 3 were prepared by spin-coating. On
substrates such as silicon, aluminum, steel, glass, and fused silica, repeated coatings were
applied, without intermittent treatment, to give ~0.5 um thick films. Crack-free consolidation
was achieved by conventional or microwave heating. Densification of the films on silicon
was studied by IR spectroscopy, ellipsometry, and microhardness measurements; IR analysis
indicated that these films were amorphous to at least 750 °C. At high enough temperatures,
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durable films were obtained that exhibited antireflective properties.

Introduction

Over the past several years, sol—gel technology has
been used extensively to prepare coatings. These coat-
ings, typically made from SiO,, Al,O3, TiO,, and others,
have a variety of applications.!™* In particular, anti-
scratch®>~7 and antireflective coatings®~14 are common
uses.

Recently, novel routes to preparing sols as precursors
for enstatite,'5 forsterite,’® and Cr-doped forsteritel”
were developed using hydrogen peroxide. Sols for
enstatite were used to prepare clear, crack-free coatings
on various substrates such as silica, polystyrene, and
polycarbonate. Sols for forsterite were dried and fired
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to prepare crystalline powders. While much has been
learned about some of the early intermediates in the
formation of the sols,'81° little is known about the
coating process. How does viscosity of the sol depend
on concentration? Can stable sols be made to give
reproducible coatings over a long time? What thick-
nesses can be obtained? If several coats were applied
successively, would heat treatment be necessary be-
tween coats? The properties of the coatings, such as
refractive index, adhesion to substrates, and hardness
have not been investigated. How will these properties
be affected by heat treatments? Hardnesses can be
measured by continuous microindentation, which over
the past few years, has become a powerful tool in the
characterization of the mechanical properties of thin
films.20-26 |n particular, the variation of hardness with
depth in thin films has been studied effectively by this
technique.?2:2526

In this paper we describe the synthesis and charac-
terization of stable magnesium silicate sols that were
used to coat various substrates. Coatings on silicon,
glass, steel, aluminum, and fused silica were processed
in conventional furnaces and in a microwave oven. The
resulting thickness, index of refraction, IR spectra,
hardness, and antireflection properties are discussed in
terms of coating composition and heat treatments.
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Table 1. Experimental Details of Sol Preparations

MeOH (mL)
sol2  MgSi TEOS(@ Mg(g) forMg forrinsings® 30% H,O2(g) inMeOH(mL) HxO(g) inMeOH (mL) R3¢
1 11 15.59 1.83 175 331 1.99 150 3.38 84 4.0
2 2:1 15.91 3.71 350 322 8.135 150 6.0
4 11 10.67 1.24 110 60 2.725 155 1.209 20 4.6
5 11 9.99 1.16 125 62 2.568 164 2.592 25 6.0
6 2:1 11.07 2.58 200 115 5.721 100 1.803 20 8.0
7 2:1 10.33 241 200 115 5.28 100 1.798 100 8.0
8 31 11.11 3.89 320 128 7.56 139 8.0

a Sols 3 and 9 were made by dilution of sols 2 and 8, respectively. ? This volume includes methanol used for any dilutions. °R3 is the
ratio of total equivalents of potentially reactive hydrogens to moles of silicon.1®

Experimental Section

Starting Materials and General Comments. Magne-
sium chips (99.99%) and tetraethyl orthosilicate (TEOS) 99+%
were obtained from Johnson-Matthey and Aldrich, respec-
tively. Methanol was dried and distilled from Mg(OMe), before
use. All glassware was vacuum-dried before use, and all
syntheses were carried out under argon.?” Particle size
analysis was done in methanol on a Brinkmann Model 2010
instrument. Coatings were applied with a Headway Research
Model PM101D-R485 spin-coater except when the 10 x 15 cm
substrates were coated, for which a Model PM101D-CB12 was
used. Ellipsometry measurements were done at 6328 A with
a Rudolph Research AutoEL Ellipsometer with PhiO set at 70°;
calculations were done with DAFIBM software. Powders were
calcined and fired in a Lindberg Model 51848 box furnace. The
microwave oven used was a Model KSA-8007A from Mont-
gomery Ward. Sample temperatures were measured with an
Omega surface temperature probe. IR measurements were
made on a Mattson Galaxy 4020 FT-IR spectrophotometer
using FIRST software. For metal substrates, a Baseline
specular reflectance accessory by Spectra-Tech was used. The
XRD patterns were obtained on a Scintag PAD X diffracto-
meter using DMS2000 software. Viscosity measurements
were taken on a Brookfield Model RVTDV-IICP cone/plate
viscometer. Carbon resonance RBS was preformed at Cornell
University's lon Beam Facility. Physical properties of coatings
were evaluated with military specification MIL-C-675C. These
tests include severe abrasion: 40 strokes of an erasure with a
force of 2—2.5 Ibs; adhesion: quick removal of cellophane tape;
humidity: 24 h at ~48 °C and near 100% humidity; and salt
spray: 24 h in spray. Transmission and reflection were
determined by specular reflectance utilizing a spectrophotom-
eter.

For the following preparations, the general procedures used
are similar to those described for sol 1; the amounts of reagents
used are summarized in Table 1. Vessel sizes were also scaled
for the volumes used. For hydrolysis method 1, a stoichio-
metric quantity of potentially reactive protons, “H*” (assuming
that, at most, two come from H,O, and one from H,0) was
added to the alkoxides.*®* Hydrolysis method 2 refers to a
situation where less than the stoichiometric amount of “H*”
was used; usually, enough “H*” was present to react with 75%
of the alkoxide groups. Slow additions of the solutions of H,O,
and H,O were made with a Sage Instruments Model 341B
syringe pump with a B-D Yale 50 mL glass syringe. Sols were
made with different magnesium-to-silicon ratios and will be
denoted as 1Mg:Si, 2Mg:Si, and 3Mg:Si.

Preparation of 1Mg:Si Precursor Sol 1. A small Schlenk
storage vessel (SSV) was charged with 15.59 g (0.0749 mol) of
TEOS. To a 250 mL Schlenk reaction vessel (SRV) that
contained 175 mL of methanol and a Teflon magnetic stir bar
was added 1.835 g (0.0749 mol) of magnesium chips. The SRV
was fitted with a water-cooled condenser topped with a three-
way gas adapter connected to a source of purified argon and
to an oil bubbler. The mixture was cooled in an ice bath to
reduce the rate of gas evolution. After 12 h, the evolution of
gas stopped. The gray, slightly cloudy solution was transferred
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guantitatively via cannula into a medium-porosity fritted filter
tube and was filtered into a 2 L 3-necked creased flask (Ace
Glass Co., Morton type). The SRV was rinsed with methanol
(6 x 30 mL), and the rinsings were added to the flask. The
flask was also equipped with a water-cooled condenser (con-
nected to a source of argon and to an oil bubbler with a three-
way gas adapter) and a mechanical stirrer with a Teflon
paddle. The TEOS was quantitatively transferred into the
flask via a cannula; the SSV was rinsed with methanol (3 x 5
mL). Methanol (136 mL) was added to dilute the mixture. A
solution of 1.99 g of 30% H,0, (0.0176 mol of H,O, and 0.0774
mol of H,0) in 150 mL of methanol was added to the flask at
3.4 mL/h. Then H,O (3.38 g, 0.188 mol) in 83.5 mL of
methanol was added at 1.67 mL/h. During additions, mixing
was fast enough to foam the solution without causing splash-
ing. The resulting sol, 1, was clear, and GC analysis of the
head space detected no volatile silicon alkoxides.*® A portion
(~20 mL) of 1 was transferred to a SSV to check the long-
term stability of the sol. The viscosity was visually estimated
to be similar to that of methanol.

Preparation of 2Mg:Si Precursor Sols 2 and 3. The
procedure described above was used to prepare sol 2 with these
differences: (1) the amount of TEOS used was 15.91 g (0.0764
mol), and the Mg(OMe), was prepared from 3.71 g of Mg (0.153
mol) in 350 mL of methanol in a 500 mL round-bottom flask;
(2) methanol (157 mL) was used for the dilution; (3) hydrolysis
was done with 8.135 g of 30% H,0, (0.0718 mol of H,O, and
0.316 mol of H,0) in 150 mL of methanol added at 13.3 mL/h.
A GC analysis of the headspace showed no volatile silicon
alkoxides were present.’® The sol was clear and had a low
viscosity (estimated). Sol 3 was prepared by diluting 2 to
74.4% of the original concentration as follows: to a 100 mL
graduated SRV was transferred 59.5 mL of 2 followed by 20.5
mL of distilled methanol by means of a cannula. The mixture,
3, was magnetically stirred for about 6 h.

Preparation of 1Mg:Si Precursor Sol 4. This sol was
hydrolyzed by method 2 and was based on 10.67 g (0.0512 mol)
of TEOS. The first half of the H,O, solution was added at 5.1
mL/h, and the second half was added at 1.67 mL/h. The first
half of the H,O was added at 0.34 mL/h, and the rest was
added at 0.51 mL/h. The sol was hazy with a bluish tinge.

Preparation of 1Mg:Si Precursor Sol 5. The procedure
was similar to that for 4 and is based on 9.987 g (0.0479 mol)
of TEOS and hydrolyzed by method 1 with a different ratio of
H,0; and H;0O (see Table 1). The H,0, solution was added at
1.67 mL/h, and the H,O was added at 0.38 mL/h. The sol was
hazy with a bluish tinge.

Preparation of 2Mg:Si Precursor Sol 6. This sol,
hydrolyzed according to method 1, is similar to 2 based on 11.1
g (0.0531 mol) of TEOS. The first third of the H,O; solution
was added at 20 mL/h, the second third being added at 8.4
mL/h, followed by 20 mL/h for the rest. The H,O was added
at 20 mL/h. The sol was hazy with a bluish tinge.

Preparation of 2Mg:Si Precursor Sol 7. This sol is
similar to 6 and is based on 10.3 g (0.0496 mol) of TEOS. The
H,0, solution was added at 20 mL/h, and the H,O was added
at 20 mL/h. The sol was hazy with a bluish tinge.

Preparation of 3Mg:Si Precursor, Sols 8-10. The
procedure described for 2 was used to prepare 8 with 9.27 g
(0.0445 mol) of TEOS. The sol was clear and had low viscosity.
A portion (20 mL) was saved in an SSV. After 3 days, 9 was
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made by diluting of 42.3 mL of 8 with 37.7 mL of methanol in
100 mL of SRV. A similar dilution was made after about 1
month when 8 became more viscous. In a 500 mL flask, 208
mL of 8 was diluted with 185 mL of methanol to produce 10.
The remainder of 8 later gelled but stayed clear.

Viscometry. All the viscosity measurements were carried
out at 25 °C using a Model CP-40 cone, which has an angle of
0.8° and a radius of 2.4 cm. To control evaporation of methanol
during the measurement, the instrument housing was sealed
with tape and purged with argon that had been bubbled
through methanol.

Coating and Drying. The substrates used included glass
cut from microscope slides into 2.5 x 2.5 cm squares, silicon
wafers (Unisil) cleaved into 2 x 2 cm pieces, household
aluminum foil glued to 2.5 x 2.5 cm glass slides, 1.5 cm
diameter fused silica disks (Meller Optics), 1 cm? fused silica
cut from a spectrophotometric cuvette (Heraeus Amersil or
NSG Precision Cells), and 10 x 15 cm steel substrates obtained
from Union Carbide Corp. Enough sol was applied dropwise
through a 0.45 um syringe filter to completely cover the
substrate. If filtration was difficult, the sol was treated with
ultrasound for 5—10 min to break up coagulated particles. The
coated substrate was spun at 2500 rpm for 60 s. Multiple coats
were applied in rapid succession.

For “furnace drying”, substrates with coatings, which may
or may not have been air-dried for about 12 h, while resting
on alumina boats in a box furnace, were heated to 150 °C at
25 °C/h and held for 3 h. For higher temperatures, the furnace
temperature was increased in 150 °C steps at 25 °C/ h and
held 3 h to the following: 150, 300, 450, 600, 750, 900, and
1050 °C. The heating rate for further heating during hardness
studies was 1 °C/min. “Microwave drying” was done with the
following four-stage procedure in which water was placed
inside the oven along with the sample: (1) 2 min on medium
high with 200 mL of deionized water in a 400 mL beaker, (2)
2 min on medium high with 25 mL of water in a 400 mL
beaker, (3) 2 min on high with 25 mL of water in a 400 mL
beaker, (4) 2 min on high with 25 mL of water in a 200 mL
beaker. Each time the substrates and the beakers were placed
in the same location inside the oven, and the water was at
room temperature before each stage. The power level of the
fourth stage, in which the minimum amount of water was
used, was the highest permissible to avoid sparking.

IR Spectra of Coatings on Silicon. Since a silicon wafer
is partially transparent in the IR region, absorbance spectra
were taken of the coatings.?®=3° Each uncoated silicon wafer
was supported perpendicular to the beam with the polished
side toward the source while the spectrum was taken. After
a coating was applied, the silicon substrate was placed in the
same orientation and another spectrum was taken. The
spectrum of the coating was obtained by subtraction, using
the software. The IR spectrum of a coating on silicon had
peaks at 3420, 2955, 2849, 1653, 1194, 1036, 899, 802, and
446 cm™L.

Hardness Measurements. The hardnesses of thin films
were measured with a continuous microindenter built around
a PZT stack which was capable of performing both indentation
and scratch tests.3%32 The instrument has a depth resolution
of 5 nm and a load resolution of 16 uN. During a hardness
test, a Berkovich indenter, a three-sided pyramid, was driven
into the sample at a rate of 15 nm/s until a predetermined
load was reached, and then withdrawn at a rate of 20 nm/s.
The load and depth of penetration were monitored continu-
ously using a leaf spring load cell and sensitive capacitance
probes.
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Figure 1. Load vs depth of penetration of the microindenter
in a 2Mg:Si magnesium silicate coating on silicon.

Five indentations were made by the above procedure to
loads of 1.2—18 mN in each of the samples. Figure 1 is a
typical plot of load versus indentation depth obtained from an
experiment in which the sample was indented five times, each
time to a load higher than that used in the previous cycle.

The hardness, H, is calculated using the relation H = P/A,
where P is the maximum load applied and A is the projected
area of the indenter in contact with the sample at the
maximum load.?*?* The contact area is determined from the
contact depth obtained from the slope of the unloading portion
of the load—depth of penetration curve and the shape function
of the indenter. The shape function of the indenter was
calibrated by imaging indentations made on annealed brass.
By indenting the sample to a number of different loads,
hardness was evaluated as a function of the depth of penetra-
tion.

Thickness Estimation for Coatings on Steel. A steel
plate and a silicon wafer were each coated with 3 and 10 coats
of 1, and 3 and 10 coats of 3, then dried for 4 h at 100 °C.
Thickness of the coats on the silicon substrates was measured
by ellipsometry, and IR spectra were taken of all the heated
films. Thicknesses of the coatings on steel were estimated
using ellipsometric data for the silicon substrates combined
with the IR data and the thicknesses of films on silicon as
illustrated below.

The thickness of coatings was estimated from Beers law, A
= abc in which A is the integrated area of the peak from Si—O
absorbance, and b is the path length of the IR beam in the
film. The absorptivity, a, and concentration, c, are constants.
The IR spectra of films on silicon are taken straight through
the film, so the path length is the thickness of the film. Using
typical data from a 4606 A thick coating of 1 on silicon, ac is
given as

ac=A/b = 11.897/4606 A =2.583 x 10 2 A™!

Assuming ac is constant, the path length for a beam in the
coating on steel can then be calculated:

b = Alac = 36.994/2.583 x 10 A 1=14322A

The relationship between the path length b and the film
thickness d is shown schematically below:

For a path length b of 14 322 A, the film’s thickness is d =
(b/2)cos 30° = 6202 A.

Gel Drying. A sample of sol, typically 30 mL, was placed
in a 500 mL Nalgene beaker that was loosely covered by
aluminum foil. A glass tube was placed through a hole in the
center of the foil, and supported a few centimeters above the
sol; it was connected to a water aspirator to draw out the
evaporating solvent fumes. A heat lamp was directed at the
bottom of the beaker. When dry, the pieces of xerogel were
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scraped into a mortar and ground to a fine powder. The
powder was further dried by the heat lamp overhead for a few
hours.

Firing. The stoichiometries of sols were checked by XRD
of dried and fired crystalline materials. Xerogels of 1 (1Mg:
Si),2 (2Mg:Si), and 8 (3Mg:Si) were prepared by evaporation
and were fired in alumina boats in a box furnace, by heating
to 500 °C at 50 °/h and holding for 4 h, then heating to 1000
°C at 50 °/h and holding for 3.75 h.

Xerogel from sol 1 was heated only to 800 °C and then
further fired to 1250 °C for 6 h in the tube furnace.

Results and Discussion

Synthesis. Magnesium silicate sols were prepared
by hydrolysis of a solution of Mg(OMe), and TEOS in
MeOH with H,O, and H,O. The H;O; was used to
prevent the precipitation of Mg(OMe)(OH).15 Several
compositions of magnesium silicate sols were prepared
with different ratios of magnesium and silicon signified
by 1Mg:Si, 2Mg:Si, and 3Mg:Si. The compositions of the
sols are listed in Table 1.

The stoichiometry for hydrolysis using 30% H,0, and
H,O was based on the assumption that each H,0, yields
at most two reactive protons and each H,O yields one.
The overall mol ratio of “H*” to silicon is termed R3.1°
In hydrolysis method 1, enough “H*” was added to react
with all of the alkoxide groups. Practically, however,
since there was no evidence for formation of MgO,,!°
there is probably insufficient “H*” to react with all OR
groups. For a 1Mg:Si sol with one Mg(OMe), and one
Si(OEt)4, R3 was 6, and for 2Mg:Si with two Mg(OMe),
and one Si(OEt)s, R3 was 8. Method 2 has even less
“H*" added; for a 1Mg:Si sol, R3 was 4, while for a 2Mg:
Si sol, R3 would be 6. In both schemes though, it is
unlikely that all of the “H*” added actually reacted.
Evidence for this is shown by the existence of the Si—
O—Me peak in the IR at 1194 cm~1! (see more below).

Viscosity of Sols. Viscosity measurements were
carried out on 1Mg:Si sols 4 and 5 and 2Mg:Si sols 6
and 7; sols of each composition had different concentra-
tions of silicon. In all cases, non-Newtonian, pseudo-
plastic behavior was observed, that is, the viscosity
depended on the shear rate: the higher the shear rate
the lower the viscosity, as illustrated in Figure 2.
Moreover, at high concentration of silicon, the change
in viscosity with change in shear rate was greater than
that at a lower concentration.

The viscosity of sols 6 and 7 (2Mg:Si), which were
synthesized under the same conditions, depended on the
concentration of TEOS. The concentration of 6 (0.099
mol Si/L) was higher than that of 7 (0.090 mol Si/L),
and the viscosities were 1.80 and 1.41 cP, respectively.
This dependence of viscosity on concentration was
further supported by measuring the viscosities after
concentrating the sol by rotary evaporation. The viscos-
ity did not increase linearly with concentration as shown
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Figure 2. Plot of the change of viscosity with shear rate for
2Mg:Si sol 6 concentrated to 0.198 M, showing non-Newtonian
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Figure 3. Plot showing the change of viscosity with concen-
tration of 2Mg:Si sols 6 and 7 at fixed shear rate of 100 rpm.

in Figure 3. The viscosities of the concentrated sols
increased substantially upon standing, which indicated
that condensation reactions occurred during this time.

When the concentrated 7 was diluted from 0.130 to
0.0868 M, the viscosity was about 1.29 cP, compared to
1.41 cP for the 0.0902 M sol. This result demonstrates
that the viscosity of a sol depends on concentration and
that a concentrated sol can be diluted to restore its
original viscosity.

Despite higher concentrations and more hazy appear-
ance, 1Mg:Si sols exhibited lower viscosities (0.68 cP for
4 and 0.98 cP for 5) than the 2Mg:Si sols. Hence, the
rheological structure of the 1Mg:Si precursors was
different from that of 2Mg:Si precursors.

Particle Size Analyses of Sols. Particle size analy-
sis of 1Mg:Si sol 1 showed that there were particles
larger than 0.5 um, the detection limit of the instru-
ment. The observed distribution was between 0.5 and
5 um, with most particles being less than 1.5 um. To
determine what percentage of the sol passed through
the 0.45 um filter used prior to the preparation of thin
films, the mass of the dried gel from an aliquot of
filtered 1 was compared with that of unfiltered 1 (see
section on powders below). Since the two masses were
the same within experimental error, the amount of sol
lost during filtration was insignificant. After 14 days,
1 became hazy, and a particle size analysis revealed that
a small percentage of particles was as large as 8 um.
Gravimetric analysis of a filtered aliquot gave the same
value for solids content. After 38 days, 1 could not be
filtered through a 0.45 um syringe filter, and particle
size analysis revealed that the fraction of particles
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greater than 1.5 um had increased. Treatment of the
aged 1 with ultrasound for 5 min enabled filtration.
After 140 days, the sol was quite hazy but there was no
gel formation; the viscosity still seemed to be low. The
sol was unchanged in appearance over 22 months.

The initial particle size analysis of 2 indicated some
particles up to 4 um, with most less than 1.5 um. After
80 days the sol had only a very slight haze and very
low apparent viscosity. A comparison of the masses of
the dried gels from filtered and unfiltered aliquots
showed that the percentage of particles over 0.5 um in
diameter was insignificant. The sol was unchanged in
appearance after 19 months.

Powders. A portion of 2 was evaporated to dryness.
The resulting xerogel was fired at 1000 °C to make pure
forsterite. The XRD pattern matched all the peaks of
forsterite (JCPDS Card No. 34-189).3% The IR spectrum
of fired 2 in KBr had peaks at 1001, 885, 841, 613, 509,
469, and 422 cm™? (lit.34 985, 884, 839, 609, 507, 475,
and 420 cm™1).

A sample of 2 was also dried then heated to 800 °C to
yield a gray powder. After firing to 1250 °C, the
resulting white powder had only two major enstatite
XRD peaks at ~28.2 and 31.1° (20) that is either
orthoenstatite (JCPDS Card No. 19-768)3 or protoen-
statite (JCPDS Card No. 11-272).36 The pattern also
shows other not well-formed peaks of protoenstatite.
The IR spectrum of enstatite in KBr had peaks at 1078,
1013, 945, 893, 856, 723, 691, 646, 548, 505, 484, 459,
434, and 405 cm™1 (lit.87 1074, 1017, 951, 900, 860, 690,
642, 572, 511, 458, and 420 cm™1). The IR spectrum
has all the peaks in the Si—O region that match the
previously reported peaks of clinoenstatite, the only
polymorph found, within 6 cm~! but the peaks in the
Mg—O0 region do not match. This difference is under-
standable if one considers the fact that the enstatite
produced above at 1250 °C is mostly a mixture of the
protoenstatite and orthoenstatite polymorphs and that
the structural differences for all of the polymorphs can
affect the spectra. Between phase changes, the Si—0—
Si bonds remain unchanged while the Mg—O bonds
have to be broken and re-formed.3® Therefore, the three
polymorphs could have similar IR absorption spectra in
the Si—O region and different spectra in the Mg—0
region.

Some xerogel, prepared by evaporating sol 8, was fired
to 1000 °C. The XRD pattern contained peaks attribut-
able to forsterite and to periclase (MgO) with peaks at
42.9 and 62.3° (20).3° The IR spectrum shows a broad
peak due to MgO“? centered at 500 cm~1 superimposed
on the expected forsterite peaks.3* The spectrum was
essentially identical with that of an equimolar mixture
of forsterite and MgO.

(33) Powder Diffraction File [CDROM]; International Center for
Diffraction Data: Swarthmore, PA, 1993; File no. 34-189.

(34) Jeanloz, R. Phys. Chem. Miner. 1980, 5, 327.

(35) Powder Diffraction File [CDROM]; International Center for
Diffraction Data: Swarthmore, PA, 1993, File no. 19-768;

(36) Powder Diffraction File [CDROM]; International Center for
Diffraction Data: Swarthmore, PA, 1993, File no. 11-273.

(37) Madon, M.; Price, G. D. J. Geophys. Res 1989, 94 (B11), 15,
687.

(38) Smyth, J. R. Am. Mineral. 1974, 59, 345.

(39) Powder Diffraction File [CDROM]; International Center for
Diffraction Data: Swarthmore, PA, 1993; File no. 4-829.

(40) High-Resolution Spectra of Inorganics and Related Compounds;
Sadtler Research Laboratories, Inc.: Philadelphia, 1965.
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Figure 4. Thickness of five coats of 1Mg:Si sol 1 on silicon as
measured by ellipsometry after being heated to the tempera-
tures shown (bars show the ranges).
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Figure 5. Index of refraction of five coats of 1Mg:Si sol 1 on
silicon as measured by ellipsometry after being heated to the
temperatures shown (bars show the ranges).

Coatings on Silicon. Six silicon substrates were
coated with five coats of 1 and were heated in stages to
1050 °C. All six coatings have roughly the same
thickness and index of refraction as illustrated in
Figures 4 and 5. The thicknesses decrease as the films
densify with increasing heat treatment temperature, at
least up to 900 °C. The initial drop in index of refraction
is attributed to porosity that results from removal of
solvent. The initial scatter in the data may be caused
by different amounts of solvent remaining in these pores
at room temperature; after most of the solvent is
removed by heating to 150 °C, the values are about the
same for all six films. The drop at 600 °C is probably
caused by an increase in porosity due to burn off of
carbon. With increasing heat-treatment temperatures,
the film densifies, and the index of refraction reaches
the theoretical value of 1.65 (the value reported for
enstatite) after heating at 900 °C.#? At this point the
film is probably nearly fully dense. The increase in
thickness after 1050 °C may be due to some reaction
with the substrate. Similar results were obtained using
a silicon substrate that had a 1000 A layer of SiO;
between the substrate and the film.

(41) Klein, C.; Hurlbut, C. S., Jr. Manual of Mineralogy; John Wiley
& Sons: New York, 1977.
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Figure 7. IR spectra of 1, 5, and 10 coats of 1Mg:Si sol 1 on
a silicon wafer before heating.

Ellipsometry measurements (Figure 6) showed that
the thickness increased linearly with the number of
coats for five silicon substrates coated with various
amounts of 1.

An IR spectrum was taken after each coat of 1; the
spectra of 1, 5, and 10 coats are shown in Figure 7. The
integrated area of the peak at 1036 cm™! (Si—O stretch-
ing)*?>*3 increases linearly with the number of coats,
corroborating the conclusions made on the basis of
ellipsometry. This linear relationship has previously
been used to measure thickness of SiO; films on
silicon. 4445

To investigate the effects of heat-treatment on film
thickness and IR peak area, five silicon substrates were
coated with various number of coats of 1 and heated in
stages to 1050 °C. The area under the IR peaks
obtained at room temperature also increased linearly
with number of coats, showing that reproducibility is
quite good. The IR peak area is also linearly related to
the film thickness. Elipsometry data demonstrate that
thickness and index of refraction follow the same basic
trend seen in Figures 4 and 5, respectively.

(42) Kriegsmann, H. Z. Anorg. Allg. Chem. 1959, 299, 78.

(43) Weiler, J. Z. Phys. 1933, 80, 617.

(44) Miler, M. Solid-State Electron. 1968, 11, 391.

(45) Dial, J. E.; Gong, R. E.; Fordemwalt, J. N. J. Electrochem. Soc.
1968, 115, 326.
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Table 2. Room Temperature Thickness (A) for
Magnesium Silicate Coatings on Silicon of Various Sols
(Sol 1: 1Mg:Si; Sols 2 and 3: 2Mg:Si; Sols 8 and 9:

3Mg:Si)
sol
coats 1 2 3 8 9

1 509 656 527
3 1483 1861 1481
5 2437 3132 2552 4728 2436
7 3462 4281 3403

10 4819 6142 4880 4604

Changes were seen in the IR spectra after the coatings
were heated. After 3 h at 150 °C, peaks from O—H and
C—H stretching (at 3420 and 2955, 2849 cm™1, respec-
tively)*® decreased and the Si—O stretching peak broad-
ened and shifted to 1015 cm~1. After 300 °C, all C—H
peaks disappeared, and the O—H stretching peak
decreased further while the Si—O stretching peak
broadened and shifted to 991 cm~1. Drying at 450 °C
resulted in a further decrease of the O—H stretching
peak with the Si—O stretching peak staying basically
unchanged. After heating at 600 °C for 3 h, the O—H
stretching band was gone and only peaks attributed to
Si—0 and Mg—O0 stretching vibrations remained (at 999
and 463 cm~1, respectively). These changes are inter-
preted as follows: first water and methanol were
removed, then at higher temperatures Si centers on the
predominantly linear —Si—O—Si— chains were linked
by —O—Mg—O— groups as the films densified.*” The
broad bands indicated that the films were amorphous;
no sharp peaks, which are typical of crystalline sil-
icates,?*37 were observed in films heated to 750 °C.
Chromium-doped forsterite films, prepared by electron-
beam evaporation, have been observed to start to
crystallize around 700 °C.48

The linear relationship between IR peak area and
thickness holds only up to 750 °C. The deviation from
linearity at higher temperatures is believed to be due
to thermally grown SiO,, as indicated by the blue color
that developed on the back of the silicon substrate. The
thermal oxidation of silicon, which occurs by oxygen
diffusion, is apparently not significant for 3 h below 700
°C.*9 It is also possible that the SiO; formed between
the film and the silicon wafer; this film would account
for the apparent increase in thickness of the coating
after heating to 1050 °C as seen in Figure 4. This
increase in the thickness occurred at 900 °C for the
single coat, possibly because oxygen could permeate the
thin coating more easily.

Sol 2 (2Mg:Si) was coated to various thicknesses onto
five silicon substrates then heated to 750 °C. The
thicknesses of the as-prepared coatings (Table 2) are
greater than those of similarly prepared coatings of 1
(1Mg:Si). Since 10 coats of 2 was 1.27 times thicker
than 10 coats of 1, and the mass of forsterite obtained
from 2 was 1.42 times the mass of enstatite from an
equal volume of 1, sol 2 was diluted to 74.4% of its
original concentration to make 3. Note that the molar

(46) McDonald, R. S. J. Phys. Chem. 1958, 62, 1168.

(47) Park, D. G.; Duchamp, J. C.; Duncan, T. M.; Burlitch, J. M.
Chem. Mater. 1994, 6, 1990.

(48) Mass, J. L. An Investigation of the Properties of Sol—Gel
Prepared Chromium-doped Forsterite Crystals, Thin Film Composites,
and Other Silicate Host Minerals, Ph.D. Thesis, Cornell University,
1995. (b) Mass, J. L.; Burlitch, J. M., to be submitted.

(49) Deal, B. E.; Grove, A. S. J. Appl. Phys. 1965, 36, 3770.
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mass of forsterite is 1.40 times that of enstatite. Silicon
substrates were then coated with 3 yielding as-prepared
thicknesses (Table 2) comparable to those of 1. Hence,
the films of both enstatite and forsterite precursors
produce the same thickness for the same coating condi-
tions. The drying and ellipsometry measurements were
done as before up to 750 °C, and trends in thickness
and index of refraction similar to those from 1 were
observed.

Sol 8 (3Mg:Si) was repeatedly coated onto silicon
wafers. After five coats had been applied, cracks were
apparent when viewed by an optical microscope. Cracks
could be seen with the unaided eye after seven coats,
and pieces flaked off after 10 coats. The cracks were
orientated 45° to the cleavage directions. Sol 8, whose
coats were 1.94 times thicker than those for 1, was
diluted to 52.9% of its initial concentration to bring the
thickness of five coats to around 2500 A as obtained for
sol 1. Note also that the molar mass of MgsSiOs is 1.80
times that of MgSiO3. Thicknesses of coatings from the
diluted sol (see sol 9 in Table 2) were similar to those
of 1, and they exhibited similar changes in thickness,
index of refraction, and IR spectrum after heating to
750 °C.

Microwave Processing. Since silicon absorbs mi-
crowave energy, coatings on silicon wafers were heated
in a microwave oven as a means of rapid thermal
annealing.?9~53 Coated substrates were heated in four
stages as described in the Experimental Section; a
container of water placed inside the oven was used to
regulate the power absorbed by the wafer. The tem-
perature of the silicon wafer reached at least 373 °C (but
probably higher) after the final stage. Significant
changes occurred in thickness and index of refraction
after each heating stage, but not if a stage was repeated.
On a Si wafer with 10 coats of 3, which was 4787 A thick
and had an index of refraction of 1.415, the thickness
decreased to 2129 A and the index of refraction in-
creased to 1.549 after the four-step process. The overall
densification of the microwave-treated film was similar
to that achieved in a furnace at 750 °C; after heating to
750 °C, another wafer with 10 coats of 3 (4880 A thick
and RI of 1.462) had a thickness of 1795 A and an RI of
1.591. The IR spectra of the above coatings at room
temperature were similar to those in Figure 7. The IR
spectrum of the microwave-dried coating looked like
that of the coating that was dried to 600 °C in a
conventional furnace. Since the properties of the mi-
crowave-treated coatings were similar to furnace-dried
coatings over 600 °C, the temperature of the silicon in
the microwave oven probably reached a temperature
considerably higher than that measured, namely, 373
°C. Microwave processing is an effective means for
rapid thermal annealing of these coatings.

A typical limitation of sol—gel thin films is the
production of thick films (>1 um) due to thermal

(50) James, R. B.; Alvarez, R. A.; Stamper, A. K.; Bao, X. J.;
Schlesinger, T. E.; Ginley, D. S.; McCarty, K. F.; Friedmann, T. A.;
Stulen, R. H. In Microwave Processing of Materials 111; Beatty, R. L.,
Sutton, W. H., Iskander, M. F., Eds.; Materials Research Society:
Pittsburgh, 1992; p 187.

(51) James, R. B.; Bolton, P. R.; Alvarez, R. A.; Christie, W. H.;
Valiga, R. E. J. Appl. Phys. 1988, 64, 3243.

(52) Fathi, Z.; Ahmad, I.; Clark, D. E. Mater. Res. Soc. Symp. Proc.
180 (Better Ceram. Chem. 4), Zelinski, B. J. J., et al., Eds., Mater. Res.
Soc.: Pittsburgh, 1990; pp 401—6.

(53) Srivastava, G. P.; Jain, A. K. Rev. Sci. Instrum. 1971, 42 (12),
1793.
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Figure 8. Comparison of the antireflection behavior of a 696
A thick 1Mg:Si coating on silicon compared to an uncoated
silicon wafer.

stresses. The microwave processing, which may heat
the film more than the substrate, may be able to avoid
thermal problems and allow thicker films. Ten coats
of sol 3 were applied to a silicon substrate and then
dried in the microwave oven using the four-stage
procedure. This process was repeated three times for
a total of 40 coats, yielding thicknesses of 1846, 3658,
5604, and 6995 A after each 10 coats. After 40 coats,
parallel cracks formed as described above. With about
5000 A of fresh coating on the 5604 A thick coat already
there, the coating was over 1 um thick before the final
treatment. Even with the aid of heating the coating,
using a microwave oven, coatings over 1 um thick
cracked.

Antireflection. Silicon solar cells typically reflect
about 36% of incident solar radiation, and antireflective
(AR) coatings of various metal oxides have been used
to reduce this reflection.* To investigate magnesium
silicates as AR coatings, a silicon substrate was coated
with four coats of 1, then heated directly to 450 °C, and
held for 3 h. The antireflective properties of the
resulting coating (thickness = 696 A, n = 1.55) are
compared to uncoated silicon in Figure 8. The reduction
of reflection at 475 nm from 38% to 10—15% is typical
for single-layer films.13:5556  Although no attempt was
made to optimize the coatings (e.g., by variation of
thickness or index of refraction), the potential for such
applications is clearly shown.

Residual Carbon in Coatings. Although no ab-
sorption peaks from organic groups were observed in
the IR spectrum of a coating that had been heated above
300 °C or given microwave treatment, it was not known
if residual carbon was present. Three samples having
10 layers of 1 on silicon were prepared. One was heated
to 750 °C in 150 °C steps, another was heated directly
at 100 °C/h to 750 °C, and the third was given the four-
stage microwave treatment described above. Carbon
resonance RBS showed that the carbon content was less
than 0.1% for all three.

Hardness of Coatings. Hardness was measured by
continuous microindentation for coatings on silicon.3!
Two wafers were coated 10 times each with 3 (2Mg:Si).

(54) Pettit, R. B.; Brinker, C. J.; Ashley, C. S. Sol. Cells 1985, 15,
267.

(55) Rubio, F.; Denis, J.; Albella, J. M.; Martinez-Duart, J. M. Thin
Solid Films 1982, 90, 405.

(56) Sexton, F. W. Sol. Energy Mater. 1982, 7, 1.
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Figure 9. Continuous microindentation data for 2Mg:Si
coatings on silicon heated in a furnace from 300 to 1050 °C
and also heated in a microwave oven.

One was dried at 300 °C, and the other microwave-
treated. The hardness versus depth plot for the films
is plotted in Figure 9. Upon heat treatment to 450, 750,
and 1050 °C, the hardness generally increased with each
treatment. The hardness increased more significantly
at larger depths than at small depths of penetration.
The cause for the decrease in the hardness at 1050 °C
may be due to the SiO; film that grows during treatment
at 1050 °C. The hardness of the sample treated in the
microwave oven was between those of the samples
heated in a furnace at 450 and 750 °C. It showed a
similar increase with increasing depth of penetration.
It is therefore likely that the microwave produced an
effective temperature between 450 and 750 °C.

The hardness may increase or decrease with depth
depending on the hardness of the substrate relative to
that of the film.2231 For soft films deposited on hard
substrates, the depth of penetration must be less than
about one-quarter of the film thickness for the substrate
to have negligible influence on the hardness measure-
ment.3!

Coatings on fused silica were prepared to further
extend the hardness measurements. A fused silica disk
was coated 10 times with 1 (1Mg:Si). A second disk,
coated 10 times with 1, was dried in a furnace at 300
°C. The coating procedure used for the second disk was
repeated three times on a third disk for a total of 30
coats. Coatings using 3 (2Mg:Si) were prepared simi-
larly.

The hardness values are generally lower than those
involving silicon substrates, because the hardness of a
thin film varies with depth of penetration due to the
presence of a substrate. This behavior can be attributed
to the fact that the hardness of fused silica is less than
that of silicon (10 and 14.2 GPa, respectively).

A comparison of the hardness values for the 10 coats
of 1 at 300 °C to 10 coats at room temperature indicates
that heating the sample at 300 °C increases the hard-
ness of the film from 1—3.5 to 3.5—6 GPa. The hardness
of the furnace-dried coating is higher than that of the
coating dried at room temperature, possibly because of
the removal of some of the pores that are present in sol—
gel coatings. As shown in Figure 10, the hardness of
these coatings on fused silica also increased with
increasing heat-treatment temperature. Ten coats on
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Figure 10. Variation of hardness with depth for 10 coats of
1Mag:Si on fused silica heated from 300 to 1050 °C in a furnace.
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Figure 11. Variation of hardness with depth for 30 coats of
1Mg:Si on fused silica heated to different temperatures in
furnace.

a fused silica disk (about 3100 A thick) showed an
increase similar to 10 coats on silicon after heating at
450 °C. The increase was significant at large depths.
After heat treatment at 750 °C, the hardness was almost
independent of depth at a value of ~7.5 GPa. The
hardness increased to about 9 GPa after the treatment
at 1050 °C. This value is close to the hardness of fused
silica. These observations suggest that the effect of the
interface and substrate are important at low depths,
especially for a coating that was only about 0.23 um
thick.

As shown in Figure 11, the hardness of 30 coats of 1
increased after the first heat-treatment, but did not
increase after subsequent treatments. It is interesting
to note that the hardness is much smaller than that of
the sample having only 10 coats and also dried at 300
°C. As stated earlier, the interface and the substrate
significantly affect the hardness as the indenter pen-
etrates deeper. However, when the film is thick com-
pared to the depth of penetration, as in this case, at low
depths of penetration, the influence of the substrate and
interface is very small. Consequently, the hardness
values obtained for this sample (1.8—3.6 GPa) have
minimal contribution from either the interface or the
substrate. These hardness values are more indicative
of the film’'s hardness than of the net hardness of the
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film—substrate composite. These hardness values are
lower than that measured for a single crystal of ensta-
tite (7—12 GPa) probably because of the amorphous
nature of the coatings.

Direct comparisons of the hardness of the 1Mg:Si
coatings to that of the 2Mg:Si coatings indicated that
both responded to heat treatments in about the same
manner. The only differences between them occurred
in the 10-coat sample, for which the hardness of the
2Mg:Si coating was much greater than that of the 1Mg:
Si coating (6.5 vs 3.5 GPa at 0.1 um). After 1050 °C for
both 10 and 30 coats, the 2Mg:Si coating was harder
down to 0.13 um than the 1Mg:Si coating. Again, the
hardness of the amorphous 2Mg:Si coatings were lower
than that measured for crystalline forsterite (10—14
GPa).

The effect of microwave processing of coatings has
been described for silicon substrates. Since SiO; is a
very poor absorber of microwaves, using silica sub-
strates is a way to demonstrate how effective micro-
waves are in densifying the coatings. Two pieces of
fused silica were coated with 10 coats of 1. One was
given a four-stage microwave treatment. The hard-
nesses of the treated and untreated samples are not
significantly different, suggesting that the microwaves
either did not interact with the coating or did not cause
consolidation. At the highest power level, a fused silica
substrate reached only 36 °C with the temperature of
the glass plate on the bottom of the microwave oven.
Alternatively, the energy used to densify the coatings
on silicon may have come from the heated substrate
rather than from absorption of the microwave energy
by the coating material. Unfortunately, neither ellip-
sometry nor IR data could be obtained for coatings on
fused silica.

Coatings on Glass. Coatings of 1 (~1500 A) were
spun-cast on glass to determine their properties in the
context of optical coatings. With 92% transmission, the
coatings were as clear as the glass itself. After standard
tape pull-off test, a cheesecloth rub test, and a humidity
test, the films appeared unchanged. An erasure rub test
scratched the films; the damage was more severe for
the coating dried at room temperature than for those
that were heated in a furnace to 300 °C. The heated
sample also had less cloudiness caused by the salt spray
test. When coatings on glass were dried using the four-
stage microwave process, they were not scratched by the
erasure rub test. The hardness of coatings of 1 on glass
were measured by the continuous microindention method
and are shown in Figure 12. The hardness of the
coating on the microwave-treated sample is greater than
that of either the unheated or heated (300 °C) samples.
Apparently, the microwave treatment hardened the
coating material by other than a thermal process, as
the glass substrate reached only 37 °C in the microwave
oven. Again, ellipsometry and IR data could not be
obtained. It is not known why there is this difference
in properties after microwave treatment between silica
and glass.

Coatings on Metals. As described above, the inte-
grated area of the Si—O stretching peak in the FTIR
spectra of coatings on silicon correlates with the thick-
ness of the coating. To extend this technique to coatings
on metals, aluminum foil substrates were coated with
1 and were examined by FTIR spectroscopy. The
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Figure 12. Variation of hardness with depth of 1Mg:Si

coatings on glass, treated in various ways: room temperature,
300 °C in a furnace, and heated in a microwave oven.

Table 3. Calculated Thicknesses for Magnesium Silicate
Coatings on Steel

sol Mg:Si no. of coats thickness on silicon (&) on steel (A)

1 1 3 1305 2335
1 1 10 4606 6202
3 2 3 1320 2459
3 2 10 4441 16441

integrated peak areas of the Si—O stretching peak at
~1030 cm~t increased linearly with the number of coats.
Ellipsometry could not be used to measure the thickness
of the coatings; the coefficient of extinction for Al is too
high, and the surface roughness of the steel plates
scattered the laser beam (pits ranged from 1 to 50 um
in diameter). To circumvent these limitations, a com-
bination of data and methods gleaned from the IR
spectra of coatings on silicon and aluminum was used.

The thicknesses quoted in Table 3 are estimates
because of an assumption made in the calculations, viz.
that ac in Beer's law expression, A = abc, is the same
on steel as it is on silicon. Also, the background
spectrum (from the uncoated substrate) may not be
properly subtracted from the spectrum of the coating
since it contains other peaks, presumed to be from a
phosphate coating, in the region of the Si—O stretching
peaks. If bonding occurred between the silicon and the
phosphorus (peaks from Si—O—P vibrations are likely
to be within the range 1030—1050 cm™1),57 interferences
from incompletely subtracted substrate peaks may
contribute to the integrated areas and affect the calcu-
lated thickness.

The results, shown in Table 3, indicate that the
coatings on steel are thicker than those on silicon, as
would be expected since the rough surface of steel
should retain more of the sol. Optical microscopy
revealed that the larger pits partially filled with sol
creating thicker areas that average into the IR peak.

Summary and Conclusions

Two sol preparations were modified to increase the
stability so they could be used for coatings over a long
time. Coatings could be formed on many substrates
such as glass, silicon, aluminum, and steel. To increase

(57) Zygmunt, J.; Kafarski, P.; Mastalerz, P. Synthesis 1978, 609.
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thickness, multiple coatings could be applied in succes-
sion without any treatment in between. The thickness
built up linearly with the number of coats applied, which
is useful for applications such as antireflection. The
integrated IR peak areas increased linearly with the
number of coats, as well as the thickness. The relation-
ship between IR peak area and thickness was used to
estimate the thicknesses on the steel plates for which
ellipsometry could not be used.

Heating densified the coatings as shown by the
decrease in thickness and the increase in index of
refraction. Changes in functional groups upon heating
were observed by IR spectroscopy, which also showed
that the films remained amorphous below ~750 °C.
Heating also increased the hardness of coatings. The
substrate has a significant effect on the measurement
of the hardness of coatings by the microscratch tech-
nique. Microwave treatment was used as a rapid
(mainly thermal) process for densification of magnesium
silicate coatings on silicon; after microwave treatment,

Jones et al.

the coatings’ thickness, index of refraction, IR spectrum,
and hardness were comparable to thermal treatments
of 600 °C. With proper heat treatment, coatings on
silicon and glass were shown to be durable, though
softer than bulk crystalline materials. Coatings on
silicon were shown to have anti-reflective properties
typical for single-layer coatings.
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