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Investigou-se as propriedades semicondutoras de filmes anddicos finos de WO3 crescidos sobre
eletrodos de tungsténio policristalino. Estes filmes foram obtidos em solugdes aquosas de
H3PO4, H2S04, HNO3 e HCIO4 (pH = 1,3), sob condi¢des potenciostaticas (1 V< Er< 5V vs.
ECS) até que correntes estaciondrias fossem atingidas. Dados de impedéncia eletroquimica
(obtidos sob uma ampla variedade de condi¢Ges de potencial) destes filmes foram analisados
com fungdes de transferéncia usando rotinas de ajuste nfo-linear. A interpretacio dos resul-
tados assim obtidos mostrou que os filmes de WO3 comportam-se como um semicondutor tipo
n. Dai que os valores da capacitincia da carga espacial do 6xido (Csc) puderam ser obtidos da
regido de alta freqii€ncia do espectro de impedincia. Valores similares de Csc foram encontra-
dos para as camadas passivas crescidas em solugdes de HCIO4, HNO3 e H2SOy4; os valores
menores encontrados para os filmes crescidos em H3PO4 podem ser explicados como decor-
rentes de permissividades relativas mais baixas nesses filmes. Os valores da concentragfio em
numero de doadores na regido de carga espacial obtidos de graficos de Mott-Schottky decres-
cem com o potencial anodico de formagdo do filme (isto é, espessura crescente do filme) e sdo
levemente influenciados pela natureza das solugbes anodizantes. Além disso, os valores
estimados para os potenciais de banda plana parecem ser influenciados somente por essa
natureza, pois ndo dependem da espessura do filme.

The semiconducting properties of thin anodic WO3 films grown on polycrystalline W
electrodes were investigated. These films were obtained in aqueous H3PO4, H2SO4, HNO3 and
HCIO4 solutions (pH = 1.3) under potentiostatic conditions (1 V < Er< 5 V vs. SCE) until
steady-state currents were achieved. Electrachemical-impedance data (obtained under a wide
variety of potential conditions) for these films were analyzed with transfer functions using
non-linear fitting routines. The interpretation of the results thus obtained showed that the WQ3
films behave as n-type semiconductors. Hence, the values of the capacitance of the oxide space
charge (Csc) could be obtained from the high frequency range of the impedance spectra. Similar
Csc values were found for the passive layers grown in HCIO4, HNO3, and H2SO4 solutions;
the smaller values found for the films grown in H3PO4 may be explained as being due to lower
relative permittivities for these films. The values of the concentration of donors in the space
charge region obtained from Mott-Schottky plots decrease with the anodic film formation
potential (i.e., increasing film thickness), and are slightly influenced by the nature of the
anodizing solutions. Furthermore, the estimated values for the flat band potentials seem to be
influenced only by this nature, i.e,, they do not depend on the thickness of the film.
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Introduction

In the last decade, many reports!™ were published on
the electrochromic and photoelectrochemical properties of
WO;. The interest in the study of WO3 is mainly due to its
possible use in electrochromic devices and as a photoanode
In solar cells. The preparation techniques used to obtain
WO:; films strongly affect their solid-state properties. Many
authors have previously reported on the semiconducting
properties of WO;3 films prepared in different ways, includ-
ing chemical vapor deposition®, thermal oxidation of the
metal’, and galvanostatic anodization®. Nevertheless, very
few data have been reported on the semiconducting prop-
erties of anodic WOs films grown using potential perturba-
tion techniques.

Gravimetric and SEM studies® of thick anodic films
formed galvanostatically have shown that the films start to
grow as an amorphous barrier layer (mainly WO3), part of
which dissolves and reprecipitates onto the electrode as an
outer porous layer of hydrated oxide whose composition
and morphology are dependent on the anodizing solution.
Photoelectrochemical and capacitance measurements have
shown that the WO3 films anodically obtained in several
acid solutions behave as n-type semiconductors’>®!°. The
charge carriers were identified as oxygen vacancies in-
jected at the metal/oxide interface. Di Quarto et al.!' re-
ported values for the relative permittivity of the passive
films grown on W that depended on the electrolyte solution
used during the anodization. On the other hand, the number
concentration of donors was found to decrease as the film
thickness increased, but not to vary with the nature of the
anodizing solution®.

The main purpose of the present work is to investigate
the influence of both the anodizing electrolyte and the film
thickness on the semiconducting properties of thin WO;
films anodically obtained on W under potentiostatic condi-
tions.

Experimental

Polycrystalline tungsten rods (99.98% purity, 0.63 cm
diameter) included in epoxy resin were used as working
electrodes, which, prior to each experiment, were mechani-
cally ground down to 600 grit silicon carbide paper. The
counter electrode was a platinum grid symmetrically
placed around the working electrode. A saturated calomel
electrode (SCE) coupled to a Luggin probe was used as a
reference for all potential measurements. The electro-
chemical cell was fabricated from Pyrex® glass.

The experiments were carried out in aqueous H3POa,
H2S04, HNO3, and HCIO4 solutions with a pH of around
1.3. All solutions were prepared from AR grade chemicals
and purged with N> gas prior to and during each experi-
ment. All experiments were carried out at room tempera-
ture (= 20 °C).
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Thin WO; films were grown potentiostatically at the
following formation potentials (Es): 1,2,3,4 and 5 V (vs.
SCE), until steady-state currents were achieved (usually ca. 1
h), using a PARC 273 potentiostat-galvanostat. The acquisi-
tion of electrochemical-impedance data at high frequencies
(100 Hz - 10 kHz) was always started at this upper potential
limit (Ef), and proceeded in steps of 100 mV towards lower
potentials £ within the passive region. These data were ac-
quired using a SOLARTRON 1255 frequency response ana-
lyzer, coupled to a PARC 273 potentiostat/galvanostat,
controlled by a PC using the PARC-M388 software.

Results and Discussion

The impedance profile for passivated W electrodes was
found to depend on both the film formation potential and the
anodizing solution. The shape of the impedance spectra in the
100 Hz - 10 kHz frequency range corresponds to that of a
capacitive semicircle. Spectra obtained involving much lower
frequency ranges show that the polarization resistance
Ry = limg0 [Z(jw)] is reached at lower frequencies than those
covered in this work. Thus, the data can be analyzed in terms
of an RC parallel combination in series with an ohmic resis-
tance Rq, according to the transfer function

. R
Aoy =Ra+ ok >

where @ = 2nf. The high frequency limit Rq corresponds to
the ohmic resistance of the electrolyte, whereas R and C are
the resistance and the capacitance of the passive film,
respectively. The experimental impedance spectra are well
described by transfer function (1), if an appropriate choice
of parameters is made. In order to obtain the values of C,
the high-frequency impedance data were fitted to the trans-
fer function (1), using a non-linear least-squares algorithm.
The obtained C values decrease with increasing E (see Fig.
1) until a nearly constant value is reached at potentials close
to Er. This constant value was found to be dependent on the
film thickness and on the anodizing solution. Such behavior
can be explained by assuming that the passive layers
formed on tungsten behave as non-stoichiometric semicon-
ducting films. For large anodic polarizations, when the
space charge layer encompasses the whole film, its capacity
becomes constant if it has a wide bandgap (as is the case
for WO3), being a measure both of the thickness and of the
relative permittivity. In this case, the whole thin film is in
deep depleted conditions, with surface charges at both the
oxide/solution and the metal/oxide interface'>!3. Then, the
capacitance C of the metal/semiconductor/electrolyte sys-
tem can be seen as a series combination of the oxide (Cox)
and the Helmholtz layer capacitances (Cr), i.e.:

1 1 1
C B Cox * CH (2)
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Figure 1. Passive film capacitance vs. electrode potential, for WO3 films
grown at Ef = 3 V (SCE) in the indicated aqueous acid solutions of

pH=13.

The value of Cox was obtained through Eq. 2, assuming
a conservative constant value'! of 20 pF cm™ for Ch.
Figure 2 shows that the, Cox™! vs. Er plots are linear for all
the anodizing solutions, having a higher slope value in the
case of the data for the film grown in H3POj4; lower, nearly
equal, slope values were obtained for the remaining acids.
These results show that Cox can be directly correlated with
the thickness d of the passive film, and so the usual formula
for the parallel plane condenser can be used:

€ &

Cox = d

€)

where g denotes the relative permittivity of the film, and &,
is the permittivity of the vacuum. It has been well estab-
lished by optical methods'! that the thickness d of the
anodically grown WOj3 films increases linearly with the
applied formation potential Ef, i.e.:

d=o(Es— E°) @

where E° is the potential at which the film starts to grow.
If a value of the anodizing ratio o= 17.8 A/V is assumed'!,
regardless of the anodizing solutions used in the growth of
the film, the estimated film thickness will have an uncer-
tainty of less than 5 per cent®.

From Egs. 3 and 4 one obtains

1 o

Cox &€

(Ec— E°) &)

Then, the value of the relative permittivity of the pas-
sive films can be estimated from the slope of the Cox™! vs.
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Table 1. Values of the relative permittivity (€;) of WO3 films anodically

grown in different electrolyte solutions (pH = 1.3), determined using
Eq. 5 (see text).

electrolyte solutions &
HNO3 45
HCIO4 33
H2S04 31
H3POq4 27

Er plots shown in Fig. 2. The obtained values (see Table 1)
are slightly smaller than the ones previously reported in the
literature®! 14, suggesting that the thin films grown poten-
tiostatically have a lower water content than the thicker
ones obtained under galvanostatic conditions. The lower
relative permittivity estimated for the passive layers formed
in aqueous H3POq solutions, compared to the ones for the
films obtained in the other acids (see Table 1), has also been
reported for other valve metals'>!®, and has been attributed
to the incorporation of phosphate ions into the films''.

On the other hand, at the lower operational potentials,
the capacitance C can be assumed to correspond to the
space charge capacitance (Csc) of the semiconductor WO3
film in the depleted region. Accordingly, for films grown
at different formation potentials Ef, C increases as the
potential E becomes less positive (Fig. 1). The Mott-Schot-
tky plots (Csc? vs. E) corresponding to WOs3 films formed
in HC1O4 are shown in Fig. 3, for Er values therein indi-
cated; similar plots were obtained for films grown in the
other acid solutions. From these results, which clearly
characterize an n-type semiconductor behavior of the oxide
film, it is possible to determine the number concentration
of donors (Np) in the space charge region as well as to
estimate the flat band potential (Erg) for films grown in
each of the different electrolytes. This was done using the
above calculated values of the relative permittivity of the
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Figure 2. Inverse of the oxide capacitance vs. formation potential, for
WO3 films grown in the indicated aqueous acid solutions of pH = 1.3,
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Figure 3. Moft-Schottky plots for WO3 films obtained in aqueous HC1O4

solution of pH =~ 1.3 at the indicated formation potentials.

WOs films grown in different electrolytes, and the well-
known Mott-Schottky relationship':

C_2 — 2N A
sC NDFE €0

RT
(E-Er— 7) (6)

where Na is the Avogadro constant, F'the Faraday constant,
T the thermodynamic temperature, and R the molar gas
constant.

As can be seen in Fig. 4, Np decreases with the anodic
potential (i.e., increasing film thickness); at the same time,
the values of Np for films grown in H3POyq are smaller than
those for films grown in the other acids. These values are
larger than the ones previously reported® for much thicker
WOs; films, and are of the same order of magnitude as the
ones reported for annealed WO; films?; this could have
been predicted from data previously reported in the litera-
ture®. The smaller Np values for films grown in H3PO4 may
be due to the incorporation of anions from the electrolyte
into the film, as suggested before by Di Quarto et al.!!, with
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Figure 4. Number concentration of donors vs. formation potential, for
WOs3 films grown in the indicated aqueous acid solutions of pH = 1.3.
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a consequent decrease of donor-like centers in the space
charge region.

Finally, the estimated values obtained from the Mott-
Schottky plots for Erp are approximately 0.22 V for the
WO; films formed in H3PO4, 0.35 V in HC1O4 and H2SQO4,
and 0.45 V in HNO3, which are quite similar to those
previously reported'®, It should be noted that the lower
value of Erp for films grown in H3PO4 suggests that the
WOs films prepared in the phosphate-containing electro-
lyte may be more convenient for use in photocells, i.e., a
photoanode material less susceptible to corrosion. This
possibility still needs to be tested.

Acknowledgments

This work was made possible by grants from Fundacién
Antorchas (Argentina)/Andes (Chile)/Vitae (Brazil), and
from FAPESP and CNPq (Brazil).

References

1.F.DiQuarto, V.O. Aimiuwu, S. Piazza and C. Sunseri,
Electrochim. Acta 36,1817 (1991).

2.D.J. Beckstead, G.M. Pepin and J.L. Ord, J. Electro-
chem. Soc. 136, 362 (1989).

3.F. Di Quarto, A. Di Paola, S. Piazza and C. Sunseri,
Solar Energy Mat. 11, 419 (1985).

4.T. Ohtsuka, N. Goto and N. Sato, J. Electroanal.
Chem. 287, 249 (1990).

5.S.1. Cérdoba de Torresi, A. Gorenstein, R.M. Torresi
and M.D. Vazquez, J. Electroanal. Chem. 318, 131
(1991).

6.K.L. Hardee and A.J. Bard, J. Electrochem. Soc. 124,
215 (1977).

77.M. Spichiger-Ulmann and J. Augustynski, J. Appl.
Phys. 54, 6061 (1983).

8.F. Di Quarto, S. Piazza and C. Sunseri, Electrochim.
Acta 26, 1177 (1981).

9. A. Di Paola, F. Di Quarto and C. Sunseri, Corrosion
Sci. 20, 1067 (1980); 20, 1079 (1980).

10.F. D1 Quarto, G. Russo, C. Sunseri and A. Di
Paola, J. Chem. Soc., Faraday Trans. 1 78, 3433
(1982).

11.F. Di Quarto, A. Di Paola and C. Sunseri, J. Electro-
chem. Soc. 127, 1016 (1980).

12.S.U.M. Khan and W. Schmickler, J. Electroanal.
Chem. 108, 329 (1980).

13.S.R. Morrison, Electrochemistry at Semiconductor
and Oxidized Metal Electrodes (New York, Plenum,
1980) chapters 2-4.

14.J.L. Ord, M.A. Hopper and W.P. Wang, J. Electro-
chem. Soc. 119, 439 (1972).

15.1.J. Randall, W.J. Bernard and R.R. Wilkinson, Elec-
trochim. Acta 10, 183 (1965).

16.8S. Ikonopisov, E. Klein, A. Stanchev and T.S. Ni-
kolov, Thin Solid Films 26, 99 (1975).



