
Optical coatings by 
the sol-gel process 

The "so l -ge l " process is one in which the final 
product is obtained from reactive precursor mate
rials by chemical or thermal means. The term sol-

gel is derived from the fact that the precursor materi
als are init ially prepared in solution or col loidal sus
pens ion (SOL) and this so lu t ion goes through a 
gell ing stage ( G E L ) prior to conversion to the final 
product. 

The precursors normally have properties which are 
advantageous either to the processing step or to the 
properties of the final product. For example, solubi l
ity can aid processing and high purity can y ie ld high 
purity products. In addition, the product can some
times have properties not attainable by other means 
such as porosity or lack of crystallinity. 

Most optical coatings prepared by the sol-gel pro
cess are oxides. Oxides are normaly insoluble high 
melting materials conventionally appl ied by evapora
tion or sputtering under h igh vacuum at elevated 
temperature. The advantage of a soluble reactive in
termediate that can be appl ied from solution at room 
temperature is immediate ly apparent. Th is article 
w i l l describe the reactive starting materials, the pro
cessing conditions and give examples of some of the 
applications. 

Starting materials 
There are a number of potential starting materials 

suitable for the sol-gel process. The best and most 
widely used are the class of compounds known as 
metal alkoxides. These have the fol lowing general 
formula: 
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M ( O C n H 2 n + 1 ) x , 

where M is a metal, n is an integer, and x is the va
lence state of the metal. 

A l l metals form alkoxides and, by varying the alkyl 
group, l iquids or solids, soluble or insoluble, volatile 
or nonvolatile materials can be obtained. There is 
therefore no problem in choosing a suitable deriva
tive of any required metal. It is convenient to choose 
l iqu id materials that are soluble in organic solvents 
and volatile and therefore readily purif ied by distil la
tion. The fol lowing compounds are of this type and 
particularly suitable: 

S i ( O C 2 H 5 ) 4 , T a ( O C 2 H 5 ) 5 , 

Hf(O t e r t - C 4 H 9 ) 4 , Zr(O t e r t - C 4 H 9 ) 4 , 

Ti(O i s o - C 3 H 7 ) 4 , N b ( O C 2 H 5 ) 5 . 

A l l alkoxides, w i th two notable exceptions, are 
readily hydrolyzed to the corresponding oxide or hy
droxide: 

M(OR)x + x H 2 O -- M(OH)x + x R O H 
2 M ( O H ) x -- M2Ox + xH2O, 

where R represents C n H 2 n + 1 . 
This hydrolysis can be carried out by the addition 

of water to the alkoxide or, in the case of thin films, 
just by exposure to atmospheric moisture. This is par
ticularly suitable for optical coatings where the sim
ple application of a solution of a metal alkoxide to a 
substrate fol lowed by solvent evaporation and atmo
spheric exposure readily gives a coating of oxide or 
hydroxide at room temperature. Further treatment, 
normally heat, may be required for complete removal 
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of organic entities and maximum densification. 
The two notable exceptions to this hydrolysis are 

the alkoxides of si l icon and phosphorus. Phosphorus 
containing optical coatings are rare and of little con
cern, however, sil ica is a common optical coating ma
terial and special treatment of si l icon alkoxides is re
quired i f they are to be used as a si l ica source. 

This treatment involves the partial hydrolysis of the 
sil icon alkoxide by heating with an acid catalyst in a 
solvent with less than the theoretical quantity of wa
ter prior to application to a substrate. A soluble silox¬
ane polymer is formed, and the reaction can ideally 
be represented by the fol lowing equations using tet¬
raethyl silicate as an example: 

After the siloxane is appl ied to the surface, the con
version to sil ica can be completed by exposure to hu
midity and heat. 

Several different alkoxides can be dissolved in the 
same solution, thereby being mixed at the molecular 
level. If this level can be maintained during conver
sion to an oxide (which is quite simple), perfectly 
mixed products can result every bit equivalent to the 
best mixtures obtained by fusing oxides at high tem
perature. Thus multicomponent glass coatings can be 
prepared at low temperature. Also, by mixing high in
dex and low index components in various propor
tions, mixed oxides of intermediate index can be ob
tained. The latter is particularly useful for the prepa
ration of multi layer antireflective (AR) coatings. 

In addition to alkoxides, metal salts such as nitrates 
or acetates are potential starting reagents. These are 
soluble in organic solvents and readily converted to 
the oxides by heat. These salts are best used in com
bination with metal alkoxides for the preparation of 
multicomponent systems and w i l l , of course, require 
a heat treatment after application for complete con
version. 

Processing 
A l l sol-gel coatings for optical components are pre

pared from solution or colloidal suspensions, and any 
of the standard methods of application can be used. 
The most common process is by dipping, and thick
ness can be very precisely controlled by variations in 

the withdrawal rate and the solution concentration. 
Large panes of window glass (3 X 4 m) are routinely 
coated by this procedure at Schott Glass 1 and 1-m d i 
ameter fused si l ica optical components are coated by 
a similar procedure at the Lawrence Livermore Na
tional Laboratory. 2 

Spin coating is less commonly used but has the 
great advantage of requiring much less solution, and 
only one side at a time is coated. Thickness can be 
precisely controlled by variations in spin speed and 
solution concentration. Potassium dihydrogen phos
phate single crystal plates (27 x 27 x 1 cm) have been 
coated by this method at the Lawrence Livermore 
National Laboratory 2 and 72 cm diameter mirror 
blanks have been coated in Russia. 3 

Final ly , the least desirable method is by spray coat
ing. This does not lend itself to the precise coating 
thickness control and uniformity normally required in 
optical applications, but it has been used satisfactorily 
for single-layer A R coating of si l icon solar cel ls. 4 This 
method is restricted to flat substrates sprayed in a hor
izontal position. 

Naturally, all these coating operations are carried 
out under stringently clean conditions, preferably in a 
clean room or hood, with filtered solutions. 

Antireflective coatings 
Antireflective coatings are basically of three types. 

The first type is a single-layer coating in which the 
coating index is ideally equal to the square root of the 
index of the substrate assuming air is the external me
dium. The other two types are multi layer systems of 
two or more coating layers of different indices and, 
lastly, graded-index systems where the index is uni
formly graded from substrate, to external medium. 
The region of low reflection ranges from very narrow 
with the single layer to very broad for the graded lay
er and multilayers with a large number of layers. A l l 
of these have been prepared by a sol-gel process. 

The single-layer system was the first to be devel
oped, and in the case of the typical optical substrates 
with refractive index in the 1.47 to 1.55 range, consist
ed of porous sil ica, the porosity being adjusted such 
that the overall refractive index was approximately 
1.2 to 1.25. There are two methods of doing this, both 
of which can use a si l icon alkoxide as starting materi
al. 

The first method uses the acid catalyzed, partially 
hydrolyzed material described earlier. After applica
tion, the porosity of the coating is normally controlled 
by the degree of heating and, in fact, dense si l ica can 
be obtained i f the temperature is raised as high as 

OPTICS NEWS • AUGUST 1986 19 



500-600°C. A R coatings were first produced in this 
manner by Geffcken and Berger in 1939 5 and later by 
Moulton in 1952. 6 Temperatures of about 100°C were 
required to give adequate porosity, and coatings of 
varying degree of effectiveness were produced. 

The second method involves hydrolysis of the si l i 
con alkoxide in a solvent, wh ich is usually the parent 
alcohol, with a slight excess of water, using a basic 
catalyst pr ior to appl icat ion to the substrate. Th is 
method gives a colloidal suspension of sil ica in the 
alcohol. For example, using tetraethyl silicate in etha¬
nol, the reaction may be represented by the fol lowing 
equation: 

S i ( O C 2 H 5 ) 4 + 2 H 2 O S i O 2 + 4 C 2 H 5 O H . 

This method differs from that above in that conver
sion to si l ica has already been carried out, and on ap
plication to a substrate, a coating is obtained which 
consists of a stacked layer of si l ica particles. The air 
space between the particles gives rise to the porosity, 
and an index of about 1.2 to 1.25 is readily obtained. 

The preparation of A R coatings by the application 
of colloidal suspensions of si l ica to glass substrates 
was first used by Mou l ton 7 although he d id not use a 
product prepared by a sol-gel process. Thomas, 2 how
ever, has used sol-gel prepared material specifically 
for optics used for high-powered lasers, where the 
high purity of the starting material contributed to the 
very high laser damage threshold. A n added advan
tage of the sol-gel system was that it was anhydrous 
and therefore could be used for coating water sensi
tive materials such as potassium dihydrogen phos
phate harmonic converters. 

It is important to differentiate between sol-gel solu
tions and sol-gel colloidal suspensions, as these terms 
are sometimes used interchangably. The solutions, of 
which the acid catalyzed tetraethyl silicate is an ex
ample, contain soluble species which still contain or
ganic groups. These usually have to be removed in 
subsequent processing. The colloidal suspensions, 
such as the base-catalyzed silicate system, have al
ready been converted to oxide and require no further 
processing. 

One other single-layer A R coating system has re
ceived considerable study. This was for a si l icon solar 
cell application in wh ich a coating of refractive index 
approximately 2 is required. This index can readily 
be obtained by using a mixture of about 90% T i O 2 

and 10% S i O 2 as a dense film, this composition being 
prepared by mixing the relevant quantities of titani
um alkoxide and partially hydrolyzed si l icon alkox
ide. F u l l densification can be obtained by heating to 
about 400°C, and a very durable hard coat results. 

Sol-gel solutions contain soluble 
species which still contain organic 

groups. Sol-gel colloidal suspensions 
have already been converted to oxide 

and require no further processing. 

This system has been investigated by a number of re
searchers, among whom are Kern and Tracy, 4 Yoldas 
and O'Keeffe, 8 Phi l l ips and Dodds, 9 and Brinker and 
Harr ington. 1 0 

It is also possible to use other high-index oxides 
such as T a 2 O 5 in this system. 

The second type of A R coating uses multilayers. 
There are a number of different designs involving 
two or three different indices with two or more layers. 
The sol-gel process is particularly good in this case 
because of the ease of mixing high and low index pre
cursors to give specific intermediate index products. 
The earliest work on this system was carried out by 
Geffcken and Berger in 1939 5 and continued by Schroe¬
der 1 1 , 1 2 and D is l i ch , 1 , 1 3 a l l at Schott Glass. 

This resulted in the first commercial A R coatings in 
1964. These were three layer designs prepared by 
dipping from solutions of si l icon and titanium alkox¬
ides and mixtures of the two which gave layers of in
dices 1.45 (SiO 2 ) , 2.20 (TiO 2 ) and 1.79 (S iO 2 /T iO 2 ) . 
These coatings were al l heated to 300 to 400°C for 
maximum densification and for complete removal of 
organic entities. They were consequently hard and 
abrasion resistant in contrast to the porous coatings 
described earlier. 

Similar coatings were prepared by Sokolova 1 4 and 
Phi l l ips and Dodds. 9 Sokolova in particular has car
ried out an extensive study on multi layer coatings 
containing si l ica and several other high-index oxides 
besides T i O 2 . Fur ther reference w i l l be made to 
these later in the section on high-reflection coatings. 

The third type of A R coating is a single-layer grad
ed index. Graded index is normally attained by a se
lective etch of one component out of a substrate, leav
ing porosity wh ich varies wi th depth. Wi th good uni
form grading a very broadband A R coating can be 
obtained. This was first carried out wi th substrates of 
phase-separable glass, whose surfaces could then be 
etched after the phase separation had been carried 
out. As all glasses are not phase separable, this meth
od was l imited according to the optical suitability of 
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the glass in question, scatter being a major problem. 
McCol l is ter and B o l i n g 1 5 avoided this difficulty by 

coating a fused sil ica substrate with a sol-gel phase-
separable glass coating, heating to phase separate and 
then etching. On ly the coating was phase-separable 
and etched and hence the process could, in theory, be 
applied to any substrate as long as it could stand the 
temperature. Later Mukher jee and L o w d e r m i l k 1 6 

used a similar process but with a different glass coat
ing composition that required a lower temperature. 

Yoldas and Par t low 1 7 prepared graded-index coat
ings in a different way. This involved the preparation 
of a porous sil ica coating of uniform porosity from 
acid catalyzed, partially hydrolyzed ethyl silicate in a 
similar manner to that described earlier, and this was 
then etched with hydrofluoric acid. Reaction of the 
acid with the surface of the f i lm was theorized to be 
faster than reaction with the inside and pore size was 
therefore enlarged to a degree dependent on the dis
tance from the surface. A broadband A R coating of 
excellent optical performance was thus obtained. 

Mult i layer A R coatings prepared from high-, medi
um-, and low index stacks have already been de
scribed. Similar methods can be used to prepare d i 
electric mirrors consisting of stacks of alternating high 
and low index layers. For high reflection many layers 
are required. 

The early work carried out in this field at Schott 
Glass is described by Schroeder, 1 2 but by far the most 
extensive study was done by Sokolova and others 
published in a series of at least twelve papers starting 
in 1967. This work involved the use of T i O 2 , Z r O 2 , 
H f O 2 and T h O 2 as the high-index and S i O 2 as the 
low-index oxides. The efforts were primarily directed 
toward the preparation of optical components for high 
power laser devices. Coating condi t ion, 1 4 , 1 8 coating 
stress, 1 9 scatter, 2 0 and laser damage resistance 2 1 were 
all investigated. Components up to 70 cm in diameter 
were spun-coated at about 300 rpm, and heat treat
ments up to 900°C were used for maximum densifica¬
tion and abrasion resistance. 3 In certain cases, over 20 
layers were appl ied with no sign of crazing or peel ing 
and excellent optical performance was obtained. 

There appears to have been little or no investiga
tion into the use of T a 2 O 5 or N b 2 O 5 as high index ox
ides in this type of system, although the relevant al¬
koxides would appear to be particularly suitable as 
starting materials. 

Other types of optical coatings 
Various other types of optical coatings have been 

prepared by the sol-gel process. Some of these are 

just variations in the design of high-low index stacks 
to perform specific functions. For example, heat re
flecting filters, dichroic beam splitters, or, in particu
lar, polarizers for h igh energy laser systems have 
been prepared. 2 2 

Partially reflecting systems have also been made, 
and some of the first commercial systems prepared at 
Schott Glass were of this type. These were nonglare 
rear v iew automotive mirrors and sunshielding win
dows for architectural use. 1 

Another interesting application is the preparation 
of absorptive coatings which show no interference ef
fect. The incorporation of finely d iv ided platinum or 
palladium particles, for example, into a si l ica matrix, 
in the form of a sol-gel precursor solution, can give 
uniform absorption over the whole visible light range 
which w i l l depend on the concentration of the ab
sorbing species. These and other similar optical sys
tems are described in more detail by Schroeder. 1 2 

Conclusion 
The sol-gel process has been shown to be a versa

tile alternative to the standard evaporative methods 
for the preparation of a number of different types of 
optical coatings. However, the optical performance is 
no better and the mult idiscipl inary technology in
vo lv ing both chemists and physicists has perhaps 
been somewhat of a barrier to development. 

There are several areas, however, in which future 
investigation might be profitably directed. The use of 
a solution process, in particular, is of significant ad
vantage when large optical components must be coat
ed, especially i f this is coupled with low-temperature 
or even room-temperature processing. There is also 
some evidence that sol-gel coatings are the only type 
that w i l l withstand high-power laser fluence without 
damage. 
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