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Porosity and composition effects in sol—gel derived interference filters
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Abstract

The effects of porosity and composition on the optical thickness of sol-gel films is analyzed using the Clausius—Mossotti
relationship. The optical thickness is predicted to decrease with shrinkage approximately linearly. For high density films the
predictions agree with experimental data from SiO, and SiO,-TiO,-Al, O, coatings. At low densities, however, the optical
thicknesses are much higher than predicted by the Clausius~Maossotti analysis. This difference is attributed to residual species in
the unfired films. Using an empirical value for the ratio of the electronic polarizability «, to the molecular weight W, of the
residual species (a,/ W, = 1.65 x 1072 ¢cm® mol g™') the difference between experiment and theory is accounted for quantitatively
for both the single-component (SiO,) and multicomponent (SiO, -TiO,-Al,0;) coatings. Approaches to fabricating multicolor
dichroic filters, which require large changes in optical thickness on heating, are presented.
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1. Introduction

Multilayer dichroic filters are stacks consisting of
several layers of uniform, transparent films having alter-
nating high and low refractive indices. The films are
tailored to be quarter-wave optical thicknesses for the
center wavelength for which the filter is designed. A filter
results from interference effects which prevent transmis-
sion of wavelengths near this center wavelength [1].

For applications requiring large-area filters, stacks
can be made by any of a number of vacuum tech-
niques [2] (e.g. evaporation, sputtering, chemical vapor
deposition) as well as non-vacuum, sol-gel processes
[3-5]. For some imaging or display applications, how-
ever, it would be desirable to have selected, small
regions that exhibit different colors (e.g. red, green and
blue), and for the purpose of miniaturization it would
be particularly interesting if these different regions
could be closely situated. Photolithographic techniques
could be used to deposit small stacks close to one
another, but this would require many alignment,
masking, and deposition steps. Recently, we suggested
an alternative approach, based on the observed change
in optical thickness of sol-gel films with heating [6, 7].
After fabricating an entire stack of sol-gel derived
high index and low index films (defining one color)

small regions were heated using a laser. This trans-
formed the colors of the selected regions, resulting in a
patterned dichroic filter. While this demonstrated suc-
cessfully the concept of selected tuning using laser
densification, only a limited range of tunability (about
15%) was achieved. For practical devices it will be
necessary to maximize the change in optical thickness
that can be achieved in one film; a change of approxi-
mately 50%, for example, would be required to pro-
duce red, green and blue filters within one stack. The
present work is directed towards maximizing the
change in refractive index of dielectric films for mak-
ing three-color dichroic filters.

For sol-gel films both the density and composition
can be varied with processing over a wide range, so
the potential for producing large changes in optical
thickness with processing seems promising. In this pa-
per we examine the effects of these parameters on
the change in optical thickness of sol-gel films -dur-
ing processing. First, the effects of porosity and com-
position are examined analytically, using the Clausius-
Mossotti relationship. Next, experimental results from
Si0, and Si0,-Ti0O,-Al,O5 films are compared with
the predictions, and possible methods for enhanc-
ing the change in optical thickness with firing are
proposed.
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2. Theoretical background

The effects of density and composition on refractive
index are given by the Clausius—Mossotti relationship
{in CGS units) [8]
ef—1 dng
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where ¢ is the dielectric constant, and N is the concen-
tration and p, the polarizability of species j. At optical
frequencies the polarizability arises almost entirely from
electronic contributions, so

n*—1 dn
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where # is the refractive index and ¢, is the electronic
polarizability. Eq. (2) (the Lorenz— Lorenz equation)
can be rearranged by expressing N, in terms of the
molecular weight }¥; and weight fraction P; of species j,
density p of the material, and Avogadro’s number N4,
giving
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Solving for refractive index gives
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Experimentally it is usually more convenient to mea-

sure the thickness, rather than density, of a film. In

terms of thickness the density is p = pody/d, where p,

and 4, are the fully fired, pore-free density and thick-
ness. Thus, if we define the film shrinkage S by

di - d .
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where 4, is the initial (unfired) film thickness, Eq. (5)
can be written
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As written, Eq. (7) emphasizes two factors that con-
tribute to optical thickness. The first, {1 — S), depends
on shrinkage (density) alone; the second, [(1 + 280)/
‘1 —Bo/)]"?, depends on a combination of density
{through f) and chemistry (through o).
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Fig. 1. Shrinkage factor {1 ~=5) and density/chemistry factor
[(1+2B0) /(1 = Ba)}'/? in predicted optical thickness (Eq. (7)) of
typical porous silicate film,

For most conventionally processed, single-compo-
nent films, the composition should be relatively stable
during heating, so we expect that ¢ = constant. Using
typical values for a silicate glass (o =3 x 107 cm?,
po=22gem™3, W =060gmol~!) the shrinkage and
density/composition factors are plotted in Fig. 1 for a
film with a total shrinkage of 50%. The shrinkage term
{1 —S) decreases by 50% (from I to 0.5) as the film
densifies (shrinks), while the density/chemistry term
[(1+42Ba))(1 — Bo)] increases by only about 15%
{from 1.2 to 1.4) over the same range in shrinkage.
Thus, the product (1 —8)[(1+2p0)/(1 — pa)]% also
plotted in Fig. 1, is essentially parallel to the shrink-
age term, and the optical thickness, nd =d;(1 — ) x
[(14+2B0) /(1 — Bo)]'/? is approximately linear, with a
slope of about 1.2-1.4 times the initial film thickness.
For relatively dense films, the shrinkage during post-de-
position firing should be small, and a correspondingly
small change in optical thickness is expected. For rela-
tively porous films, however, large shrinkages should
lead to a large decrease in optical thickness.

For multicomponent films and coatings made using
sol-gel processing, it is not uncommon for one or more
components to volatilize during firing, so that ¢ is likely
to change during processing. This will increase or de-
crease the net change in optical thickness, depending on
the polarizability of the lost components, For example,
if high-polarizability species (such as residual organics
form sol-gel films) are released, o will decrease during
processing, augmenting the decrease in optical thickness
caused by densification and the overall change in nd will
be increased. The release of low index components,
however, would increase ¢ progressively, offsetting the
decrease in optical thickness due to densification, and
the overall change in nd would be lessencd.
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3. Experimental procedures

To examine experimentally the effects of density and
composition on the change in refractive index of porous
coatings, both single-component (SiO,) and multicom-
ponent (Si0,-TiO,—-Al,05) films were examined.

3.1. Coating preparation

For sol-gel derived coatings SiO, solutions were
made by mixing 4 mol ethanol with 1 mol tetraethoxy-
silane (TEOS) and then hydrolyzing the solution by
adding 2 mol of acidified water (0.36 M HCI) to bring
the final solution pH to 2 [9]. Coatings were formed by
dipping double-polished silicon substrates into the solu-
tion in air (20-22 °C, 25%-35% relative humidity) and
withdrawing at a constant rate. Immediately after coat-
ing all samples were dried in air at 100 °C, resulting in
200-250 nm thick porous coatings. Samples were fired,
in air, by placing the dried coatings directly into a hot
furnace for 15 min.

Following the work of Weisenbach [10], SiO,-
TiO,~Al,O; coating solutions with a target composi-
tion of approximately 2SiO,-2TiO,- ALO; were
prepared by diluting 0.42mol TEOS with 0.042 mol
dried ethanol at 60 °C. To this solution 0.042 mol of
0.15 M HCI was added dropwise, and the solution was
then stirred for 30 min. In a separate flask 0.044 mol
Ti(IV) ethoxide was mixed with 0.042 mol Al sec-
butoxide, and allowed to mix for 15 min, after which
1.25mol dry ethanol was added. Small white precipi-
tates were formed initially, but then redissolved. After
15 min the TEOS solution was slowly poured into the
Ti-Al solution, and the combined solution was allowed
to mix under ambient conditions (22 °C, 34% RH) for
at least 12 h.

Coatings were formed by diluting this solution with
ethanol to 10wt.% solids, filtering through 0.2 um
filters, and spinning onto polished Si wafers at
2250 rev min~' for 24s. After coating each film was
placed immediately in the center of a pre-heated
furnace and fired for 15min at the temperature of
choice.

3.2, Analysis

Multiple angle ellipsometry was used to determine
refractive index and sample thickness. Measurements
were taken at 60°, 65°, and 70°, and the thickness and
refractive index were calculated assuming kg = 0.02,
ng; = 3.871, and kg, = 0.0.

The composition of the multicomponent glass films
was determined experimentally by Rutherford backscat-
tering (RBS) using a 3.8 MeV He** beam and a total
charge of 120 pC.

4. Results

The changes in optical thickness with firing for both
single-component and multicomponent coatings are
shown in Fig. 2. As expected, the optical thickness
decreases as the firing temperature increases, up to
approximately 1000 °C for the sol-gel derived SiO,
film, and 800 °C for the SiO,-TiO,-Al,O; coating. At
higher temperatures the thickness, index, and hence
optical thickness, are essentially constant, indicating
that the films are fully dense.

The starting and fired compositions of the SiO,—
TiO,-Al,O; samples are shown in Table 1. The com-
position of the film is close to the target composition,
and remains essentially unchanged during firing.

5. Discussion

To facilitate comparison between films, the changes
in optical thickness are plotted against shrinkage in
Figs. 3(a) and (b). The solid lines are the theoretical
change in optical thickness, as predicted by the Clau-
sius—Mossotti analysis, assuming constant composi-
tion. For the SiO, films this line was calculated by first
determining an effective polarizability of the SiO, glass
(¢si0, = 2.92 x 1072* cm®) using Eq. (3) and theoretical
values of the refractive index (nsi0, = 1.45) and density
(po=2.2gcem™3) of SiO,. The theoretical predictions
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Fig. 2. Optical thickness of sol-gel derived SiO, and SiO,-TiO, -
Al O; films vs. firing temperature.

Table 1

Compositional analysis of $i0,-TiO,-Al, O, films in weight per cent
Solution 500 °C 700 °C

Si0, 30.8 294422 304121

TiO, 43.0 43.8+£23 416+ 1.7

ALO, 26.2 268+1.9 28.0% 1.7
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Fig. 3. Optical thickness of (a) sol-gel derived SiO, films, and (b)
sol-gel derived Si0,-TiO,-AlL O; films vs. firing temperature. Filled
circles are experimental data, solid lines are theoretical calculations
using Eq. (7), without accounting for residual species, and dashed
lines are theoretical calculations using Eq. (7), with allowance made
for residual species.

were then derived using Eq. (7). For multicomponent
films the theoretical predictions were calculated, as for
Si0,, using an effective polarizability of the glass
{0tg =3.98 x 107** ¢cm®) which was determined, in turn,
using Eq. (3) and theoretical values of density and
refractive index. For the SiO,-TiO,-Al,O; films the
theoretical density was calculated by the weighted
average of the densities of the constituents, giving
po=3.40 gecm™?, and the theoretical refractive index
was calculated using the method of Huggins and Sun
[11] giving n, = 1.85.

5.1. Single-component films

At high shrinkage (density) the measured optical
thickness of the SiO, films agrees with that predicted by
Eq. (7) and, as expected, the optical thickness decreases
roughly linearly with shrinkage. For lower density
films, however, the change in optical thickness is non-
linear, with experimental values exceeding the predicted
values more radically at lower density. This departure
from linearity is most probably the result of residual
species in the sol-gel film, which increase the effective
index and, hence, optical thickness of the lower density
films.

Accounting quantitatively for the contribution of
residual species wouid require a knowledge of the con-
centration P,, molecular weight #,, and polarizability

2, of each of the n residual specices,

e=5 Py . Psi0,%si0, N Prl% N Prz‘xrg . PQ&,
T W Wsio, o W, W,
(7b)

Weisenbach [10] recently analyzed the effects of residual
water on the polarizability (and hence refractive index)
of sol-gel derived silica-titania films using Eq. (7b). By
heating films to temperatures where organics were
removed, the effects of residual organics could be ig-
nored. By approximating the effect of dissolved water
on the connectivity of the oxide network, Weisenbach
proposed a structure for the films and then, by assign-
ing different polarizabilitics to adsorbed water, to water
dissolved in the structure, to bridging oxygen atoms,
and to non-bridging oxygen atoms, she was able to
account quantitatively for the changes in refractive
index with heating,

While the success of Weisenbach’s approach lends
validity to the present approach for analyzing these
films, the effects of residual organics, in addition to
water, would need to be taken into account to develop
a structural model for the present films. Lacking such a
model, we simplify the analysis by grouping the residual
species {organics and water) into one term, and we
define the ratio of polarizability to molecular weight as
a constant R which gives
o=y £y = Rsio, Psio, + R P; (8)

£,

where Rsio, = 9si0,/ Wsio, and R, = 2./}, the subscript
r referring to the residual species.

Eq. (8) can be solved for an empirical vaiue of R,
using experimental thermogravimetric analysis data [12]
to approximate the total concentration of residual spe-
cies in the unfired gel (P, =18 wt.%) the measured
optical thickness of the unfired gel (nd =291 nm at
100 *C) and by noting that Pgo, + P, = 1. The resulting
empirical value, R, =1.65% 10"*cm*molg™', is
within a factor of two of the R, of other species
{e.g Ruypanot = 1.15 % 107 ¥ ecm® mol g™, Ry = 8.09 x
107*% cm® mol g=') that are likely to compose a large
portion of the residue in sol-gel films.

Assuming that R, is constant during firing, and that
the concentration of residual specics decreases paraboli-
cally [12, 13] from the experimental value (18 wt.%) at
100°C to O0wt.% at 750 °C, the predicted change in
optical thickness is plotted as the dashed line in Fig.
3(a). Using this method the calculated and measured
values of optical thickness are by definition equal for
the unfired film. Theory and experiment agree well over
the entire range of shrinkages, indicating that R,
changes only slightly during firing. Using a constant
value of R, therefore allows us to separate conveniently
the contributions to optical index from shrinkage and
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chemistry, without having to hypothesize a detailed
model of the composition and microstructure of the
film.

5.2, Multicomponent film

As with SiO, films, the optical thickness of sol-gel
derived SiO,-TiO,-Al, O, films decreases with shrink-
age (Fig. 3(b)). At high densities the change in optical
thickness with shrinkage is linear and the predicted
values agree with those measured, and at low densities
the change in optical thickness is greater than predicted.
Assuming that the discrepancy at low densities is
caused again by residual species, the expected change in
optical thickness can be calculated using the empirical
value R, = 1.65 x 107% cm® mol g~! (assuming that the
composition of the residual species is similar to that in
the SiO, films). Lacking experimental data for P, for
this system, we can use Eq. (5) and the measured
optical thickness for the porous (200 °C) film to solve
for the initial concentration of residuals, giving
P. =26 wt.% at 200 °C. Finally, assuming, again, that
R, is constant during firing, and that the concentration
of residuals decreases parabolically from a concentra-
tion of 26 wt.% at 200 °C to 0wt.% at 750 °C, the
predicted change in optical thickness is plotted as the
dashed line in Fig. 3(b). Again, the nature of the
calculation forces agreement between experiment and
theory for the dried (200 °C) film, but agreement is
relatively good over the entire range of shrinkage,
especially considering the approximate nature of the
change in residual content with temperature and the
likelihood that the composition of the residual species
changes during firing.

5.3. Application to color filters

For applications where a large change in optical
thickness with firing is desired, the higher porosity of
as-deposited sol-gel films, and resulting larger range of
densities over which such films can be varied, makes
sol-gel derived films preferable to films formed by
evaporation, or other methods which result in coatings
with relatively high densities. Moreover, the volatiliza-
tion of residual species can enhance the change in
optical thickness during firing of the sol-gel films. In
this study, for example, the optical thickness of the
Si0,-TiO,-Al, O, films decreased more than 40%,
without any special attention paid to optimizing the
change. Still, larger changes in optical thicknesses (at
least 50%) will be required to produce practical devices,
so films which shrink even more than xerogel films (e.g.
aerogel coatings) might be required. It will be impor-
tant to evaluate the mechanical and chemical stability
of extremely porous films though, as they might not
have the robustness needed for practical devices.

Another approach to fabricating stable, tunable
filters might be to use a multicomponent film from
which a high index species is volatilized during firing.
As discussed previously, this would decrease ¢ during
firing, thereby enhancing the change in optical thickness
with densification. Future investigations should explore
this possibility, paying attention to the stability of
the volatile component in the unfired or partially-fired
materials.

The Clausius—Mossotti analysis suggests also that
the rate of heating might affect the change in optical
thickness, especially for multicomponent films. If highly
polarizable species (e.g., organics, or PbO in multi-
component films) are lost during processing, faster
heating, such as with a laser, is likely to minimize
volatilization and the change in nd during processing
will arise solely from shrinkage. In such cases the
largest decrease in optical thickness would be expected
to occur with slow heating, which would maximize
volatilization. Conversely, rapid heating is expected to
increase the change in nd during processing of films
which lose low polarizability species during processing,
since fewer volatiles would be lost. These possibilities
remain unexplored.

6. Summary

For high density films in which composition is con-
stant, the Clausius—Mossotti analysis predicts that opti-
cal thickness should vary approximately linearly with
shrinkage. This is found experimentally for single-com-
ponent and multicomponent sol—gel films, although the
loss of residual species during firing must be taken into
account to predict the change in optical thickness over
a wide range of densities. Using an empirical value,
R.=uo,[W,=1.65x10"% cm’mol g~!, the change in
optical thickness of sol-gel films can be predicted over
a wide range of temperatures (densities). For applica-
tions where large changes in optical thickness with
density are desired, sol-gel films are advantageous ow-
ing to their high porosity. Changes in nd of over 40%,
for example, were achieved in this study. To maximize
the change in nd in practical systems, extremely porous
films, and compositions with volatile high index compo-
nents are suggested, although the stability at low firing
temperatures must be examined.
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