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Abstract

Chemical vapor deposition has been used to deposit films of a wide variety of materials. Those of particular interest to
the glass industry include coatings of silicon, titanium nitride, and the oxides of silicon, aluminum, tin, zinc and transition
metals, which can add very useful electrical and optical properties to glass. Several different chemical sources and reactions
are used to deposit these materials. Comparison of these processes will be made in terms of ease of use of the precursors,
attainable deposition rates, and safety and cost of the precursors. Equipment has been developed to deposit these materals
with excellent thickness uniformity over large areas of glass. Fluorine-doped tin oxide and zinc oxide efficiently reflect
infrared heat (lJow emissivity), thereby increasing the insulating ability of windows. These materials also conduct electricity,
leading to a variety of applications, including solar cells, flat-panel displays, touch control panels, and static dissipation.
Titanium nitride provides near-infrared reflectivity, which can provide high-performance rejection of solar heat (solar control
glass). Silicon/silicon dioxide /silicon trilayers form durable mirror coatings with high reflectivity to visible light.
Amorphous aluminum oxide films are excellent barriers to diffusion of sodium out of soda-lime glass. © 1997 Elsevier
Science B.V.

1. Introduction some of the materials that go into these products
(Section 2), some of the CVD processes used to
produce them (Section 3), examples of the equip-
ment (Section 4) and finally the compositions and
structures of some coated glass products (Section 5).

Numerous products are now made by chemical
vapor deposition (CVD) of coatings on flat glass.
These products include low-E, heat-reflecting glass,
solar control glass, mirrors, anti-static coatings, abra-
sion-resistant coatings, sodium-diffusion barriers, and
thin-film solar cells. In this paper we first review 2. Materials coated on glass by CVD

Numerous materials have been produced as thin
films on glass by CVD. In Tables 1-3 I list some of
these materials, along with some of their optical
properties. They are grouped by their electrical char-
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Table |
Some electrically insulating films
Insulating films Formula  Transmitted  Refractive
color index
Silicon dioxide Si0, colorless 1.44-1.46
Aluminum oxide AlLO, colorless 1.6-1.7
Silicon suboxide Si0,_,  colorless 1.5-2.0
Silicon oxynitride SiO N, colorless 1.5-2.0
Silicon nitride Si;N, colorless 1.9-2.0
Silicon oxycarbide Si0,C,  colorless 1.5-2.2
Titanium dioxide TiO, ' colorless 22-23
Zinc sulfide ZnS colorless 23
Chromium(Ill) oxide ~ Cr.O, green 2.5
Iron(IT1) oxide Fe,0, brown 29
Cobalt(I11) oxide Co,0, gray 29
Amorphous silicon Si brown 3-4

Titanium dioxide appears in both the insulating
and semiconducting tables, because it may be formed
in insulating or semiconducting forms, depending on
the deposition conditions.

3. CVD reactions for coating glass

Numerous CVD reactions have been demon-
strated to produce coatings of the materials listed in
the previous section. Of course, only a few of these
reactions are used regularly in production of com-
mercial coatings on glass. In the following sections, I
review some of the more commonly used reactions,
and some others with potential for commercial use.

3.1. Silicon oxides

Silane is a gas that is used often as a precursor for
silicon dioxide. It reacts spontaneously with oxygen

Table 2
Some semiconducting films

Table 3

Some metallic films

Metal Formula Reflected color  Transmitted color
Aluminum Al silver gray

Tungsten w silver gray

Titanium nitride TiN silver, blue, gold brown or gray
Titanium silicide TiSi, silver gray

even at temperatures as low as room temperature
(called pyrophoric behavior). In order to slow this
reaction so that a film, rather than a powder, can be
formed, the concentration of silane must be kept
small (< 1%). Film deposition becomes faster above
about 400°C. The oxidation of silane is believed to
involve free radical intermediates [1]. Radical traps,
such as ethylene, remove free radicals and slow
down the reaction so that substrate temperatures
above 600°C may be used [2]. With an excess of
oxygen, this reaction produces fully oxidized films
of Si0,, with a low refractive index, around 1.45.
Less oxidizing oxygen sources, such as carbon diox-
ide [3] or nitrous oxide [4,5] react with silane to
produce silicon suboxides with larger refractive in-
dices, up to about 2.

Dichlorosilane also reacts with oxygen to produce
silicon dioxide films. Particularly rapid deposition
rates are found on sodium-containing substrates, such
as soda-lime glass [6].

Tetraethyl orthosilicate (TEOS) is another widely
used silica precursor [7-10]. Its reaction with oxygen
is negligibly slow at substrate temperatures below
about 700°C, so the reaction rate must be increased
in order to use it to deposit silica on a glass sub-
strate. Tricthylphosphite increases the oxidation rate
of TEOS, so that it can be used to coat glass rapidly

Semiconductor Formula Transmitted color Refractive index Band gap (eV)
Hydrogenated amorphous silicon Si:H brown 3.0-35 1.1
Cadmium telluride CdTe red 1.5
Cadmium sulfide Cds yellow 2.5 24
Titanium dioxide TiO, colorless, blue or gray 22-23 3.0
Indium(III) oxide In,0, colorless or yellow 1.9-2.0 3.0
Zinc oxide ZnO colorless 1.9-2.0 32
Tin dioxide Sn0, colorless 1.9-2.0 35
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at temperatures around 650°C [11]. Even lower depo-
sition temperatures (around 400°C) can be achieved
by adding ozone to the gas mixture [12,13].

Disilane derivatives are also effective silica pre-
cursors. Their reaction chemistry is initiated by
cleavage of their silicon—silicon bonds [1]. By vary-
ing their substituents, substrates can be coated within
a wide range of substrate temperatures. For example,
methoxypentamethyldisilane [14], MeSi,OMe, re-
acts with oxygen at temperatures of 600 to 650°C,
while tetramethyldisilane [15], Me,Si,H,, is effec-
tive at 500 to 600°C. Although these materials are
not now commercially available, they can be synthe-
sized readily from an inexpensive byproduct of the
manufacture of silicones [16,17],

3.2. Aluminum oxide

The pyrophoric trialkylaluminum compounds
(such as trimethylaluminum and triethylaluminum)
are so reactive with oxygen that it is difficult to
obtain a controlled CVD reaction. Nitrous oxide
provides a slower oxidation reaction, but only small
deposition rates are achievable [18].

Aluminum trialkoxide compounds (such as alu-
minum isopropoxide [19-22]) have also been used as
precursors to alumina. They do not have the high
sensitivity to oxygen shown by the trialkylaluminum
compounds, although they do react very readily with
water [23]. The main disadvantage of aluminum
trialkoxide compounds is that they are difficult to
vaporize reproducibly, because of their degree of
polymerization varies with the age of the sample
[24]. Also, most aluminum trialkoxides are solids at
room temperature, making handling and metering
more difficult than for liquids.

Mixed alkylaluminum alkoxide compounds (such
as triethyl—dialuminum tri-sec-butoxide) combine the
best features of the other alumina sources, while
avoiding their difficulties. Unlike the trialkylalu-
minums, they are not pyrophoric. Unlike the alu-
minum alkoxides, they are not polymeric, and are
low-viscosity liquids that are easier to handle and to
evaporate reproducibly. They are readily synthesized
from inexpensive raw materials. For example, tri-
ethyl-dialuminum tri-sec-butoxide can be made by
mixing and heating triethylaluminum and aluminum
sec-butoxide, both of which are inexpensive materi-

als produced commercially in large quantities. Glass
temperatures around 600°C cause rapid deposition of
smooth, amorphous and transparent layers of alu-
minum oxide from alkylaluminum alkoxide com-
pounds. By adding oxygen to the gas mixture, lower
glass temperatures, around 400°C, can be used to
deposit aluminum oxide without distorting the flat-
ness of cut glass substrates.

3.3. Titanium dioxide

The most common CVD source for titanium diox-
ide is titanium isopropoxide [25,26]. This liquid is
the most volatile of the titanium alkoxides. It reacts
at temperatures around 450°C to form polycrystalline
titanium dioxide (usually the anatase form) without
any added oxygen source, using some of the oxygen
contained within the source molecules. Adding some
molecular oxygen gas to the deposition atmosphere
allows reaction to take place at lower temperatures.
Mixing water vapor in the vicinity of the glass
surface decreases the deposition temperature further,
to 250°C or less, and deposit is amorphous with a
smaller refractive index. Films deposited under all of
these conditions are electrical insulators.

Electrically conductive titanium dioxide films can
be deposited from vapor mixtures containing tita-
nium isopropoxide and a few per cent niobium or
tantalum ethoxide at temperatures around 450°C [27].
Addition of cyclohexenone vapor reduces the resis-
tance further [28].

3.4. Other transition metal oxides

The oxides of cobalt, iron and chromium are most
commonly deposited from the acetylacetonates of
these metals. These compounds (from the chemical
class called beta-diketonates) are solids which can be
sublimed into the vapor phase and then carried by a
carrier gas into a CVD apparatus.

These same acetylacetonates have also been used
in a spray pyrolytic method, in which spray nozzles
project droplets of a solution of these materials at a
hot glass surface [29]. The most commonly used
solvents for these materials are chlorinated organic
solvents, such as methylene chloride. Normally both
the organic solvent and the solute metal acetylaceto-
nate vaporize before reaching the glass surface. Dis-
posing of the resulting large amount of organic
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solvent vapor has made this solution method less
popular. In an alternative pyrolytic method which
avoids the use of any solvent, a fine powder of the
solid is suspended in a carrier gas (usually air) and
blown at the hot glass surface, where the powder
sublimes into a vapor and reacts immediately to form
the oxide coating. The powder may also be sus-
pended in water (in which it is nearly insoluble), and
the suspension sprayed onto the glass [30]. All these
spray and powder methods are essentially variant
CVD processes, which distribute the same vapor
over a hot glass surface by different means.

3.5. Silicon

Silicon films are normally deposited on hot glass
surfaces by CVD from silane gas, SiH,. The deposi-
tion rate becomes sufficiently rapid for on-line glass
coating at glass temperatures around 650°C. The
silicon deposited under these conditions is normally
amorphous, rather than crystalline. Polycrystalline
silicon can be deposited at higher temperatures, but
special glasses with high softening points must be
used as substrates. Lower deposition temperatures,
400 to 500°C, can be used with disilane, Si,H, as a
precursor. This amorphous deposit contains apprecia-
ble amounts of hydrogen, up to 10 at.% [31].

3.6. Zinc oxide

Diethylzinc is the most common precursor for
zinc oxide. Its reaction with water vapor occurs
rapidly at substrate temperatures as low as 200°C.
Alcohols act as oxygen sources at higher substrate
temperatures: lert-butanol at about 300°C, iso-
propanol at 400°C, and ethanol at 450°C. Liquid
diethylzinc is pyrophoric, so it requires careful han-
dling to avoid fires. Its reaction with oxygen pro-
duces powder even at low concentrations of oxygen,
so oxygen must be rigorously excluded from the
deposition region. A safer version of diethylzinc is
obtained by reacting it with a tertiary amine chelat-
ing agent, such as tetramethylethylenediamine. The
product of this reaction is not pyrophoric, but still
enters into the CVD reactions producing zinc oxide.

3.7. Tin oxide

Tin oxide has been deposited from a very wide
range of tin compounds, with ligands including alkyl

groups, halogens, carboxylates and alkoxides. Tin
tetrachloride is a popular and inexpensive tin source,
which is usually reacted with water vapor as an
oxygen source [32,33]:

SnCl, + 2H,0 — SnO, + 4HCI.

This reaction is very fast, so moderators such as
alcohol [34] or hydrogen [35,36] are often added.
Attaching alkyl groups in place of some of the
chlorines also moderates the reaction with water
vapor, making it easier to control. Butyltin trichlo-
ride [37] and dimethyltin dichloride [38] are exam-
ples of suitable alkyltin chlorides.

3.8. Metals

Aluminum may be deposited from aluminum
alkyls, such as di-isobutylaluminum hydride, and
from amine complexes of aluminum hydride. Initia-
tion of the growth reaction is erratic on glass sur-
faces, however. Tungsten is normally grown by re-
duction of tungsten hexafluoride by hydrogen, but
adhesion of tungsten films to glass surfaces is weak
[39]. For these reasons, CVD of these metals on
glass has not been practiced commercially.

3.9. Titanium nitride

Titanium nitride can be formed on glass substrates
by reaction of titanium tetrachloride and ammonia
[40,41]:
6TiCl, + 8NH, — 6TiN + 24HCI + N,.

These vapors may be mixed prior to entering a CVD
apparatus, provided they are heated to a temperature
of about 250°C to 320°C before mixing. Titanium
nitride deposition from this homogeneous mixture
occurs uniformly on substrates heated to tempera-
tures above 500°C.

3.10. Titanium silicide

Deposition of titanium silicide can be carried out
by reaction of titanium tetrachloride vapor and silane
[42]:

TiCl, + 2SiH, — TiSi, + 4HCl + 2H,.

Substrate temperatures of 600 to 650°C are suitable
for this reaction.
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4. Equipment for production of CVD coatings on
glass

The essential functions of CVD equipment are to
create an appropriate vapor or gas mixture, and to
make it flow over a glass surface heated to an
appropriate temperature. In most applications to
making large areas of coating, CVD processes are
carried out at normal atmospheric pressure. In some
specialized applications, particularly in the semicon-
ductor industry, CVD is often carried out at lower
pressures. In this review, we will concentrate atten-
tion on apparatus used for making large-area coat-
ings at atmospheric pressure.

If the reactants are gases, then an appropriate gas
mixture can be formed using standard gas flow
controllers. If a reactant is a liquid or solid, it must
first be vaporized. Often the vaporization is done in a
*bubbler’, by passing a carrier gas through a precur-
sor, which is heated if necessary to increase its vapor
pressure. Vaporization of liquids or solutions may
also be accomplished with a stirred thin-film evapo-
rator (Fig. 1) [43].

In most products, a coating with uniform thick-
ness is desired. If CVD is carried out on a stationary
substrate at atmospheric pressure, the thickness of

25

Fig. 1. Schematic cross-section of a thin-film evaporator. The
liquid flow is metered through tube 17 into a heated cylindrical
cavity 13, into which a metered flow of carrier gas enters through
tube 18. Wiper bars 24 spread the liquid over the heated cylindri-
cal surface so that it may evaporate quickly into the carrier gas
[43].

growth (Afs)

position (cm}

Fig. 2. Silicon dioxide growth rate as a function of distance from
the gas inlet, for the CVD reaction of disilane, Si,H,, (0.2 mol%)
and nitrous oxide, N,O, (80 mol%), for three substrate tempera-
tures, The points are experimental and the lines are theoretical,
from [5].

coating varies with position along the surface. Usu-
ally there is a maximum thickness along the direc-
tion of gas flow, as indicated in Fig. 2, which shows
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Fig. 3. Schematic diagram of an on-line CVD coater producing
turbulent gas flow through nozzles 43, including a spray vaporiza-
tion chamber 12 [57].
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the thickness distribution of a CVD silicon dioxide
film. The coating is thinner at the beginning of the
gas flow, where the gas first reaches the surface,
because chemical reactions in the gas convert the
reactants into more reactive chemical intermediates
as the gas flows along the hot surface. As the
concentrations of these reactive intermediates grow,
the deposition rate increases, eventually reaching a
maximum. After that, the concentrations of the reac-
tive intermediates decrease, as the original reactants
are consumed and used up. By the time the gas
reaches the exhaust, most of the reactants have been
depleted.

In order to produce a uniformly thick coating, the
glass substrate is moved in the same direction as the
gas flow, so that each part of the surface is exposed
to the entire profile of non-uniform coating rates. If
the gas is also distributed uniformly across glass
width (in the direction perpendicular to the motion of
the gas and the glass), then a uniformly thick coating
will result. In order to achieve this result, not only
must the reactant gas mixture be injected at a uni-
form flow rate across the width of the glass, but also
the depleted gas must be uniformly removed by an
exhaust slot or slots going across the width of the
glass.

A variety of special pieces of equipment have
been developed in order to make coatings with uni-

28

form thickness over large areas. It is usual to distin-
guish between CVD processes operated on a contin-
uous glass ribbon in a float glass production line
(‘on-line coating’), and processes run on cut pieces
of reheated flat glass in a belt furmace or roller
furnace (‘off-line coating’). The desired conditions
of uniform gas distribution and uniform coating
thickness can be approached more closely in contin-
uous ‘on-line” production than in ‘off-line” pro-
cesses, which are subject to transient disruptions as
each piece enters or leaves the coating region. De-
spite this difficulty, belt furnaces are widely used for
CVD of coatings in the semiconductor and solar cell
industries. Commercial ‘off-line” CVD equipment is
made in the USA by the Watkins—Johnson Company
(Scotts Valley, CA), BTU International (North Bil-
lerica, MA) and SierraTherm (Watsonville, CA).
Systems with belt widths up to about 0.6 m width
have been produced.

Equipment for ‘on-line’ CVD coating has been
developed by several primary flat-glass manufactur-
ers, producing uniform coatings over 3 m wide. One
of the earliest on-line coaters was designed at PPG
Industries for CVD of transition metal oxides; a
schematic diagram of this apparatus is shown in Fig.
3. This system evaporates a liquid solution of the
metal compounds by spraying the solution into an
upper chamber, and directs the vapor mixture down-
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Fig. 4. Schematic cross section of an on-line CVD coater with uni-directional laminar gas flow from the gas distributor 33 along the gas

flow path 47 1o the exhaust slot 44 [64].
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Fig. 5. Schematic cross-section of an on-line CVD coater with
bi-directional laminar gas flow from inlet slots 26 and 28 to
exhaust slots 30 and 34 [42].

Bd, 55, 6B

Fig. 6. Schematic cross-section of an on-line CVD coater with
bi-directional laminar gas flow [rom inlet slot 88 to exhaust slots
92 [21

ward at the glass surface under turbulent flow condi-
tions (high Reynolds number gas flow). Pilkington
designed an on-line coater for silicon deposition
from gaseous silane; a schematic cross-section of
their design is shown in Fig. 4. In this equipment,
the reactant gas flows more slowly, in a laminar
manner {(at a low Reynolds number) in the same
direction as the glass moves, into a single exhaust
slot. Use of two exhaust slots, one upstream (number
30 in Fig. 5) and the other downstream (number 34
in Fig. 5), provides more complete isolation of the
bi-directional laminar reactant gas flow (coming out
of slots number 26 and 28 in Fig. 5) from the
ambient atmosphere (numbers 12 and 20 in Fig. 5).
Another bi-directional laminar-flow coater is shown
schematically in Fig. 6. If two CVD precursors are
so reactive that they cannot be mixed together before
they reach the glass surface, then the two vapors can
be separately introduced, by apparatus such as shown
in Fig. 7.

CVD reactants have also been delivered as liquid
spray droplets. A typical on-line spray system is
sketched in Fig. 8. The three spray heads are moved
quickly back and forth across the glass ribbon, in
order to form a coating with uniform thickness. The
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Fig. 7. Schematic cross-section of an on-line CVD coater with uni-directional gas flow from two different gas inlet slots 14 and 15, along

the gas flow path 17 to the exhaust slot 18 [33].
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e

Fig. 8. Schematic diagram of an on-line spray coater with three reciprocating spray heads, numbered 44, 45 and 46 [65].

solution droplets are made small enough so that they across a moving float glass ribbon have also been
evaporate as they approach the hot glass surface. developed (Fig. 9). The jet mill breaks up the pow-
Systems for distributing powdered solid reactants der into extremely fine dust with particles a few
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Fig. 9. Schematic diagram of a powder-sourced on-line CVD coater [66].
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microns in diameter. When the dust comes close to
the surface of the hot glass, it sublimes into a vapor
that reacts to deposit a uniform film on the hot
surface.

5. Products based on CVD coatings on glass

Functional coatings for various applications are
formed by CVD of one or more layers of the materi-
als listed in the tables. The simplest products are of
course single-layer coatings, but most products re-
quire two or more coatings of different materials to
achieve all the desired properties.

5.1. Sodium-diffusion barriers

The sodium in soda-lime glass can diffuse from
its surface and cause degradation of structures de-
posited on its surface. For example, tin oxide de-
posited on soda-lime glass has higher electrical resis-
tance than when it is deposited on alkali-free sub-
strates. Liquid crystal displays also need to be pro-
tected from sodium. This protection can be accom-
plished by using low-sodium glass substrates, but a
less expensive solution is to deposit on soda-lime
glass a thin film which acts as a diffusion barrier.
Silicon dioxide is most commonly used for this
purpose. Even thin layers of CVD silica, a few tens
of nanometers thick, can substantially reduce the
diffusion of sodium from a soda-lime glass surface
[44.45].

Silica, however, does not completely stop the
diffusion of sodium, particularly at elevated tempera-
tures, because the rather open tetrahedrally-bonded
structure of silica [46] provides sufficient open space
through which the sodium can diffuse. Various tests
may be applied to measure the sodium permeability
of a silica layer. We did this by depositing a layer of
CVD tin oxide over the silica, and then dissolving
the tin oxide layer and measuring the sodium content
of the etchant solution [47].

Similar tests on CVD amorphous aluminum oxide
layers showed that alumina is a more complete bar-
rier to diffusion of sodium. In fact, to within the
sensitivity of our test method, we could not detect
any diffusion of sodium through the alumina films
[48]. Aluminum oxide has a more closely-packed

solid structure [49], which may account for its better
performance as a barrier.

5.2. Low-E glass

Energy-conserving window coatings reflect the
heat carried by infrared radiation with long-wave-
lengths, around 10 pwm. This effect is achieved by
CVD coatings incorporating fluorine-doped tin oxide
as the active layer. The fluorine is added at small
concentrations (around one at.%) to produce conduc-
tion-band electrons in the semiconductor tin oxide.
These free electrons reflect the infrared radiation,
almost doubling the insulating property of a window.
A tin oxide film only | /3 of a pm thick can reflect
over 85% of the heat, and the reflectivity of thicker
films can be as high as 90% [50].

Tin oxide films of sub-micron thickness are trans-
parent, but show strong iridescent colors that look
like an oil slick on the glass. These iridescent colors
can be hidden by depositing one or more suitable
transparent layers between the glass and the tin oxide
[51]. For example, an intermediate layer 70 nm thick
of refractive index about 1.7 suppresses the irides-
cent colors. CVD coatings of mixed silica—tin oxide
can have their composition adjusted to have the
correct refractive index [52]. CVD silicon—carbon—
oxygen mixtures [53], silicon—nitrogen—oxygen mix-
tures, or alumina—titania mixtures can be tuned simi-
larly to a refractive index of 1.7. Another color-sup-
pression method, which does not require adjustments
to the refractive index, is to apply first a 25 nm layer
of tin oxide, then a 25 nm layer of silica, and finally
the fluorine-doped tin oxide [54]. The challenge of
depositing layers with these properties and sufficient
uniformity has been met by glass manufacturers in
the production of their hard-coated low-E glazing
products.

5.3. Electrical applications of fluorine-doped tin ox-
ide

The conduction electrons in fluorine-doped tin
oxide provide it with low electrical resistance, which
can be as small as 8 ohms per square at a thickness
of about 0.4 pm. This transparent conductor on glass
has now been incorporated into many products.
Freezer display cases are heated to prevent frost
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from obscuring them. Anti-static coatings are placed
on Xerographic copier windows. Touch controls on a
variety of appliances are made from tin oxide-coated
glass. Electrodes for flat-panel displays can be etched
from tin oxide films. Thin-film solar cells are con-
structed on tin oxide-coated glass, by adding layers
of semiconductors, such as amorphous silicon [55] or
cadmium telluride.

Tin oxide coatings on glass are more abrasion-re-
sistant than the glass itself. This property has found
use in protecting glass in areas such as laser scanner
windows at supermarket check-out counters.

5.4. Solar control glazings

Many types of solar control glazing have been
developed to limit the ingress of heat and light, to
avoid excessive solar heat and visible glare in large
buildings. Body tints are introduced into the glass
itself, by various additives, such as iron oxide, nickel
oxide, cobalt oxide, chromium and selenium [56]. A
disadvantage of body tints is that it takes the manu-
facturers a long time to change over production from
one color to another, resulting in lost production.

Solar control may also be achieved by various
coatings deposited on glass. CVD production of
these coatings can be started and stopped much more
quickly than body tints. Coatings containing the
mixed oxides of cobalt, iron and chromium absorb
visible light and infrared heat [57]. Adjusting the
composition of these coatings provides a range of
muted colors, or a neutral gray coating.

Care is required in the design and use of absorb-
ing tints or coatings in large windows, because the
absorbed solar heat can cause breakage. Silicon coat-
ings reflect more light and heat, and absorb less than
the metal oxides [58]. Thus the possibility of break-
age by thermal stress is reduced. The durability of
silicon coatings is increased by adding a protective
layer of tin oxide [59].

Solar control coatings of titanium nitride give
even better performance, because they reflect, rather
than absorb, near infrared radiation in sunlight [60].
Thus, the near-infrared solar heat is excluded more
completely. Titanium nitride also reflects longer-
wavelength radiation. This low-emissivity property
means that a window’s insulating ability is also
increased by a titanium nitride coating. An overcoat

of tin oxide protects titanium nitride from oxidation
during tempering, and from abrasion during use [61].

Titanium silicide can also be used as a solar
control film. It has the advantage of having a neutral
color in both reflection and transmission. It also must
be protected from oxidation and abrasion [62].

5.5. Mirror coatings

Most mirrors are made by evaporating aluminum
or depositing silver from aqueous solution. These
metal mirrors are subject to corrosion, oxidation and
tarnishing. More durable mirrors may be made by
CVD of alternating thin layers of silicon and silicon
dioxide [63].

6. Conclusions

Chemical vapor deposition has been established
as an effective method for depositing uniformly thick,
high-quality coatings of certain materials on large
areas of flat glass. Suitable chemical precursors have
been identified for many oxides, nitrides, silicides,
silicon and metals. Large-scale equipment has been
developed for making CVD coatings either during
float glass production or on cut pieces of glass.
Atmospheric pressure CVD is a cost-effective pro-
cess, in comparison with other methods for deposit-
ing thin films, such as sputtering, vacuum evapora-
tion, glow discharge, sol—gel dipping and electroless
deposition.

References

[1] 1.D. Chapple-Sokol, R.G. Gordon, Mater. Res. Soc. Symp.
105 (1988) 127.

[2] M.J. Soubeyrand, International Patent Application WO
96,/11802.

[3] M.S. Jenkins, A.F. Simpson, D.A. Porter, US patent
4,828,880 (1989).

[4] H. Mochizuki, T. Aoki, H. Yamoto, M. Okayama, M. Abe,
T. Ando, Jpn. I. Appl. Phys. Suppl. 15 (1976) 41.

[5] C.J. Giunta, J.D. Chapple-Sokol, R.G. Gordon, J. Electro-
chemical Soc. 137 (1990) 3237.

[6] 1.D. Chapple-Sokol, R.G. Gordon, Thin Solid Films 171
(1989) 291.

[7] A.C. Adams, C.D. Capio, J. Electrochemical Soc. 126 (1979)
1042,



R. Gordon / Journal of Non-Crystalline Solids 218 (1997) 81-91 91

[8] R.M. Levin, A.C. Adams, J. Electrochemical Soc. 129 (1982)
1588.

[9] R.A. Levy. S.M. Vincent, T.E. McGahan, J. Electrochemical
Soc. 132 (1985) 1472.

[10] F.S. Becker, S. Rohl. J. Electrochemical Soc. 134 (1987)
2923,

[11] D.A. Russo, R.R. Dirkx and G.P. Florczak, US patent
5,401,305 (1995).

[12] K. Fujino et al., VLSI Multilevel Interconnection Conference
(VMIC). 1990, pp. 187-193.

[13] EJ. Kim, W.N. Gill, J. Electrochemical Society [41 (1994)
3462,

[14] R.G. Gordon, US patent 4,386,117 (1983).

[15] R.G. Gordon, US patent 4.206.252 (1980).

[16] R.G. Gordon, US patent 4,289,890 (1981).

[17] R.G. Gordon, US patent 4,295,986 (1981).

[18] K.M. Gustin. R.G. Gordon, J. Electron. Mater. 17 (1988)
509,

[19] 1. Aboaf, J. Electrochem. Soc. 114 (1967) 948.

[20] M.T. Duffy, W. Kern, RCA Rev. 31 (1970) 754.

[21] 3. Saraie, J. Kwon, Y. Yodogawa, J. Electrochem. Soc. 132
(1985) 890.

[22] 1. Saraie, K. Ono, S. Takeuchi, J. Electrochem. Soc. 136
(1989) 3139.

[23] L. Bretherick, Handbook of Reactive Chemical Hazards
{Butterworths, London, 1985) p. 1565.

[24] R.C. Mehrotra, J. Indian Chem, Soc. 30 (1953) 587.

[25] M. Yokozawa, H. Iwasa. L. Teramoto. Jpn. J. Appl. Phys. 7
(1968) 96.

[26] Y. Takahashi, K. Tsuda, K. Sugiyama, H. Minoura, D.
Makino, M. Tsuiki, J. Chem. Soc., Faraday Trans. [ 77
(1981) 1051,

[27] S.R. Kurtz, R.G. Gordon, Thin Solid Films 147 (1987) 167.

[28] R.G. Gordon, US patent 5,389,401 (1995).

[29] H.E. Donley. W.P. Cathers, US patent 4,111,150 (1978).

[30] C.B. Greenberg, US patent 4,719.127 (1988).

[31] F.B. Ellis, R.G. Gordon, W, Paul, B.G. Yacobi, J. Appl.
Phys. 55 (1984) 4309.

[32] M. Nagasawa. S. Shionoya, S. Makishima, Jpn. J. Appl.
Phys. 4 (1965) 195.

[33] B.T. Grundy, E. Hargreaves, P.J. Whitlield, US patent
5,022,905 (1991).

[34] J.G. O'Dowd, A.W. Catalano, C.M. Fortmann, O.J. Lee,
European patent 0 305 928 A2 (1989).

[35] R. Kalbskopf, Thin Solid Films 77 (1981) 65.

[36] R. Kalbskopf, German patent DE 32 47 345 Al (1983).

[37] W.A. Larkin, US patent 4,130,673 (1978).

[38] O. Tabata, T. Tanaka, M. Waseda, K. Kinuhara, Surf, Sci. 86
(1979) 230.

[39] R.G. Gordon, unpublished results,

[40] R.G. Gordon, US patent 4,535,000 (1985).

[41] S.R. Kurtz, R.G. Gordon. Thin Solid Films 140 (1986) 277.

[42] R.G. Gordon, US patent 5,167,986 (1992).

[43] M.]. Soubeyrand, R.J. McCurdy, US patent 5,090,985 (1992).

[44] M.S. Jenkins, A.F. Simpson, D.A. Porter, US patent
4,995,893 (1991).

[45] D.A. Poster, US patent 5.165,972 (1992).

[46] A.F. Wells, Structural Inorganic Chemistry (Oxford Univer-
sity, 1984) pp. 1004—1008.

[47] 1.D. Chapple-Sokol, PhD thesis, Harvard University (1988).

[48] 1.D. Chapple-Sokol, R.G. Gordon, to be published.

[49] A.F. Wells. Structural Inorganic Chemistry (Oxford Univer-
sity. 1984) pp. 552-553.

[50] R.G. Gordon, US patent 4,146,657 (1979).

[51] R.G. Gordon, US patent 4,187,336 (1980).

[52] R.G. Gordon, US patent 4,308,316 (1981).

[53] M.S. Jenkins, A F. Simpson, D.F. Portr, US patent 4,828 880
(1989).

[54] R.G. Gordon, US patent 4,377,613 (1983).

[55] R.G. Gordon, J. Proscia, F.B. Ellis Jr., A.E. Delahoy, Solar
Energy Mater. 18 (1989) 263.

[56] W.C. Hynd, in: D.R. Uhlmann, N.J. Kreidl, eds., Glass:
Science and Technology. Vol. 2 (Academic Press, Orlando,
FL. 1984) p. 102.

[57] J.F. Sopko, K. Simhan, US patent 3,850,679 (1974).

[58] Kirkbride et al., Belgian patent 830,179.

[59] H.E. Donley, US patent 4,100,330 (1978).

[60] S.R. Kurtz, R.G. Gordon, Thin Solid Films 140 (1986) 277.

[61] R.G. Gordon, US patent 4,690,871 (1987).

[62] R.G. Gordon, US patent 5,057,375 (1991).

[63] T. Jenkinson, US patent 5,505,989,

[64] R.F. Berry, US patent 4,857,097 (1989).

[65] J.E. Michelotti, V.A. Henery, US patent 3.652,246 (1972).

[66] W.E. Wagner, US patent 4,325,988 (1982).



