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A brief overview of optical monitoring for vacuum and wet-bench film-deposition processes is presented.
Interferometric and polarimetric measurements are combined with regard to simultaneous monitoring of
refractive index and physical thickness in real time. Monitoring stability and accuracy are verified during
dip coating with a transparent oil standard. This double optical technique is applied to dip coating with
a multicomponent zirconyl chloride aqueous solution, whose resulting temporal refractive-index and
physical-thickness curves indicate good reproducibility as well as significant sensitivity to changes of
film-flow properties during the dip-coating process. © 2006 Optical Society of America
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1. Introduction

Interferometric optical monitoring of solid thin films
under vacuum deposition has been used for more
than half a century for single layers and multilayers,
in reflection or transmission, and directly or with
witness plates.1,2

Application of laser interferometry to monitor spin
coating of liquid films, optospinography, started in
the last decade and has successfully shown the evo-
lutionary stages of film formation at speeds of as
much as 1000 rpm.3–5

On the other hand, dip coating is a century-old
technique and is still used largely in batch or contin-
uous manufacturing, especially for coating nonplanar
or long-dimensional objects.6,7 Traditionally, dip-
coated film thicknesses are measured by capacitive
techniques with typical uncertainties of �2 �m,
which are also influenced by other parameters, such
as substrate- or belt-thickness variations.8 Interfero-
metric measurement was reported by Nishida et al.9
and, more recently, by Qu et al.10 Both studies regard

the spatial profile of liquid films at fixed values of
time.

Temporal evolution during dip coating was first
attained as a result of optical-interference monitoring
of Newtonian, nonvolatile mineral oils with a con-
stant refractive index during the dip-coating pro-
cess.11 This allowed the application of a simple model
to compare theoretical and experimental results of
temporal physical-thickness evolution.12 The agree-
ment that was reached made possible contactless
monitoring of liquid film-flow properties during the
dip-coating process.13

However, significant refractive-index variation
made explicit interpretation difficult for dip coating
with a multicomponent zirconyl chloride aqueous so-
lution.11 Although film deposition by dip coating re-
quires little equipment expenses and involves simple
experimental procedures, its evolution may involve a
complex interplay of physical or chemical mecha-
nisms; this usually leads to a time-varying refractive
index during dip coating, which with better monitor-
ing could facilitate greater control and optimization
of the process.

A technique for real-time monitoring of optical thin
films with varying refractive indices, demonstrated
in a vacuum-coating system, was patented by Chou
and Arnon14 and assigned to Inficon Leybold–
Heraeus. This method is based on a wideband spec-
tral measurement at normal incidence and provides
refractive indices that are values averaged over the
film thickness traversed by the light beam in a man-
ner similarly to that of an earlier spectrophotometry
envelope method.15
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In a more recent patent, we introduced a polari-
metric method that requires only a single-
wavelength laser source and provides the refractive
index of a growing or shrinking film at each of its
time-varying height positions.16 This is particularly
convenient for monitoring inhomogeneous coatings
during fabrication in real time.

In this study we combine polarimetric and inter-
ferometric (double optical) monitoring to determine
variable refractive-index and physical-thickness val-
ues during dip coating with a complex liquid, as well
as to indicate the technique’s sensitivity of our
method to changes in the film-formation stages dur-
ing the process.

2. Experimental Results and Discussion

In the measurement setup a diode-laser beam with a
wavelength � � 660 nm is measured after reflection
by a liquid film flowing on a glass or silicon substrate.
As in interferometric optospinography,3,4 the re-
flected light at normal incidence is compared with a
reference signal that is later processed by a lock-in
amplifier and by a computer with an analog-to-digital
converter.12,13 In the polarimetric measurement the
laser light, polarized in the plane of incidence, im-
pinges onto the sample at a variable angle.16

The high acquisition rate, typically of the order of
3.5 kHz, and the proper alignment of the optical sys-
tem, leading to a small illuminated spot on the sam-
ple (diameter of less than 0.5 mm) at x � x0, were
carefully maintained for detailed monitoring of the
dip-coating process.

The low power of the laser spot did not affect the
temporal pattern of the interference fringes, thus in-
dicating that local heating did not influence the film
properties. The bath container was routinely kept
inside a transparent chamber to prevent contamina-
tion as well as temperature inhomogeneities. The
sample and the optical system were physically iso-
lated from the dip coater to avoid vibration-induced
film fluctuations.

Experiments were performed by using a multicom-
ponent zirconyl chloride aqueous solution at several
withdrawal speeds. Interferometric patterns were ob-
tained during dip coating, as illustrated in Fig. 1,
where each interval between successive extremes cor-
responds to an optical-thickness variation of ��4.

Direct measurement of the varying refractive index
during the dip-coating process was then achieved by
the polarimetric measurement in real time. Its com-
bination with the above-mentioned interferometric
determination of the optical-thickness variation also

Fig. 1. Temporal evolution of reflectance (top, in arbitrary units) and relative optical thickness (bottom, in quarter-wave steps) for zirconyl
solgel at � � 660 nm during dip coating at a 0.6 mm�s withdrawal speed. Measurement realized at x0 � 27 mm, with the following process
parameters: zirconyl molarity, 0.5 mol L�1; relative humidity, 40%; temperature, 22 °C.
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provided information about physical-thickness evolu-
tion during dip coating, as shown in Fig. 2.

Initially, the stability of the refractive-index mon-
itor was verified by using an oil standard at a fixed
temperature, as presented in Fig. 3. This ensured
that film properties remained constant throughout
the process and provided a comparison with the value
obtained by the Abbe refractometry, demonstrating
monitor accuracy within experimental uncertainties.

For solgel films, additional process parameters
were kept constant to achieve monitoring reproduc-
ibility (as indicated in Fig. 4), including the measure-
ment coordinate position at the substrate (see x0 in

Fig. 5), the withdrawal speed (U), the substrate sur-
face quality, the temperature, the relative humidity,
and the sol composition.17

The influence of each of these process parameters
in the variation of the physical thickness and the
refractive index can be evaluated in real time
through the double optical-monitoring method. Con-
sequently, film-formation stages can be identified, as
exemplified by different withdrawal speed parame-
ters in Fig. 2.

The zirconyl chloride solgel dip-coating process can
be divided into several film-formation stages—
dominated by mass loss, solvent evaporation, or con-
sequent structural changes—as clearly indicated by
the curve inflections in Fig. 2. This demonstrates
significant sensitivity of the double monitoring
method to the evolution of film properties.

3. Concluding Remarks

Double optical monitoring, which combines interfero-
metric and polarimetric measurements, was applied
to dip coating with a complex transparent liquid. The
refractive indices and physical thicknesses were de-
termined in real time, with precisions of �0.005 and
�0.007 �m, respectively. The stability and accuracy
of the method were also verified with an oil standard.
The resulting reproducibility and sensitivity to flow
properties, as shown by the time-varying refractive-
index and physical-thickness curves of a zirconyl sol-
gel under dip coating, suggest that this method can
accommodate a more detailed investigation of film-
formation stages and that it can be applied to vacuum
deposition of inhomogeneous coatings.

This research was partially supported by the Bra-
zilian agencies Conselho Nacional de Desenvolvimento

Fig. 2. Temporal evolution of physical thickness and refractive
index during dip coating for a multicomponent zirconyl chloride
aqueous solution at distinct withdrawal speeds. Measurement re-
alized at x0 � 27 mm, with the following process parameters: zir-
conyl molarity, 0.5 mol L�1; relative humidity, 40%; temperature,
22 °C.

Fig. 3. Stability test of the refractive-index monitor during dip
coating at a 2 mm�s withdrawal speed, using a Newtonian, non-
volatile oil standard at a constant temperature of 24 °C. The re-
fractive index measured by the Abbe refractometry, also at 660 nm
and 24 °C, was 1.470 � 0.001.

Fig. 4. Reproducibility of the refractive index (n) and the
physical-thickness (h) temporal evolution during dip coating at a
1 mm�s withdrawal speed, illustrated with four runs with a mul-
ticomponent zirconyl chloride aqueous solution. Measurement re-
alized at x0 � 27 mm with the following process parameters:
zirconyl molarity, 0.5 mol L�1; relative humidity, 40%; tempera-
ture, 22 °C.
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Fig. 5. Illustration of the dip-coating batch process in which laser
probing is shown: U is the withdrawal speed and h is the film’s
physical thickness on the y axis. The illuminated area under the
measurement corresponds to a fixed value x0 on the vertical x axis.
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