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Abstract: PANI films were deposited on glass substrates by in-situ polymerization
and characterized by UV-VIS spectroscopy and atomic force microscopy. A
method is developed to accurately analyze ellipsometric data obtained for
transparent glass substrates before and after modification with absorbing polymer
films. Surface modification was made with an overlayer such as polyaniline (PANI),
which exhibits different optical properties by varying its oxidation state. First, the
issue of using transparent substrates for ellipsometry studies was examined and
then, spectroscopic ellipsometry was used to characterize absorbing overlayers on
transparent glasses. The same methodologies of data analysis can be also applied
to other absorbing films on transparent substrates, and deposited by different
techniques.

Introduction

Thin films analyzed by spectroscopic ellipsometry (SE) are usually deposited on
opaque substrates in order to remove complications associated with multiple
reflections and depolarization of light that occur for transparent substrates. However,
the use of transparent substrates in unavoidable, since important applications, such
as electrochromic and light emitting devices, and spectroelectrochemical studies of
conducting polymers require transparent substrates.

Recent reports [1-6] about how thin films of a conjugated, conducting polymer,
polyaniline (PANI), are adherent and conductive when deposited on inorganic
particles, textiles and a variety of solid substrates, such as transparent glass and
flexible poly(ethylene terephthalate), broadens its applicability on sensors and
electronic devices. A common method of preparation of these PANI films is by
immersing a solid substrate in the reaction medium containing both monomer and
oxidant. The polymerization initiates by adsorption of oligomers on the substrate
surface, followed by nucleation, and growth of a polymer film [3]. This process is
called in situ adsorption polymerization since the film thickness (or reaction yield)
increases with the reaction time [4-6].

The thickness of PANI films on different substrates is often determined by
profilometry, atomic force microscopy (AFM) or interferometry/UV-VIS spectroscopy
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[6]. However, accurate interferometry requires film optical properties; profilometry is
dubious for most polymer films because they are usually soft, and AFM works well for
ultra-thin polymer films that have appropriate steps [7]. Spectroscopic ellipsometry
(SE) emerges as an alternative technique that can be used to obtain thickness (L),
refractive index (n) and extinction coefficient (k) of overlayers on substrates including
transparent glasses [8-12].

The advantage of SE over other techniques for analysis of surfaces and interfaces is
that SE is a nondestructive and noninvasive technique, no special requirements on
the sample preparation is necessary, and measurements can be made in minutes [8,
9]. However, data analysis requires the establishment of an optical model. In
addition, conducting polymer films on transparent substrates present analysis
problems, because these films are absorbing over a wide spectral range, and there
are few data analysis methods applicable for determining the optical properties of
polymer/transparent substrate systems. In this study, the interpretation of
ellipsometric data is first performed on transparent substrates, borosilicate crown
glass (BK7) plates, and then, on absorbing films on the transparent substrates.

Results and discussion

Transparent glasses

Ellipsometry measures the changes in phase (A) and amplitude (V) between the p
and s components of polarized light, thus expressed as the complex reflection

coefficient, p = tan(¥)e(®) [8-12].
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Fig. 1. Reflectance (a) and phase difference (b) as a function of the angle of
incidence, 0o, at an air/glass interface, n = 1.50 (after ref. [10]).



The reflectance (R, and Rs) and phase difference (s and &) for the s- and p-
components of light as a function of 6, (angle of incidence) can be calculated for a
glass substrate with a defined index of refraction.

Figure 1 shows how the reflectance (a) and phase shift (b) vary with the angle of
incidence for a glass with n = 1.50 at an air/glass interface, and calculated by using
the Fresnel coefficients for the p and s components of the reflected light for a single
interface between medium 0 (ambient) and medium 1 (substrate) [8-12].
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Fig. 2. Experimental values of: a) ¥ at 6o = 70° and 62° for a BK7 glass substrate: (s)
smooth backside, and (a) abraded backside; b) ¥ and c) A as a function of the angle
of incidence, 6y, for a BK7 substrate (abraded backside) at different energies.



In Figure 1la, it can be noticed that Rs increases monotonically with 6o, and R, is
close to zero at 0g, that is in this case 56.3°. The phase difference, §s, is constant at
180°, independent of 8, and &y, is constant at 360° for 6 < 0g, the Brewster angle,
and 180° for 6 < 0g (Figure 1b). Therefore, when a glass substrate is analyzed by
ellipsometry, the phase shift, obtained as A = §y, - &s, varies from 0° to 180°, and at
values of 0 very close to 0g, A is very close or equal to 90°. This allows one to obtain
0 for any type of glass substrate through varying 6, as will be described here for a
BK7 glass slide.

As the incident light transverses a transparent substrate, reflection occurs at both top
and backside interfaces. After multiple reflections, the reflected light beams are
retarded with respect to one another. As such, if the s- component is totally reflected,
the p- component travels further. If a substrate is transparent, the light reflected from
its backside is in general not in phase with the light reflected from its topside, and
light depolarization may occur. Abrading and blackening the backside of the glass
slide is useful to suppress (or reduce) effects of internal reflections [13].

We obtained the values of phase (A) and amplitude (V) of polarized light reflected by
a BK7 glass at different angles of incidence, 55°, 56°, 57°, 62°, 64°, 66°, 68°, and 70°.
All these data were obtained for smooth (s) and abraded (a) backside surfaces. For
clarity in Figure 2a, we only show the ¥ vs energy spectra for a BK7 sample at two
angles of incidence, 6,, 62° and 70°.

From Figure 2a, two effects are noteworthy. First, there is a difference for the values
of ¥ above a wavelength of 325 nm for the smooth (s) and abraded (a) glasses, but
as 0, is nearer to 0g, the ¥ values are closer (we obtained 0g = 56.5° for BK7 glass).
The substantial decrease in ¥ below 325 nm at 0, = 70° indicates that the glass
absorbs in this optical energy region. In other words, the intensity of the reflected
beams from the glass backside decreases at shorter wavelengths where the glass is
opaqgue, and the values of ¥ are close for both smooth and abraded glass (see that
P = 20° at 275 nm, 0, = 70°). As 0 is chosen (here, 62°) near 0g, the differences in
the ¥ data for both smooth and abraded glasses are smaller because the effect of
light depolarization is very small or zero at 6, < 6g [14].

Figures 2b and 2c show how the values of ¥ and A vary with the angle of incidence,
0o, at fixed values of energy (or wavelengths). For clarity, we show only four values of
energy, 4.0, 3.6, 3.0, and 2.5 eV. The first information taken from these figures is the
value of the Brewster angle, 0g, that is 56.5° at ¥ = 0 and A = 90°. As discussed
above, the values of A vary abruptly from 0° to 180° within a narrow range of angles
near 0g. The values of ¥ are close to zero at 6y = 65 allowing one to obtain 6g for any
optical glass.

The results of ¥ and A allowed us to obtain a database for a BK7 substrate, after
including a thin overlayer (a Cauchy layer) of about 18 nm in the model in order to
obtain good fits of the data. This database was used for modeling the optical
properties of PANI films on glass. Additionally, other parameters can be also
obtained by SE for a transparent substrate such as index of refraction, n, and, Abbe
number (vg) that is the reciprocal of the dispersive power (ratio of the dispersion to
deviation of light) [15, 16] for any type of transparent substrate without overlayers.



Absorbing films on a transparent glass

Polyaniline (PANI) films deposited on glass substrates were analyzed by UV-VIS
spectroscopy as shown in Figure 3a.
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Fig. 3. a) UV-VIS spectra of PANI films prepared at different reaction times; b)
maximum absorption at 825 nm for PANI films taken out the reaction medium at
different time intervals.

The absorption spectra of the PANI samples showed three bands at about 362 nm
(N, 420 nm (1) and 830 nm (lll), which are typical of protonated, salt PANIs,
according to results previously reported in the literature [17]. The absorption at band
[l shifts to longer wavelengths (ca 10-20 nm) with the reaction time because of an
increase of the polymer chain conjugation during the progress of polymerization.
Therefore, the well-defined band Il gives an indication of how the thickness of the
PANI film increases with the reaction time. Figure 3b shows the maximum absorption
at band Il for films taken out of the reaction medium at different reaction times.

In Figure 3b, it can be noticed that the amount of PANI deposited as a film on the
glass surface increases slowly up to about 20 min of reaction, and then, fast up to
about 30 min. After that, the absorbance practically reaches a constant value,
indicating that all PANI was already deposited on the substrate surface.



For time intervals higher than 30-35 min, the absorbance may exhibit oscillatory
values, and depends strongly on the aniline concentration used in the in situ film
deposition. Previous results [3, 4] indicated that two processes dominate in the in situ
polymerization of aniline, adsorption (surface) polymerization and precipitation, the
latter that occurs in the bulk phase; adsorption by a film growing on a solid substrate
Is a fast process taking place after a period of induction, which varies according to
solutions, substrates, and temperatures used during the synthesis [3]. In our case,
we expect that ultra thin PANI films are formed on the substrate surfaces 20 and 25
min after starting the polymerization reaction. After about 30 min, it is expected that
the film thickness does not vary considerably with the reaction time.

The morphological analysis of PANI films taken from the reaction medium at different
time intervals indicates a partial recovery of the substrate surface with nuclei 15 min
after starting the polymerization reaction.

For clarity, we show in Figure 4a-d only four AFM images of PANI films prepared at
different reaction times. After about 20 min, the substrate is almost totally covered by
a dense pack layer, which is better seen in images c) and d) of Figure 4.
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Fig. 4. AFM images of BK7 glass substrates recovered with PANI films prepared at
different reaction times: a) 17 min, b) 19 min, ¢) 23 min, and d) 27 min.

The PANI films were examined by spectroscopic ellipsometry (SE), and Figure 5
shows the change in amplitude () and phase (A) of polarized light with the energy at
different angles of incidence of light.
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Fig. 5. Experimental values of amplitude (V) and phase (A) as a function of
energy/wavelength for PANI-30 and PANI-35 films at different angles of incidence.
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different angles of incidence.



The shape features for curves a) and b) from Figure 5 are very close to that one
obtained for bare glass substrates, thus indicating that the PANI-20 and PANI-25
films exhibit low values of thickness, that makes it more difficult to accurately model
these data by SE. For thicker films (PANI-30 and PANI-35), the Y-E and A-E
trajectories show a characteristic profile, that is typical of PANI films deposited on
opaque substrates, such as Pt [18] and specular stainless-steel electrodes [19].

In Figure 6, we show the A-Y¥ trajectories for these films at different angles of
incidence. For films obtained at longer reaction times, such as PANI-30 and PANI-35,
the parameters ¥ and A exhibit more defined values and elliptical form curves.

For PANI films on transparent substrates, the SE analysis is not straightforward
because these films are absorbing over all measured spectral range. Besides, there
is no database available and similar to that one of a film such as PANI. In this case,
it is a difficult task to create a database for relatively thick PANI films, such as those
obtained by AFM from 100 to 200 nm, once these films are highly absorbing. Another
option is to use both SE and transmittance data as we have done here.

We proposed the use of an isotropic model, the Lorentz oscillator model, for
analyzing SE data for PANI films on BK7 plates, similarly to previously reported for
PANI films on Pt [18] specular stainless-steel substrates [19], and poly-o-
methoxyaniline films on p-type Si wafers [20]. The mean square error (MSE) was
below 19 and considerable acceptable.
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Fig. 7. Index of refraction (n) and extinction coefficient (k) as a function of
energy/wavelength for a PANI-30 film deposited on a BK7 glass substrate (abraded
backside). The model was fitted from results obtained at the angles of incidence of
70°, 56,5° and 62°.

Figure 7 shows the refractive index (n) and extinction coefficient (k) for the PANI-30
sample. The n-k spectra for PANI films on BK7 substrates were similar to those
reported in the literature on different substrates. However, as expected, the analysis



of SE data for thin films, such as PANI-20 and PANI-25, was not accurate enough
since their values of amplitude (V) and phase (A) of polarized light were very close to
those of bare substrate, as shown above in Figure 6.

For a PANI film immersed in the reaction medium for 30 min (PANI-30), we obtained
a thickness of 165.9 nm and for a thicker film (PANI-35), 185.4 nm, that are
concordant with AFM: PANI-21, 65.2 nm, PANI-45, 188.3 nm, and PANI-90, 186.5
nm. We verified by using different aniline concentrations and immersion times that
the maximum absorbance does not vary significantly for films immersed 90 min after
staring polymerization of aniline. Thus it can be also expected that there is no
variation of the thickness for films at longer immersion times because a saturation of
the film grow take places.

Conclusions

The experimental results obtained by spectroscopic ellipsometry (SE) for transparent
glasses are affected by internal reflections from the backside of glass, particularly at
00>0g. Abrading the-backside avoids this problem, as is verified by our results of ¥ vs
wavelength. For absorbing polymer films on transparent glass, a database needs to
be created for the substrate, and modeling can be done using both optical
transmission and SE data with a model which includes for example Lorentz
oscillators. Thin films are difficult to be analyzed because their optical properties are
very similar to those of bare glasses. However, SE enables one to obtain optical
parameters (n and k) and thickness of PANI films on glass plates similarly to those
on opaque substrates, such as Pt or Au electrodes, where the SE analysis is
simplified.

Experimental part

Borosilicate crown glass (BK7) (Schott optical glass) plates (36x14x1 mm),
previously cleaned with the RCA methodology, were used as substrates for the
chemical deposition of polyaniline (PANI) films. The BK7 substrates have been
surface and electrical characterized as described in the literature [21] and
manufacturer homepage. PANI films on BK7 plates were prepared after different
times of immersion of the plates in the reaction medium by in situ adsorption
polymerization, which also yields a precipitate (not analysed here) [22].

The polymerization medium of aniline was an aqueous solution with 0.11 mol L™
aniline in 1.0 mol L™ HCI at 0 °C. The oxidizer, ammonium persulfate, (NH4)>S,Os,
was added to the reaction medium at a 4:1 aniline:oxidizer molar ratio upon stirring at
0 °C. Several BK7 substrates were adapted to the polymerization vessel allowing
deposition of PANI on their surfaces. The BK7 substrates were taken out of the
reaction medium at different times; after that, they were washed with an aqueous 0.1
mol L™ NH4OH solution for deprotonation of PANI.

The UV-VIS spectra of the substrates modified with a film and removed from the
reaction medium at different time intervals were obtained from Hitachi U-2001
spectrometer coupled with a computer. The ellipsometric data for bare and modified
glass substrates were analyzed using a custom built rotating analyzer spectroscopic
ellipsometer (SE) by varying the angle of incidence of light. This equipment requires
a light source, a fixed polarizer, a rotating analyzer, and a detector. Data were
analyzed with a J. Woollam Inc. WVASE32 software version 3.402. The backside of
the glass substrates, without or with a film, was abraded to reduce reflections.



Surface morphology was studied by a Nanoscope llla (Digital Inst.) atomic force
microscope (AFM) in the tapping mode.
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