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Abstract
During sol-gel film formation via dipping, polymeric precursors are ag- .
gregated on the substrate surface by a process involving gravitational
flow, drying, and continued condensation reactions. To understand film
formation in situ, we use ellipsometric imaging and infrared spectroscopy.
The structure and porosity of the deposited film are determined by SAXS,
ellipsometry, and surface acoustic wave (SAW) methods. We find that
weakly-branched silicate precursors deposited near the isoelectric point of
silica result in dense films (volume percent porosity, Vp < 5%) in which
any pores present have radii < 0.2 nm, regardless of precursor size. More
compact precursors result in films in which the porosity and refractive in-
dex are controlled by the size of the precursor species prior to deposition
and the relative rates of condensation and evaporation during deposition.
The porosity and refractive index of these films may be varied as follows:
volume percent porosity (0 < Vp < 56%); pore radius (0 < r < 3.1 nm); sur-
face area (1.2 < S < 263 mz/g); refractive index (1.18 < n < 1.45). For
repulsive, monosized particulate precursors, higher coating rates promote
ordering providing an additional means of pore size control.
1. Introduction

During sol-gel thin film formation via dipping or spinning, oligomeric
or polymeric precursor species often described by mass or surface fractal

dimensions, D or DsT [1], are rapidly aggregated on the substrate surface

t: The mass fraﬁtal dimension, D, relates the mass of an object, M, to its
radius r: M ~ r . The surface fractal dimension, Ds’ varies from 2 for a
smooth surface to 3 for a surface so convoluted that™it fills space.
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by gravitational or centrifugal draining accompanied by vigorous solvent
evaporation and continued condensation reactions. Our previous research
[2] has shown that the film porosity (calculated from the refractive index
on the basis of the Lorentz-Lorenz relationship) depends on the compactness
(D, Ds) and extent of branching of the precursors prior to deposition and
the relative rates of condensation and evaporation during deposition.

Precursor structure dictates steric constraints according to [3]:

D, +D, - d
crlt 2

M1,2 1

where M1,2 is the probability of intersection of two mass fractal objects
of size R and mass fractal (or Euclidian) dimensions, D1 and D2' placed in-
dependently of each other in the same region of space, and d is the
dimension of space, 3. When D1 and 02 are < 1.5, M1,2 decreases in-
definitely as the polymer size increases: the structures are mutually
transparent and should interpenetrate as their concentration is increased,
leading to dense films. de Gennes [4] envisioned such networks as
"entangled worms". If D1 and D2 are greater than 1.5, the probability of
intersection increases algebraically with R: the structures, though often
porous, are "mutually opaque", similar to an assemblage of tumbleweeds.

The above discussion assumes that all intersections result in irre-
versible condensation reactions (sticking probability = 1) and that the
precursor structures are completely rigid. In reality the structures are
more or less compliant, since, e.g., the elastic modulii of fractal objects
decrease with R [5]. Furthermore, the sticking probability is <<1 and is a
sensitive function of pH as indicated by the pH-dependeﬁce of gél times in

aqueous and alcoholic silicate solutions [6, 7]. These factors.mitigate

the criteria for mutual transparency, since few intersections result in
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condensation, and the compliancy of the structures reduces the effective-
ness of screening according to Eq. 1.

The relative rates of condensation and evaporation dictate chemical
constraints. During film formation, a competition is established between
evaporation and continuing condensation reactions. Evaporation tends to
compact the film structure first by concentration and later by the capil-
lary pressure exerted as the liquid-vapor interface recedes into the film
interior. Condensation reactions at points of intersection inhibit inter-
penetration, according to the concepts of mutual opacity, and stiffen the
structure, consequently increasing its resistance to compaction by the
capillary pressure. For reacting systems, both increasing the condensation
rate and reducing the evaporation rate allow more condensation reactions to
occur during the brief time of film formationT, resulting in more porous
films. Conversely, reducing the condensation rate and/or increasing the
evaporation rate reduce the number of condensation reactions that occur
during film formation leading to denser films. We will show, however, that
for non-reacting systems of repulsive particles, increasing the drying time
allows ordering to occur, leading to denser films.

This paper explores how precursor structure and deposition conditions
influence the porosity of thin sol-gel films prepared by dipping. This
study extends our previous work [2] by providing a measure of the pore size
and surface area of the deposited films in addition to the pore volume. We
show that the pore size can be precisely tailored, suggesting applications

as materials for sensors, filtration, or separation processes.

t: The time of film formation is generally several seconds comprising
aging, gelation, and drying that convert the wet layer at the reservoir
surface to a completely dry film normally a few cm above the reservoir sur-
face.



2. Experimental

Three classes of precursors were prepared: (1) rather weakly-branched
silicates (composition A2 in ref. 8) characterized by D = 1.9, deposited
near pH 2; (2) more highly-branched, compact clusters (prepared according
to ref., 9) characterized by D = 2.4, deposited between pH 3.5 and 1; and
(3) dense colloidal particles (non-fractal) synthesized by variations of
the Stober process [10] and deposited above pH 10.

Films were deposited at room temperature on polished <100> single-
crystal silicon (ellipsometry experiments); ST-cut crystalline quartz (SAW
experiments); MYLAR or v-SiO2 (SAXS experiments); or Au coated glass sub-
strates (FTIR experiments). Subsequent measurements employed room
temperature dried films or films heated to 400°C for 5 min. (Note: prior
to SAW measurements films were reheated to 160°C for 2 h)

Prior to deposition theé solutions were characterized by SAXS, quasi-
elastic light scattering (QELS) or FTIR. Scattering data were analyzed in
the Porod regime [11l] to obtain structural information. Film structure was
investigated in situ during deposition using imaging ellipsometry [12] or
FTIR microscopy [13]. The structure of the deposited films was inves-
tigated by ellipsometry to obtain thickness and refractive index data and
by performing N2 adsorption experiments using a SAW technique [14] to ob-
tain surface area and pore size information.

3. Results and Discussion

3.1 Weakly-branched System

Our previous work [2] indicated that weakly-branched precursérs
deposited near the isoelectric point of silica (pH 1-2 [7]) yiefded dense
films with n > 1.425 (corresponding to <5% porosity based on th; refractive

index of v-SiOz, viz. 1.458) regardless of the precursor size, which was
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varied by over one order of magnitude. Consistent with these results the
corresponding N2 adsorption isotherm (Figure la) is a Type II isotherm [15]
indicating adsorption on a non-porous surface. Thus any porosity that ex-
ists has openings smaller than the kinetic radius of N2 (~0.2 nm). The
measured surface area, S = 0.95 cm2/cm2, corresponds approximately to the
geometric area of the film surface, 1 cm2/cm2.

Several factors contribute to the high density of these films: 1) the
brief deposition time combined with a low condensation rate allows little
further condensation to occur during deposition; 2) the weakly-branched,
compliant polymers are able to interpenetrate and rearrange themselves to
progressively denser configurations in response to the evaporating solvent;
3) because the extent of condensation remains low, the compliant films are
further compressed at the final stage of drying by the capillary pressure
which can now be enormous (1-2 kbar [16]) due to the preceeding shrinkage
that reduces the effective pore size to molecular dimensions. This col-
lapse is illustrated by the refractive index profile of a drying film
determined from imaging ellipsometry: Figure 2 shows a narrow region near
the drying front where the index suddenly increases.

The importance of the brief time-scale of the film deposition process
compared to the bulk gel process is illustrated in Fig. 1b, which shows the
N2 adsorption-desorption isotherm of a monolithic gel prepared from the
identical silicate precursors used for the film (Fig. la). The monolithic
sample, which was gelled and dried over a period of several months, becomes
much more highly condensed (stiffer) at an earlier stage of the drying
process. Therefore it shrinks less during the initial stage of drying

where it is completely filled with liquid, causing the capillary pressure
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during the final stage of shrinkage to be reduced due to the larger effec-
tive pore size. In addition the resistance to the capillary pressure is
increased due to the increased stiffness. The result is a less dense,
microporous gel as indicated by the large amount of adsorption at low N2
pressures characteristic of a Type I isotherm {15]. This result contrasts
dramatically with the dense films formed from the same precursors on a much
shorter time scale.

3.2 Strongly-Branched System

The stongly branched system deposited at pH 3.4 exhibts a reciprocal
relationship between precursor size and refractive index, i.e., films
deposited from solutions containing progressively larger-sized polymeric
precursors (obtained by aging at 50°C) exhibit progressively lower refrac-
tive indices (see Table 1). Since for mass fractals, demnsity, p, decreases

radially as

p -1 D), (2)

this behavior is consistent with an assemblage of mutually opaque mass
fractal clusters: the porosity of an assemblage of clusters should in-
crease with cluster size (assuming that the clusters do not completely
collapse). The Porod plot of a film prepared from precursors aged for 14
days (Fig. 3) is composed of two limited power law regions corresponding to
D=1.7 and D = 2.8 separated by a transition region (K'1 ~1.7 to 1.3 nm).
The corresponding pore size distribution obtained from the SAW desorption
isotherm (inset Fig. 3) indicates that the transition occurs at about the
mean pore radius, ~ 1.9 nm. The SAXS and pore size data suggest that the
individuals clusters (D = 2.4) are compacted during deposition due to the

capillary pressure, causing D to increase to 2.8 on length scales < 1.3 nm.
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The D value of 1.7 is consistent with simulations of transport-limited
cluster-cluster aggregation (Fig. 3). This suggests that on length scales
greater than ~ 1.7 nm the compacted clusters are aggregated creating inter-
connected porosity with "throat" radii ~ 1.9 nm. We speculate that the
aggregation process appears to be transport-limited rather than reaction-
limited (D = 2.1), because the rapidly increasing viscosity "freezes-in" a
non-equilibrium configuration.

Based on this aggregation model, it is expected that the pore size
should increase with cluster size. Table 1 shows that the mean pore radius
determined from the desorption isotherms by standard calculation procedures
[17] increases from < 0.2 to > 3.1 nm with the duration of aging at 50°C
prior to deposition. The isotherm obtained for the film prepared from
unaged precursors is a Type II isotherm indicative of a non-porous film
(r < 0.2 nm, the kinetic radius of N2’ and §$ = 1.2 cmz/cmz, approximately
the geometric area of the film surface). This suggests that, due to the
small effective pore size, the film is collapsed during the last stage of
deposition by the high capillary pressure. Larger, opaque clusters
presumably increase the effective pore size causing the capillary pressure
to decrease, resulting in more porous films. For example, Fig. 4 shows the
N2 adsorption-desorption isotherm obtained from the l-week-aged precursor.
It is a Type IV isotherm characteristic of a mesoporous solid {15]. The
surface area has increased to 220 mz/g (Table 1), and the pore size dis-
tribution (inset Fig. 4) is narrow and centered at ~1.6 nm.

Table 1 clearly shows a correlation between pore volume (or refractive
index) and pore size: pore volume increases (refractivé index decreases)
with pore size as a consequence of the fractal model described above.

Unfortunately this does not allow the preparation of films with large
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volumes of extremely small pores. However, since precursor aging times
less than 3 days result in refractive indices that vary between 1.31 and
1.45, according to the above correlation, an advantage of this process
should be the preparation of microporous films with pore radii ranging from
0.2 to 1.6 nm, sizes of interest for sensors and gas separations. SAW
studies of these films are currently in progress.

As described above, a condition for mutual opacity of mass fractal ob-
jects is condensation reactions at points of intersection. Therefore a -
reduction in the condensation rate should reduce opacity, resulting in
denser films. This hypothesis was tested by depositing l-week-aged precur-
sors at pH values ranging from about 3.2 to 1.2. 1In situ FTIR reflectance
microscopy (Fig. 5) shows that at pH 3.2 condensation reactions, charac-
terized by increased relative intensity and broadening of the Si-O
assymetric stretching vibration centered at 1180 cm-l, accompany film
deposition. Fig. 6 shows that the refractive index increases as the pH is
reduced below pH 3.2 by additions of 2M HCl immediately prior to deposi-
tion. Equivalent additions of H20 cause no consistent changes in
refractive index. This result suggests that HCl additions reduce the con-
densation rate facilitating interpenetration and contributing to
compliancyf. As described above, both factors promote compaction of the
film. By analogy to the correlation between refractive index and pore size
shown in Table 1, changes in the relative rates of condensation and
evaporation during deposition should provide an alternate method of pore

size control utilizing a single solution aging condition.

t: A similar effect would be obtained if HCL promoted depolyme;ization;
however the dissolution rate of silica is minimized in this pH range [6].



3.3 Particulate Films

Using opaque, monosized, particulate precursors, the porosity is con-
trolled by the particle size and extent of aggregation or ordering. Our
previous work [2] has shown that aggregation and deposition of silicate
spheres at pH 7, where the silica condensation rate is maximized, results
in films with porosities exceeding 65% compared to a minimum of 25% cor-
responding to FCC or hexagonal close packing. This high porosity is
created in a manner similar to that described for the strongly-branched
system in Section 3.2: consistent with the concept of mutual opacity (Eq.
1), aggregation results in fractal clusters (D = 2.1) that do not inter-
penetrate due to the large D and the high condensation rate. 1In addition,
the capillary pressure is reduced, since the effective pore size is ap-
proximately the aggregate size. At comparable coating rates, deposition of
the particles at pH 11 where they are mutually repulsive
[6, 7) causes the porosity to decrease to about 42%. SAXS studies [2] in-
dicate that under these conditions aggregation is avoided, presumably due
to repulsive forces, and a liquid-like structure is frozen-in at the final
stage of drying. Figure 7 shows that at high pH a further decrease in the
pore volume (increase in the refractive index) occurs as the coating rate
is increased. For example, increasing the coating rate from 2 to 30"/min
(5 to 76.2 cm/min) causes the refractive index of the film prepared from 55
nm particles to increase from 1.2 to 1.34, corresponding to a reduction in
Vp from 52 to 24%. For base concentrations exceeding 0.001 M, this trend
of increasing refractive index with coating rate is observed for all sili-
cate particles we have investigated (particle diameters = 20-95 mm, see
Fig. 7). By comparison the weakly-branched and strongly branched systems

deposited at lower pH show a slight trend of decreasing refractive index
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with coating rate (see, e.g., polymer sample in Fig. 7), since there is a
greater time for condensation reactions to occur.

Our present interpretations of these trends of changing refractive in-
dex with coating rate are based on the relative rates of condensation and
concentration (via solvent evaporation) and/or the possibility of shear-
induced alignment. Since drying occurs exclusively from the film/vapor
interface, which is independent of the film thickness, and higher coating
rates produce thicker films, thick films take longer to dry thin films.
Normally, when the condensation rate is finite, longer drying times allow
additional crosslinking to occur, leading to more porous gels. This is
well illustrated by the comparison of thin films and monoliths in Fig. 1
and explains the trend of decreasing refractive index with coating rate
(polymer sample, Fig. 7). However if the particles are mutually repulsive
(condensation rate = 0), longer drying times provide the necessary time for
particle ordering leading to denser films. In addition, based on molecular
dynamics calculations [18], it is expected that increased shear rates
achieved by higher coating speeds will aid the ordering process. From the
standpoint of pore size control, ordered packings of monosized particles
should provide precise control of throat sizes defined by the interstice
created by three touching spheres, providing a means of achieving large
pores with narrow size distributions.

4. Summary

The porosity of sol-gel thin films prepared by dipping depends on the
precursor structure, the relative rates of condensation and evaporation (or
concentration) during deposition, and the coating rate., Using three dif-

ferent classes of precursors, we have demonstrated that the porosity of
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sol-gel thin films can be varied over wide ranges. Weakly branched precur-
sors deposited under conditions where the condensation rate is low result
in dense films with pore radii less than the kinetic radius of NZ'

Strongly branched, compact precursors exhibit variable porosities (V P -0
to >50%, r =0 to 3.0 nm, S = 1 - 245 mz/g) that depend on the precursor
size and the deposition conditions. Monosized particulate precursors ap-
pear to order when applied at high coating rates, providing a potential
method for achieving rather large pore sizes with very narrow size dis-

tributions.
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Table Captions

1. Porosity versus aging conditions for the weakly-branched precursor aged
at 50°C and pH 3.2 for the indicated times prior to deposition by dipping.
*The 3 week sample was gelled and re-liquified ultrasonically prior to

deposition.

Figure Captions

1. a) N2 adsorption desorption isotherm obtained by the SAW technique for a
film prepared from the weakly-branched precursor. b) Corresponding N2
adsorption-desorption isotherm for a bulk, monolithic gel prepared from
identical precursors as in Fig. la [13].

2. Index of refraction of a drying sol-gel film versus position on the sub-
strate determined by imaging ellipsometry. The drying line is at
approximately x = 0. The solid and dotted line at y = 1.401 indicates the
refractive index of the dry film.

3. SAXS Porod plot of a film deposited from the strongly-branched system
after 2 weeks of aging. Slopes corresponding to D = 2.8 and D = 1.7 indi-
cate compaction on short length scales (<1.4 nm) and cluster-cluster
aggregation on longer length scales. The cross-over occurs at ap-
proximately the mean pore size, viz. 1.9 nm.

4. Type IV N, adsorption-desorption isotherm obtained for a film prepared

2
from the strongly-branched system after 1 week of aging. Inset: pore size
distribution determined from the desorption branch.

5. FTIR reflection spectra obtained in situ at positions 15.7 mm above the
coating bath and > 2cm above the coating bath (corresponding to ‘a dried

film).
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6. Refractive index and pore volume for films prepared from the strongly-
branched system after about 1 week of aging versus the deposition pH
achieved by additions of 2 M HCl (aqueous). Squares denote equivalent ad-
ditions of water.

7. Coating rate dependence of the refractive index for films prepared from
a series of monosized particulate precusors (particle diameters = 20 to 95
nm) deposited at ~ pH 11 compared to the coating rate dependence of refrac-
tive index for films prepared from the strongly-branched system after 2

weeks of aging (denoted polymer).



Porosity ver Agin ndition

Refractive Porosity Median Pore  Surface Area

Sample Index Ads. N, Radius (nm) m2/g
Unaged 1.45 0 <02 12-19
3 Day 1.31 16 15 146
1 Week 1.25 24 1.6 220
2 Week 1.21 33 1.9 263

3 Week"* 1.18 52 3.0 245
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