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Abstract 

New insights into the development of microstructure in sol-gel films have 
recently been revealed by several diagnostic techniques, including imaging 
ellipsometry, "chemical imaging" by fluorescent tracers, light scattering from 
capillary waves, and finite-element modeling. The evolution of porosity during 
the continuous transition from dilute sol to porous solid in restricted geometries 
such as films and fibers. is becoming clearer. through fundamental understanding 
of evaporation dynamics and capillarity. 
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Introduction 

With sol-gel processing, the full flexibility of solution chemistry can be exploited to 
make ceramic films and fibers with well controlled compositional characteristics. 
No less important is the ability to tune porosity and connectivity for specific 
applications such as optical and electrical coatings and membranes. Since the 
chemical and physical factors that determine the microstructure are not entirely . 
understood, new diagnostics applied to sol-gel processing are welcome. 

Sol-gel films and fibers are distinguished by processing that takes a sol through 
continuous stages of increasing concentration and connectivity of a solid 
precursor. The liquid carrier is usually volatile or, at least, volatilizable through 
heat treatment. During deposition through states o f  increasing solids 
concentration, this sol might gel, as in bulk sol-gel processing, however, the gel 
state may be a fleeting transient that quickly empties of liquid. Nevertheless, the 
structures formed in solution during this stage influence the structure of the final 
solid. In particular, porosity is likely to be a remnant of networks formed in the 
sol-to-gel transition. Here we report on experiments whose goal is to discover the 
factors involved with porosity development. 

While printing and painting could be considered sol-gel film-forming processes, 
dating to Paleolithic times, the first modern sol-gel films were Langmuir-Blodgett 
(LB) monomolecular layers [I], which by 1935 were used to make antireflection 
coatings. LB films are formed by simple "dip coating": the slow withdrawal of a 
substrate through a molecular surface layer that gets lifted off the liquid surface 
onto the substrate. Today's traditional sol-gel dip coating involves the 
hyrdrodynamic entrainment of sol on a substrate followed by reaction and 
evaporation that lead to a solid film. A characteristic of dip coating is that the 
material is metered onto the substrate by the balance between viscous entrainment 
forces, gravity, and capillary pressure at the "free meniscus" [2]. The analogous 
free-meniscus fiber-spinning process has been investigated by Sakka [3,4]. 

Several critical issues are worthy of study in sol-gel film processing. Evaporation 
dynamics sets the time scale over which molecules must assemble and, for solvent 
mixtures, determines the spatial variation of surface tension. Capillary 
phenomena often dominate the film-forming process, including the effects of 
pressure. These aspects have been fruitfully explored by imaging ellipsometry, 
fluorescence spectroscopy, and finite-element analysis, but as yet no direct 
knowledge of capillary pressure has been developed. Part of the problem is 
uncertainty in the viscoelastic states of the nascent film: we don't know when (or 
if) the film gels. Fortunately capillary wave dynamics, as probed by quasi-elastic 
light scattering promise to illuminate this dark corner. 

Imaninn Ellipsometrv and Evaposation Dmamics 

The thickness range of sol films entrained in dip coating is ideal for measurement 
by light interferometry. Unfortunately dip coating's continuously changing solids 
fraction and concomitant changing refractive index make it impossible to use 
Fizeau fringes and their ilk, though convenient, because it is necessary to separate 
optical thickness and physical thickness. Ellipsometry accomplishes this 
separation. 
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Since 1988 [5], Hurd and coworkers have been adapting standard point-by-point 
ellipsometry to an imaging mode specifically to study dip coating. Images of the 
steady-state entrained film (Fig. I) yield thickness and index profiles; the latter 
measures the local solids concentration and the former relates to the evaporation 
behavior. Typical films have a parabolic thickness profile, which is inconsistent 
with a constant mass-transfer coefficient, or evaporation rate, at the liquid surface. 
Instead, the drying line (beyond which little or no volatiles remain) introduces a 
sharp edge in the evaporation and vapor diffusion problem that gives rise to a 
spatially varying evaporation rate. As with sharp corners in electrostatics, there is 
a singularity in the evaporation rate at the drying line, and the resulting 
evaporation dynamics concentrates the sol very rapidly there owing to accelerated 
loss of solvent [2] and leading to a blunt, parabolic profile. 

Figure 1. (a) Interferometric image of a sol-gel film in formation, and (b) a typical 
thickness profile showing the parabolic nature resulting from accelerated - 
evaporation near the drying line. 

This accelerated evaporation sets an unavoidable time limit on the gelation, 
aggregation, polymerization, and other reactions ocbrring in the film. Since the 
thickness profile h(x) varies as x1/2, where x is the distance from the drying line, 
and since 

h(x) Q(x) = constant, 

then the distance between species in solution 4~3-1-3 varies as XI! 6 ,  a --very 
precipitous function. During the 10 sec transit from the sol reservoir to the drying 
line, the average distance a precursor molecule must diffuse to interact with a 
neighbor decreases relatively slowly until the end: In last 0.1% of the transit time 
(10 msec), the final 32% of the distance is covered. Molecules may not have time 
to react or rearrange into equilibrium structures under these conditions. 
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Evaporation dynamics, dominated by the presence of a drying line, sets these time 
scale restrictions. 

Fluorescent Probes of Evaporation Phenomena 

When two or more volatile solvents are present, their different evaporation rates 
lead to surprising effects in dip coating. The most common thickness profile 
observed has multiple humps near the drying line, a parabola associated with each 
solvent. This apparent separation of solvents is important because the final 
surface tension experienced by the sol-gel is that of the solvent that lasts longest. 
Since water is a common constituent in alkoxide hydrolysis and condensation, it is 
usually the controlling solvent; its high surface tension, however, makes for large 
capillary forces tending to collapse pores. Moreover, solvent separation leads to 
surface tension gradients in the region between humps, which can create high 
shear flows 161. EtOH H,O 

In order to verify the presence 
- 

of water at the drying line of a 
. 

I' double - hump e d " prof i 1 e, 
Nishida, et al. [7], used a - 
fluorescent dye marker to map 

,! the relative fractions of . 
ethanol and water in a dip 
coating, experiment. The dye ' 

. 
pyranine is sensitive to local 

- 
protonation conditions and. - 
emits strong green light in - 
aqueous media, blue light in F 
alcohol (under uv radiation). 
They have also studied 
fluorescence depolarization of 
pyranine to understand the 
local restrictions on rotation of 
the molecule in an actual sol- - 
gel environment. - 
Fig. 2. Pyranine fluorescence 
reveals the presence of water 
at the drying line in sol-gel 
chemistries involving water - 
and alcohol. 
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, Finite Element Analvsis of Film and Fiber Formation 
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To calculate the hydrodynamic details of free-meniscus coating and reproduce. 
data, several challenges must be overcome. Since nonuniform evaporation is a 
key element in sol-gel film processing, simulations must not be limited to the 
usual assumption of a constant evaporation rate, or mass transfer coefficient. A 
proper analysis would treat the gas phase as just another fluid, in contact with the 
sol and exchanging mass, heat, and momentum with it. For a film thinning by 
evaporation, eventually gelling and drying out, a finite-element mesh mus I 'id apt 
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from relatively thick films (10 pm) to thin ones (10 nm). (Similar dimensions 
pertain to fibers.) Finally, the chemical kinetics of a depositing system can couple 
strongly to the viscoelastic properties, especially if the sol gels, so that it is 
important to carry along information about the precursors and their extent of 
polymerization from cell to cell. ' 

These and other issues are being addressed by Schunk, et al. [SI, who have 
managed to adapt meshes to both gas and liquid phases in dip coating simulations. 
By solving the convective-diffusion equations in both fluids, along with the 
Navier-Stokes equations, several insights have emerged Experimental thickness 
profiles can only be explained by including nonlinearity in the mixing law for the 
surface tension of binary solvents; in these cases a linear mixing law assumption 
fails to exhibit independent "humps" in the ,profile. There is high sensitivity in 
the deposition process to the constituents in the gas phase; this is because the 
evaporation is ventilation-limited. And the gas phase appears to be subject to 
convection rolls driven by the loss of heat through evaporation. 

Future challenges for finite-element analyses include the problem of meshing the 
drying line "singularity". Much of the deposition physics occurs there, and an 
adaptive method to analyze the evaporation should lead to greater insights. 
Another important area of interest is the development of viscoelasticity in films as 
they gel and dry; progress has been made by Cairncross on this front [9]. 
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Fig. 3. Theoretical and experimental (dots) thickness profiles of 
water/alcohol/silica sol during deposition. The two-hump profile is typical of 
binary solvents. [SI 
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Light Scattering: from Cadlarv Waves 

An embarrassing situation often exists in sol-gel research we don't know when 
the system gels. As a transition in connectivity and not a thermodynamic one, the 
gel transition has no helpful heat anomalies to detect. Instead, the transition is 
heralded by increases in viscosity and the onset of a finite shear modulus. 
Typically, however, the viscosity transition is observed by crude methods, such as 
tipping the container. Unfortunately, this problem is exacerbated in restricted 
geometries such as fibers and films, since probes of viscoelasticity are mostly 
macroscopic. Further, robust evaporation at a surface can lead to concentration 
gradients normal to the surface; in the extreme, a "skin" appears. A promising 
technique for monitoring these changes in films has been adapted recently [9] from 
the repertoire of Langmuir-Blodgett technology. 

The surface of a liquid cannot 
be smooth due to thermal 
agitation, as predicted by 
Smoluchowski (reviewed in 
ref. [lo]). Its disruption is 
sensitive to surface tension and 
viscosity through the 
dispersion relation for 
" c a p i 11 a r y w a v e s " - - 
semiprop aga t ing  waves 
representing normal modes of 
the surface. The amplitudes of 
each mode depend on 
wavelength, but typically they 
are of order 10 nm. Though 
small, this amplitude is 
sufficient to scatter light, 
which, when collected at a 
specific wavevector or 
scattering angle, fluctuates with 
the dynamics of the wave. 

Fig. 4 (a) Intensity 
correlation function for 
light scattered from 
capillary waves on a gelling 
silica film. The transition 
from underdamped to 

* . overdamped waves signals 
gelation. (b) Measured 
viscosity (extracted from the 
light scattering) and weight 
loss of the film in (a). The - drop in apparent viscosity 
after 28 min is an artefact of 
fitting Eq. (2) to the data; in 
fact the viscosity diverges. 
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For waves of arbitrary (complex) frequency co and wavevector q, the dispersion 
relation is 191 

w2 P ( q  + m)Z - p(q  - my = - (q + m) 
4 20 

where m = (4' + imp / P)"~, p is the viscosity of the liquid, CT is its surface tension and 
p is its density. By ,analyzing the autocorrelation function of the scattered intensity 
(equivalent to the power spectrum), the quantities p and CT can be found. Similar 
dispersion relations pertain to the "skinning" case [lo]. 

Data from 100 pm films of TMOS sol on horizontal silicon substrates show the 
signature of gelation. After one minute, the intensity correlation function shows 
distinct underdamped character, typical of propagating capillary waves expected for 
inviscid liquids. Damping of the wave increases with drying time until, after 29.5 
min, the correlation function is overdamped. A plot of the extracted viscosity 
shows that its divergence (expected for gelling systems) can be found with 1 or 2 
min accuracy. This technique is also amenable to measuring the elastic 
component CT, but it appears to be more problematic. In addition, it may be 
difficult to adapt the surface light scattering technique to moving samples, as one 
has in dip coating; nevertheless, it is a promising avenue for monitoring gelation * dynamics. G 

Imaging: Ellipsometrv and "Springback" -- 
3 
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A novel, recent use of imaging ellipsometry was the observation by Prakash, et al. 
[Ill, of the elusive "springback" effect in drying films. Springback is the expansion 

P, 

of a network after having been first compressed by the capillary forces of the 
solvent then released after the liquid dries out. While long predicted and 

manifestation of capillary pressure, it is quite important. 

Using image processing techniques and highly refined, stable video photography, 
Prakash was able to follow the refractive index and (physical) thickness profiles of 
a drying aerogel film by photometric analysis. The images show clear evidence 
that the physical thickness increases after the drying line as the porous material 
empties of liquid. Most surprising is the size of the effect: the thickness doubles 

suspected, springback had never been observed until now; since it is a direct ~ P, 

a 

from its minimum to its. final, dry state. 2 
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The author thanks many collaborators who have worked on these problems, 
including Jeff Brinker, Don Stuart, Josh Samuel, Bill Moffatt, Rich Cairncross, 
Randy Schunk, Ken Chen (all Sandia), Sai Prakash (University of New Mexico), 
and Jeff Zink, Bruce Dunn, John.McKiernan, and Fumi Nishida (all UCLA). This 
work was supported by Sandia National Laboratories under Department of Energy 
contract DE-AC04-94-DP85000 and by the DOE Office of Basic Energy Sciences. 
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