Interferometric monitoring of dip coating
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Dip-coated films, which are widely used in the coating industry, are usually measured by capacitive

methods with micrometric precision.

For the first time to our knowledge, we have applied an interfero-

metric determination of the evolution of thickness in real time to nonvolatile Newtonian mineral oils with
several viscosities and distinct dip withdrawing speeds. The evolution of film thickness during the

process depends on time as ¢~ /2, in accordance with a simple model.

Comparison with measured results

with an uncertainty of =0.007 um) showed good agreement after the initial steps of the process had been
completed. © 2004 Optical Society of America
OCIS codes: 310.3840, 310.6860, 260.3160.

1. Introduction

Continuous or batch-dip coating processes are used
especially for nonplanar and long-dimensioned ob-
jects.1:2 The resultant film thicknesses are tradi-
tionally measured by capacitive techniques with
typical uncertainties of =2 pm,3 which are also influ-
enced by other parameters, such as variations in sub-
strate and belt thickness.

Optical monitoring has been used in solid thin
films under vacuum deposition since the 1950s,4 how-
ever; its application to spin coating of liquid films
started four decades later.56

An interferometric technique for dip coating was
reported by Qu et al.” that measures the film’s spatial
profile. Temporal evolution was the subject of a pre-
vious report in the feasibility of monitoring optical
thickness in real time was shown. In that study a
multicomponent zirconyl chloride aqueous solution
was considered, and interpretation became difficult
because of significant variations in refractive index
during the dip-coating process.8

Aiming at a first comparison of experimental and
theoretical results, here we chose to monitor Newto-
nian and nonvolatile liquids, which facilitate analysis
with a simple model consisting of mineral oils with
distinct properties.
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2. Experiment

In the experiment illustrated in Fig. 1(a), a laser
beam at a wavelength of A\ = 660 nm is measured
after normal reflection by a liquid film flowing onto a
glass substrate. As in optospinography,>¢ the re-
flected 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 that is measured corresponds to a
fixed value on the vertical x axis.

This high acquisition rate and the proper align-
ment of the optical system, which lead to a small
illuminated spot on the sample (diameter, <0.5 mm)
at x = x, were carefully chosen for detailed monitor-
ing of the dip-coating process.

3. Theory

Dip coating is a simple, old film-deposition technique,
but understanding it might require the introduction
of complex physical or chemical interactions. Under
steady-state flow, the evolution of the thickness of a
liquid film upon a substrate of infinite length (con-
tinuous process) can be described by a simplified form
of the Navier—Stokes equation as obtained by Landau
and Levich®10:

°h N 0%v,
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with regard to the coordinate system shown in Fig.
1(b) and when major effects on a fluid volume element
with vertical velocity v, as related to surface tension
o, gravity force pg, and viscosity p are taken into
consideration.

The first force in Eq. (1) is associated with the
pressure gradient, P_, caused by surface tension of
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Fig. 1.

6, a liquid bath; 7, a dip-coater support; 8, a sample detector; 9, a lock-in amplifier; 10, a microcomputer; and 11, a chopper.

of the dip-coating batch process, where laser probing is shown.

the curved meniscus. When this effect is much
smaller than those from the forces of gravity and
viscosity (in connection with region 1 reported by
Gutfinger and Tallmadge!! as well as by Spiers et
al.3), radius of curvature R tends to infinity. Conse-

quently,
*h 1
52 = olj) =0

and the force generated by surface tension can be
neglected; that is, dP,/dx ~ 0. In this case Eq. (1)
can be written as

P, (2)
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where p/p = v is the kinematic viscosity.
For an observer at rest on the substrate, the bound-
ary conditions for this system are

Ju,
vy =0) =0, = (4)
ay y=h
With these conditions, Eq. (3) leads to
2
vy) = g (hy - y) : (5)
v 2

Liquid flow ¢, taken as the average drainage veloc-
ity per film width unit (width in the z direction), or

1 [ho
q=f v.(y)dy, (6)
ho .
then becomes
h3
=g — 7
1=8 4 (7
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(a) Illustration of the optical monitor, which comprises 1, a laser; 2, a beam splitter; 3, lenses; 4, a reference detector; 5, a sample;

(b) Schematic

whereas the continuity equation for the noncom-
pressible liquid is expressed as?!

oh ag\
it ax),

In the batch process, with a finite substrate such as
shown in Fig. 1(b), if coincident origins of position and
time are suitably chosen, the film thickness, as re-

ported by Scriven,! can be obtained from

pgh? oh

woodx

(8)

h=B"%,
\gp ¢

where x/t corresponds to the withdrawing speed for
an observer in the laboratory reference system.

Under more-general conditions, in which the effect

of the pressure gradient caused by the curved menis-

cus’s surface tension plays a significant role (in con-

nection with region 2 reported by Gutfinger and

Tallmadge!?), several theories indicate a relationship

similar to Eq. (9) with a proportionality constant C;:

h=B\1/t, B=C \ux/g, (10)

where B is a multiplicative factor for the temporal
evolution, x is a fixed position on the sample, and v =
(i/p) is the kinematic viscosity and where C, = f(C,,),
i.e., a function of capillarity number Ca = pU/c.3:12

9

4. Results and Discussion

Experiments were performed with three Newtonian,
nonvolatile mineral oils with distinct viscosities and
at three withdrawing speeds. An interferogram ob-
tained from the temporal evolution of mineral oil
OP60 is illustrated in Fig. 2, where each interval
between successive extremes corresponds to an opti-
cal thickness (physical thickness multiplied by re-
fractive index) variation of \/4.

Through these \/4 step intervals, Figs. 3 and 4
follow. In Fig. 3 the evolution of the optical thick-
ness of oil OP60 is shown for three withdrawing
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Fig. 2. Temporal evolution of reflectance for mineral oil OP60
during dip coating. Refractive indices (n) at 660 nm: 1.503 *=
0.001 for a glass substrate (Brewster method) and 1.470 + 0.001
for mineral oil OP60 (Abbe refractometry).

speeds. The same speeds for oils OP20, OP60, and
OP400 are shown in Fig. 4.

From Fig. 3 we note that, as the withdrawing speed
increases, so does the mass drain in the same time
interval. Equation (10), however, indicates that a
thicker film adheres to the substrate for a faster with-
drawing speed. These two observations are consis-
tent, as a thicker film permits a faster flow in its
outermost layers.

Similarly, we note from Fig. 4 that, as the oil’s
viscosity increases (see Table 1), so does the mass loss
in the same time interval. This does not imply a
smaller optical thickness value, which would contra-
dict Eq. (10), because the initial thickness is greater
for higher viscosity.

We also verify that the experimental data, within
an uncertainty of £7 nm, agree with values obtained
from Eq. (10), with the exception of the initial stage of
the process. After this stage, which corresponds to
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Fig. 3. Thickness variation, in wavelength units, for a film of

mineral oil OP60 during dip coating at several withdrawing speeds

(U). Although experimental points were obtained at each \/4

variation, for clarity we show only data at each \ variation. The

experimental uncertainty is of the order of A/50.
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Fig. 4. Thickness variations in wavelength units, for films of
mineral oils OP20, OP60, and OP400 during dip coating at the
same withdrawal speed (U). Although experimental points were
obtained at each \/4 variation, for clarity we show only data at
each \ variation. The experimental uncertainty is of the order of
N/50.

Table 1. Physical Properties of the Oils under Analysis during Dip
Coating®

Kinematic Viscosity

(01} (v = w/p; mm?/s) Refractive Index
OP20 36 1.461 + —0.001
OP60 116 1.470 + —0.001
OP400 1055 1.492 + —0.001

“The kinematic viscosity values were provided by the manufac-
turer, and refractive indices were determined by Abbe refractom-
etry.

an asymptotic behavior in Eq. (10), the agreement
corroborates the theoretical model with fitting pa-
rameter C,, compatible with previous reports that
involve other Newtonian, nonvolatile liquids.13

Furthermore, as was previously assumed by White
and Tallmadge,'2 the agreement between theoretical
predictions and measured results confirms that the
continuous dip-coating model can be applied with the
continuity equation to the batch process under
steady-state conditions, and the edge effects disre-
garded.

5. Concluding Remarks

We have presented what is to our knowledge the first
optical monitoring analysis during batch dip coating
of mineral oils. With a refractometry measurement
and an acquisition rate of 3.5 kHz, a quantitative
description of the temporal variation in thickness
was achieved from the beginning of the process.

After the initial stage, the experimental data
agreed well with the ¢ '/? dependence predicted by a
simple theoretical model, with a fitting parameter
related to the capillarity number.

The precision of the dip-coating process is 2 orders
of magnitude better than that attained by traditional
capacitive measurements. As a consequence, the
method permits the characterization of interferomet-



ric, liquid layer thicknesses with nanometric preci-
sion, thus opening new perspectives for analysis of
the dynamics of dip coating.
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