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Double optical monitoring is applied to determine the influence of main process parameters on the
formation of sulfated zirconia and self-assembled mesoporous silica solgel films by dip coating. In
addition, we analyze, for the first time to the best of our knowledge, the influence of withdrawal speed,
temperature, and relative humidity on refractive-index and physical thickness variations (uncertainties
of =0.005 and *+7 nm) during the process. Results provide insight into controlled production of single and
multilayer films from complex fluids by dip coating. © 2008 Optical Society of America
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1. Introduction

Dip coating, a technique whose basic configuration
requires unsophisticated equipment, has been advan-
tageously used in the production of films on nonpla-
nar or long-dimension substrates for decades [1,2],
with the measurement of film thicknesses taken by
capacitive methods. These are influenced by other
parameters such as substrate or belt thickness vari-
ations and present a typical uncertainty of +2 pum
[3]. Optical monitoring, on the other hand, has been
used through transmission or reflection interferome-
try for solid thin films under vacuum deposition since
the 1950s [4], whereas its application to spin coating
of liquid films is more recent [5].

With regard to optical monitoring of dip coating,
first experiments involved nonvolatile, Newtonian
mineral oils with a constant refractive index and vis-
cosity during the entire process. Once known the
constant refractive index by Abbe refractometry, in-
terferometric monitoring provided temporal evolu-
tion of optical thickness, thus allowing determination
of physical thickness evolution in real time. Predic-
tions of a simple theoretical model of drainage for
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Newtonian fluids could then be successfully tested
[6,7].

For more complex fluids in which both refractive
index and physical thickness vary during the process,
a combination of polarimetric and interferometric
(double optical) monitoring was introduced, and sen-
sitivity of the method to changes in film-formation
stages was demonstrated [8]. In the drainage stage,
dominated by mass loss and use of a solgel sulfated
zirconia colloid (SZC), the film was shown to be prac-
tically unaffected by evaporation and to flow as a
Newtonian liquid [9]. Agreement with the theoretical
prediction of physical thickness variation on time,
proportional to ¢t /2, was attained with an accuracy
much higher than in the traditional capacitive
method (uncertainty of =0.007 pm).

From the accuracy and consistency previously
shown by double optical monitoring, the main goal of
our research was to evaluate in detail the influence of
main process parameters (withdrawal speed, temper-
ature, and relative humidity) in liquid film evolution,
with varying refractive indices, during the production
of SZC and self-assembled mesoporous silica solgel
films.

2. Experimental

The sols used in this study, SZC and SBA-15 (a sol for
mesoporous silica films), were previously produced
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Ilustration of the dip coating batch process with laser

according to Refs. [10] and [11], respectively. The
optical experiment is essentially based on measure-
ment of a laser beam (wavelength A\ = 660 nm) after
normal reflection by a liquid film flowing on a glass or
silicon substrate. The reflected light is compared with
a reference signal and later processed by a lock-in
amplifier and a computer with an analog-to-digital
converter at a rate of 3.5 kHz. The spot under mea-
surement corresponds to a fixed value in the vertical
x axis (x,in Fig. 1). A more detailed description can be
found in Ref. [8].

Typical interferograms, as obtained during dip
coating of a SZC film, are illustrated in Fig. 2, where
each interval between successive extremes corre-
sponds to an optical thickness variation of A/4. This
procedure, combined with the refractive-index values
provided by polarimetric monitoring [8], allows de-
termination of physical thickness variation values, as
shown in the resulting figures that follow.
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Fig. 2. Reflectance temporal evolution of SZC films during dip
coating at different withdrawal speeds (U).
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Fig. 3. Temporal evolution of physical thickness and refractive
index during dip coating of SZC at different withdrawal speeds.

3. Results and Discussion

Liquid film evolution for a given composition (SZC or
SBA-15) with varying refractive indices is evaluated
during dip coating with regard to the influence of
main process parameters, namely, withdrawal speed,
temperature, and relative humidity. Different with-
drawal speeds are used for SZC and SBA-15 films in
Figs. 3 and 4. As the withdrawal speed increases, so
does the mass drain in the same time interval. On the
other hand, a larger film thickness adheres to the
substrate for a faster withdrawal speed, as indicated
by the equation that describes physical thickness evo-
lution during the drainage stage [1,6]:

»x
h= C\ggp . (1)

where U = x/t corresponds to the withdrawal speed
for an observer in the laboratory reference frame and
C = flC,), i.e., a function of the capillary number

£
3
.S O K 11.425
s g o 00° %
s " ,o° 3
o o 3

> ° 8
» 00° e
3 P Withdrawal speed (U): 11.400 §
£ —0—12 (mm/s), measured 5
L <& 4(mm/s), measured 2
|'5 —A—2(mm/s), measured x
] —0O— 1(mm/s), measured

L Uncertainty: H1.375

3 —$— an=+0.005

£

o

—&— Ad=+0.007um

C000-0-0-0-0-0-0.0,

000

SN0 & D0 0—— 4 280
T

0.0 05 10 15 20 25 30 35
Time (min)

Fig. 4. Temporal evolution of physical thickness and refractive
index during dip coating of SBA-15 solgel at different withdrawal
speeds.



Ca = wU/o [3], where . is the coefficient of viscosity,
o is the surface tension, and pg is the weight per unit
volume.

The two observations above are consistent, since a
thicker film allows faster flow in its most external
layers. Also, an increase in film thickness implies an
increase in the time required for the abrupt change in
refractive index that corresponds to gelation. This is
observed in the formation of both SZC and SBA-15
films, as seen in Figs. 3 and 4. Note also that, al-
though refractive-index accuracy is within +0.005,
the precision shown is around *=0.001 (see the repro-
ducibility in a large number of measurements at each
plateau). However, all the refractive-index curves
reach the same plateau (at different times) in Fig. 3,
whereas slightly different plateaus are reached by
the refractive-index curves in Fig. 4. This may be
attributed to the self-assembly process that occurs
with SBA-15 during dip coating but not with SZC. In
the SBA-15 evolution, it seems that the higher time
required for gelation at higher speeds allows for more
structural ordering and densification, thus leading to
a higher postgelation refractive-index value.

At constant withdrawal speed, as seen in Fig. 5, the
increase in processing temperature promotes an ear-
lier outcome of the refractive-index shoulder as well
as higher-index values after gelation in connection
with solvent loss and higher densification. These tend
to increase sol viscosity, opposing its tendency to de-
crease with an increase in temperature, thus result-
ing in a small dependence of physical thickness
variation on temperature in the observed time inter-
val.

In Fig. 6, an increase in relative humidity of the
surrounding atmosphere, which affects solvent evap-
oration, has a pronounced influence on the formation
of ZSC films, delaying the start of gelation as well as
decreasing the postgelation refractive index (to the
first decimal place). Relative humidity, on the other
hand, has little effect on physical thickness variation,
probably because of the opposing influence of viscos-
ity increase and mass loss by solvent evaporation.
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Fig. 5. Temporal evolution of physical thickness and refractive
index during dip coating of SZC at different temperatures.
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Fig. 6. Temporal evolution of physical thickness and refractive
index during dip coating of SZC at different relative humidities.

4. Concluding Remarks

Double optical monitoring was applied during dip
coating with SZC and SBA-15 fluids to determine
temporal evolution of both physical thickness and
refractive index. Corresponding accuracies are with-
in =0.007 pm and +0.005, respectively, whereas pre-
cision is even better (around *0.001 in refractive
index). This allowed evaluation of how liquid film
formation is influenced by withdrawal speed, temper-
ature, and relative humidity in real time. For both
SZC and SBA-15 films, an increase in processing tem-
perature or relative humidity has little influence on
physical thickness variation, probably because of the
interplay of opposing influences of viscosity and of
mass loss by solvent evaporation. Also, an increase in
processing temperature promotes an earlier outcome
of the refractive-index shoulder, as well as higher-
index values after gelation. However, opposite effects
(but much more pronounced on postgelation refrac-
tive index) are produced by an increase in relative
humidity. On the other hand, higher withdrawal
speeds have no significant effect on SZC postgelation
refractive index but they do have a noticeable in-
fluence on that of SBA-15. This seems to be due
to structural ordering and densification by self-
assembly in the latter during dip coating, which is a
point that deserves further investigation.

These double optical process monitoring results in
real time not only corroborate well-known postpro-
cess observations on physical thickness but also pro-
vide insight for controlled production of single and
multilayer films from complex fluids. As to the mea-
sured refractive-index changes during stages that fol-
low mass drainage, quantitative analysis with regard
to structural and compositional film variations is cur-
rently under study.
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