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A eletrodepositagdo galvanostética de filmes de diéxido de manganés com espessuras entre
0e 1000 nm foi investigada por elipsometria in situ. Os resultados obtidos podem ser ajustados
em termos de uma anisotropia uniaxial do filme para o intervalo completo de espessuras. Os
indices Opticos e as espessuras foram calculados. As propriedades anisotropicas podem ser
relacionadas a uma orientac¢ao preferencial do depdsito.

The galvanostatic electrodeposition of manganese dioxide films in the thickness range
from 0 to 1000 nm was investigated by in situ ellipsometry. The results obtained can be fit into
the whole thickness range in terms of the uniaxial anisotropy of the film. The optical indices
and thicknesses were calculated. The anisotropic properties may be related to a preferential ori-
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entation of the deposits.
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Introduction

The manganese oxides are numerous and many of their
structures are poorly known'. Mn0, has been widely stud-
ied and many physical and chemical properties such as
electrical conductivity, porosity, manganese content, sur-
face area, electrode potential, pore size, and particle shape
and size, have been measured and discussed in terms of the
dry cell performance?. The activity of the manganese oxide
layers depends strongly on the deposition conditions>*.
The optical characterization of Mn0; is very valuable for
the correlation of in situ charge storage capacity and struc-
tural changes as a function of the applied potential. How-

ever, ellipsometric studies are limited to a few articles>®.
Recently, anodically deposited MnO, films were investi-
gated by ellipsometry’. Optical results could not be ex-
plained as the growth of isotropic or anisotropic layers in
the case of thick films and the reported data were inter-
preted assuming a dependence of the extinction coefficient
on the thickness®’.

In the present paper, we report an in situ ellipsometric
investigation of anodic manganese oxide films grown
galvanostatically. The results obtained give evidence of the
uniaxial anisotropy of the films, which may be related to a
preferential orientation of the deposits.
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Experimental

Manganese oxide films were deposited onto a platinum
electrode at a controlled current density from 0.1 M MnS04
and 0.17 M H,S04 solutions. The working platinum elec-
trode (0.95 cm? area) was mirror polished with 0.3 and
0.05 wm alumina, rinsed with MilliQ* water and finally im-
mersed in a conventional optical cell®. The wavelength em-
ployed was A = 546.1 nm, with the incident light beam at
70°. Experiments were performed at room temperature un-
der nitrogen bubbling.

The experimental procedures were as follows: the re-
fractive indices of the substrate (n - 1 k) were obtained at the
open circuit potential Eoc = 0.90 V vs. RHE from the
ellipsometric parameters of the recently polished electrode.
The resulting values are in good agreement with previously
reported data”S. The optical effect of the platinum oxide
monolayer can be disregarded’.

The A and ¥ values during the anodic film growth were
measured as follows:

i) every 1 s in a Rudolph Research (vertical type, 2000
FT model) rotating analyzer automatic ellipsometer’; ii)
every 2 min in a Rudolph Research manual type
437002/200E ellipsometer used in the null mode with the
compensator set at 135° 8,

Calculation Method

When the optic axis of the uniaxial crystal lies in the
plane of incidence, the expressions obtained for
ellipsometry are relatively simple. We restricted ourselves
to uniaxial films with the optic axis in the direction of strati-
fication, that is, parallel to the z axis’. The complete solu-
tions to this particular problem have been previously
reported”!!.

The experimental data were fit with theoretical models
using the gradient techniques'>"*. The function to be mini-
mized was G =X (A% - AP)? + (P - ¥")2 1 (d-atP)?, where
d is the thickness, t is the time, and a and b are the parame-
ters to be adjusted. The last term was added to fit the closed
packed loops corresponding to the high thicknesses. The
values of the optical parameters used for calculating these
lines were estimated by making initial guesses, then the
value of each parameter was varied until a calculated curve
was found that better approximated the experimental data
in the sense that the root-mean-square deviation of the dis-
tance between the point and the curve was reduced. This
procedure was repeated using reduced variation of the pa-
rameters until the RMS deviation failed to change signifi-
cantly. If G(xy,...,xm) is the differential function to be
minimized and a = (a,...,ay) is a point in the m dimensional
space, the direction of maximal decrease of G in the posi-
tion a is given by v = -VG(a) = (-dG(a)/ 9xi,..., -0G(a)/
Jxm). Different iterative methods are employed to find the
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minimum of G'>*'* which consist of a succession of
approximations a), a(1), a2), in the m dimensional space
converging on the solution b = (by,... ,by) which is attained
within the degree of accuracy required.

When the convergence of the approximations is ful-
filled, then: a) G(a(o)) > G(a(l)) > G(a(z))...; b) BG(Q(H))/ aXi will
tend to 0 as n increases; and c) the distances //an) - am+1)//
will tend to O for increasing n.

The Anisotropic Model

The effect of uniaxial anisotropy is to displace the suc-
cessive loops parallel to the axis by an amount that depends
on the magnitude of the anisotropy and in a direction that
depends on whether the film is uniaxial positive or uniaxial
negative'>. For an experimental configuration in which the
quarter-wave plate is placed at 45 degrees between the po-
larizer and the sample, a uniaxial positive film (n, >n, =ny)
will cause successive loops to be displaced towards lower
values, whereas a uniaxial negative film ((n, < nx =ny) will
cause a displacement towards higher values.

For non-absorbing materials, and assuming an assem-
bly of parallel cylindrical rods of index n;, immersed in a
medium of index ny, the structure will be uniaxially posi-
tive!>16:

n2 _n2 — f1 f2 (n12 _nj)z (1)
© 7 [+f)n; +f,n’]

where f; and f; are the fractions of the total volume occu-
pied by the rods and the medium and f; << 1. n,2 - ng2 will
always be positive for n2 > np? or 2 < np?.

Analogously, for an assembly of particles that have the
form of thin parallel plates, Eq. 1 may be written as:
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This implies that the assembly always behaves like a
negative uniaxial crystal.

Results and Discussion

The Avs. ¥ plot obtained by applying an anodic current
density i =100 pA cm for a total time of 45 min is shown in
Fig. 1. Experimental measurements were obtained with the
automatic ellipsometer for negative values of ellipticity. In
this case, the errors in the azimuth were larger when the el-
lipticity approached 45 degrees; therefore the
indetermination in the A and ¥ values also increases under
these conditions!”. In the same figure the theoretical fitted
curve is plotted, obtained according to the calculation
method described above.
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The theoretical curve (assuming optical indices inde-
pendent of the thickness) fits the experimental data in the
whole range of thicknesses reproducing the various loops.
Assuming a uniaxial anisotropic film with the optical axis
coinciding with the axis normal to the surface results in the
optical indices n, = 1.788, ny = 1.756, k, = 0.0187,
ks = 0.2260. The corresponding time vs. thickness plot
shows a linear dependence (Fig. 2).

A similar galvanostatic experiment for i = 44 pA cm™
for a total time of 110 min, obtained with the manual
ellipsometer, is shown in Fig. 3. The fitting was performed
taking different sets of data corresponding to increasing
ranges of thickness. Fig. 3a shows the fitted curve obtained
for 10 < d < 130 nm, whereas in Fig. 3b the curve for
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Figure 1. The evolution of the ellipsometric parameters A and ‘¥’ us-
ing the automatic ellipsometer. i = 100 pA cm’. The figures indicate
the thicknesses d in nm.

(*) Theoretical curve for thickness increments of 10 nm. (o) Experi-
mental points.
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Figure 2. The time vs. thickness plot corresponding to the experiment
of Fig. 1.
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200 < d < 730 nm range is included. The values of optical
indices corresponding to the different ranges show a slight
dependence on d (Fig. 4). Nevertheless, the calculated
thicknesses are almost independent of the chosen range of
thickness (upper part of Fig. 4), indicating that the calcu-
lated thicknesses are not strongly dependent on the varia-
tion in the optical indices obtained.

For isotropic materials, the dependence of n and k on
the volume fraction of the composite, f; can be tested with
effective medium theories®. In the case of birefringent lay-
ers, the number of fitted parameters increases and the rela-
tionship between composition or density of the film and
optical indices is uncertain. Therefore, only the average op-
tical indices, independent of thickness, were considered
significant.

The refractive indices and absorption coefficients cal-
culated, assuming optical properties independent of thick-
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Figure 3. The A and ¥ plot obtained using the manual ellipsometer.
i=44 pAcm™>

(*) Theoretical curve. (0) Experimental measurements.

A) Theoretical fitting in the 10 < d < 130 nm range; B) in the
200 < d < 730 nm range.

The figures indicate the thickness d in nm.
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120 . . . . The optical indices obtained for the anisotropic Mn0O,
° (Fig. 4) indicate that the n, and ny values are comparable,
100 | o i while kg is certainly higher than kp. This behavior may be
© related to a preferential orientation of micro fibers in the
. vo v i fleposit. The fittiI}g procefiur.e assuming constant indices
vo independent of thickness, indicates that the structure of the

deposits remains relatively constant during growth.
60 PR ] Further work on the dependence of the anisotropic opti-
m‘” cal indices for different deposition conditions will provide
40 F wo . more useful information to elucidate this complex deposi-

D tion mechanism*!.
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Figure 4. Refractive indices ns, and np, and the absorption coeffi-
cients ks and k;,, and the deposition time as a function of thickness for
the experiment of Fig. 3.

ness, or adsorption of oriented molecules®2!=33. Pores or
needles could also cause a structural directional anisotropy.

The optical anisotropy shown by Mn0; films may be re-
lated to the deposit morphology. Electrolytic manganese
dioxide is usually described as a y or e-Mn0, structure™*,
The ymaterial was reported as microporous or consisting of
needle-shaped particles®. The y-Mn0, made up of flat nee-
dles of 40,000 x 2,000 x 500 A° have been obtained by
treating Mn304 with diluted nitric acid*®. The morphology
of Mn0; obtained by anodic oxidation of Mn?* depends on
both composition and current density>’*%. Polycrystalline
MnO0, with a random distribution of the lattice orientations
is obtained in hot sulfuric acid containing MnSQ4, whereas
acidic solutions of chloride, nitrate, or perchlorate, exhibit
a fibrous structure, the fibers being parallel to the direction
of growth. However, it has been demonstrated by X-ray
diffraction that it is possible to produce a fibrous manga-
nese dioxide from an acidified sulfate bath®>*°.
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