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Ellipsometric Study of Anodic Oxide Films on Titanium in
Hydrochloric Acid, Sulfuric Acid, and Phosphate Solution

Toshiaki Ohtsuka, Minoru Masuda, and Norio Sato™*
Electrochemistry Laboratory, Faculty of Engineering, Hokkaido University, Sapporo 060, Japan

ABSTRACT

The anodic oxide film on titanium has been studied by ellipsometry and SEM observation. Ex situ multiple-angle-
of-incidence and in situ ellipsometric measurements allow the complex refractive index to be estimated at n = 2.3- 2.9i
for the titanium substrate and at n = 2.1-0.03i for the anodic oxide film at wavelength 546.1 nm. The anodic oxide film
thickness increases linearly with potential in a range from —0.55 to 7.5V (RHE) at the rate of 2.8 nm V! in phosphate so-
lutions of pH 1.6-12.1, 2.5 nm V' in 0.1M HCI solution, and 2.4 nm V' in 0.1M H,SO, solution. At potentials more posi-
tive than 7.5V, the film breaks down, leading to the formation of a thick oxide film probably due to an increased ionic
current through the breakdown sites. The film composition is estimated to be TiOy,H,0),, or TiO,OH),, which sug-

gests the presence of hydroxyl bridge in its bonding structure.

The physicochemical properties of anodic oxide films
formed on titanium are of importance in understanding
the corrosion stability and photoelectrochemical activity
of titanium oxide and oxide-covered titanium, which
have attracted interest in recent years in the field of
photoelectrode materials.

There has been a number of studies on the passivation
of titanium dealing with the mechanism of active dissolu-
tion and active-passive transition in acidic aqueous media
from electrochemical and impedance measurements (1-6).
Armstrong et al. (1) and Harrison et al. (7) found that tita-
nium dissolves producing Ti (III) ion in the active poten-
tial region and Ti (IV) ion in the passive potential region.
Impedance measurements have shown that the electrode
capacitance of titanium decreases when the passivation

*Electrochemical Society Active Member.

manifests itself on the polarization curve (1, 7). The film
formation accompanying passivation was investigated in
aqueous and anhydrous solutions by Laser et al. (8) and
Smith et al. (9) using ellipsometry.

Many attempts have also been made to produce thick
oxide films by anodization at high current efficiency. In
some respects, titanium behaves as a typical valve metal,
but the anodic oxide film is electrochemically less stable
than the barrier films formed on Al, Ta, and Nb (10). Mc-
Aleer et al. (10) investigated by optical interferometry the
breakdown phenomenon during potentiostatic anodiza-
tion of titanium at high scan rate and found that both ox-
ygen evolution and rapid film thickening take place
when the film breaks down. Yahalom et al. (11) investi-
gated by use of TEM the anodic oxide film of titanium
stripped from the metal substrate and detected the ana-
tase type of diffraction pattern for the anodized oxide
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film subjected to breakdown and crystallization. Dyer
et al. (12) employed ellipsometry to study the film growth
on titanium during galvanostatic oxidation and obtained
the relationship between film thickness, cell voltage,
weight gain, and anodic charge passed.

In this work, the relation between potential and film
thickness is examined for the anodic oxide films formed
on titanium in aqueous solution of various pH values in a
wide range of potential from 0 to 15V, including the passi-
vation and anodization regions. Furthermore, the film
breakdown is discussed on the basis of the thickness
measurements and electron microscopic observation of
the film.

Experimental

A titanium sheet of 99.85 weight percent (w/o) purity
(impurity: C = 0.009, N = 0.004, O = 0.101, H = 0.0013, and
Fe = 0.036%) was cut to specimens 10 x 15 mm with a
small handle. The specimens were mechanically polished
through to 2000 grid emery paper, degreased with acetone
in an ultrasonic cleaner, and annealed in vacuum at 1030
K for 3h. They were further polished by alumina abra-
sives through to 0.5 pm and finally etched in an agqueous
mixture of HF (2 volume percent [v/o]) and HNO, (4 v/o)
for 2s at room temperature. After polishing, the small
handle of the specimen connected with a lead wire was
covered with silicon rubber sealant.

Electrolytes used are agueous solutions of 0.1M (mol
dm~%) H,S0, (pH 0.9), 0.1M HCI (pH 1.1), and four mix-
tures of 0.1M H,PO, and 0.1M Na,PO, (pH 1.6, 4.6, 6.9, and
12.1). The solutions were prepared from doubly distilled
water and analytical-grade reagents. Before transfer into
the cell, the solutions were deoxygenated by injecting
purified nitrogen gas for more than 24h in solution reser-
voirs, each of which is connected with the cell through a
stopcock.

The electrolytic cell was a Pyrex vessel 100 cm? in ca-
pacity with two optical quartz windows fixed at an angle
of 140.64°,

Titanium ion dissolved into the solution during anodic
oxidation was analyzed by a colorimetric method using
hydrogen peroxide. All measurements were carried out at
298.3+0.5 K. The electrode potential of titanium was mea-
sured in reference to a Ag/AgCl electrode and converted
into the reversible hydrogen electrode potential scale in
the same solution at Py, = 1 atm (RHE).

Two types of manual ellipsometers were used, one of
which was a vertical type of ellipsometer (Rudolf Com-
pany Type 43702-200E) for ex situ measurements in air by
the multiple-angle-of-incidence (MAI) method (13) and
the other a horizontal type of ellipsometer (Mizojiri Com-
pany Type DV 36) for in situ measurements in the electro-
Iytic cell. For these ellipsometers, filters were used to iso-
late a 546.1 nm light beam for mercury lamps. The
polarizer and compensator were placed in the incidence
light path, and the analyzer and detector in the reflected
light path. The ex situ MAI method was adopted to deter-
mine the optical unknown parameters of the oxide-
covered titanium,; i.e., the complex refractive index of ti-
tanium substrate n; = ns-ik,;, complex refractive index of
oxide film n, = n,-ik,, and film thickness d. The MAI
measurement was carried out at four different angles of
incidence, ¢, = 45.0°, 55.0°, 65.0°, and 75.0°, for the elec-
trode which had been anodically oxidized, rinsed with
doubly distilled water, and then stored in a desiccator at
room temperature. Calculation of five unknown parame-
ters (n, ks, 1, ky, and d) or three unknown parameters (n,,
k,, and d) was made to minimize the standard deviation

N

b (W, M—2W,T + (AM-ATR ]
2N-1 1]

std dev = [

where ¥M and AM are, respectively, experimental values
of the relative amplitude ratio and the relative phase dif-
ference at an angle of incidence ¢,;, and ¥,T and AT are
the theoretical values. The reason for the use of a factor of
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two for ¥ in Eq. [1] is that ¥ must have an error limit one-
half as large as that of A, because the ¥ and A have been
obtained from the azimuths of polarizer, P, and analyzer,
A, under the extinction condition in what is known as the
first zone: ¥ = A and A = 2P + 90°, where A and P have
been measured at a similar degree of error limit. The in
situ measurement was conducted at an angle of incidence
¢, = 70.32°, and analysis was made by making experimen-
tal loci of ¥ and A fit theoretical curves computed using
the optical parameters estimated by the MAI method. All
the ellipsometric analysis calculations were carried out at
Hokkaido University Computing Center (14).

Results

Polarization curve.—Figure 1 shows the anodic current
density (c.d.) measured after 1h polarization of the origi-
nal specimen at every designated potential in 0.1M HCI
solution and in 0.1M H,SO, solution. The average dissolu-
tion c.d., i, is also plotted, which was determined from
the amount of Ti(IV) ion dissolved into solution during 1h
polarization in 0.1M H,SO, solution. In 0.1M H,SO, solu-
tion, the active-passive transition is observed to occur at
—0.2V. In 0.1M HCI solution, however, no active dissolu-
tion is observed. The passivation manifests itself in a po-
tential range from —0.2 to 3.0V, beyond which oxygen ev-
olution takes place. In the oxygen evolution potential
region the polarization curve exhibits the Tafel slope as
large as 2.3 V decade~!, which is much greater than that
of other transition metals, such as iron, nickel, and cobalt.
Such a large Tafel slope is probably due to the large
bandgap energy of semiconductive oxide films formed
on titanium. In 0.1M HCI solution, pitting corrosion was
observed at potentials more positive than 11V, and the an-
odic current greater than 1 x 10—* A em~2 produced white
corrosion precipitates speckling the specimen surface
slightly colored dark blue due to interference of light. The
average dissolution c.d. measured for 1h polarization in
0.1M H,SO, solution increases slightly with potential,
reaching 1 X 10—% A em~2 at 12V. In 0.1M H,SO, solution,
the amount of Ti dissolved in the active potential region
was found to be equivalent to Ti(III) dissolution. The po-
larization curve was also measured in phosphate solu-
tions, which was similar to that obtained in 0.1M HCI so-
lution (see Fig. 6).
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Fig. 1. Anodic current and average dissolution current as functions
of potential for titanium electrode in 0.1M hydrochloric and 0.1M sul-
furic acid solutions. The anodic current was measured at the end of 1h
potentiostatic oxidation of the original specimen, and the average dis-
solution current was estimated from the amount of Ti(lV) ion dis-
solved into solution during Th oxidation.
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Ellipsometry.—To analyze the surface oxide film by
ellipsometry, the complex refractive index, n, = nyik,, of
the substrate metal must be known. In this work, the ex
situ MAI method was applied to estimate the optical pa-
rameters of titanium metal and a thin air-formed oxide
layer on the polished specimen surface. The result is
shown in Fig. 2, where comparison is made between the
measured values and the theoretical curves estimated by
the least squares method. The optical parameters thus es-
timated with a mirror-like titanium surface provide the
complex refractive index ny = 2.3 (x0.1) - 2.9(+0.1)i for ti-
tanium metal, n, = 2.0(x0.1) - 0.03 (x0.015)i for an air--
formed oxide layer, and the film thickness d = 2.9(+0.5)
nm. Figure 2 also shows the result obtained with a tita-
nium electrode anodically oxidized at 7.35V in pH 6.9
phosphate solution, from which the values of n =
2.13-0.03i and d = 25.3 nm are determined with the above
complex refractive index of titanium metal. Similar ex
situ measurements by the MAI method were performed
for a number of titanium electrodes anodically oxidized at
various potentials in pH 6.9 phosphate solution and in
sulfuric acid solution, and the average value of the com-
plex refractive index of the anodic oxide film is found
from the measurements to be n, = 2.2(x0.1) - 0.03(+0.005)1.

Figure 3 shows the experimental loci of ¥ vs. A ob-
tained from in situ ellipsometric measurements for a
number of anodically oxidized titanium electrodes in a
potential region from 1 to 10V in 0.1M HCl and 0.1M
H,SO, solutions. The solid line in Fig. 3 indicates a theo-
retical line along which a film with n, = 2.10-0.030 grows
on the substrate with n, = 2.3-2.9i. Similar loci of ¥ vs. A
were obtained also in phosphate solutions at various pH
values. The results are given in Fig. 4 along a theoretical
line corresponding to the complex refractive index of the
film formed in 0.1M H,SO, and 0.1M HCI solution. As
shown in Fig. 3 and 4, there is a fairly good agreement be-
tween the experimental loci and the theoretical line for
the range of film thickness thinner than 30 nm. A slight
deviation of the experimental loci from the theoretical
line is observed for the film thicker than 30 nm, which
may be attributed to the surface roughening described
later. This deviation, however, appears to exert only a
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Fig. 2. Comparison between experimental ¥ and A at multiple angles
of incidence and theoretical curves calculated from the optimum
values of thickness and complex refractive index for the titanium sub-
strate and the oxide film.
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Fig. 3. Comparison between experimental ¥ and A measured in situ
in 0.1M hydrochloric and 0.1M sulfuric acid solutions at an angle of
incidence ¢; = 70.32° and a theoretical ¥ vs. A curve calculated for
a growing film with n, = 2,1-0.03i on a substrate with n = 2.3-2.9i.

slight influence on the thickness estimation so that the
same complex refractive index is used to evaluate the
film thicker than 30 nm. The optical parameters esti-
mated under this in situ condition is in agreement with
the optical parameters obtained from the ex situ MAI
measurement, except for a small difference in the refrac-
tive index of the oxide film, n,. The change of the oxide
film that might occur during storage was checked by
MALI ellipsometry after removal of the specimen from the
electrochemical cell and found to be inappreciable after 5
days of storage in desiccator.

Film thickness.—From the results shown in Fig. 3 and 4,
the film thickness can be estimated. Figure 5 and 6 show
the film thickness as a function of potential in 0.1M HC],
and 0.1M H,SO,, and phosphate solutions. Figure 6 also
shows the anodic c.d. measured after 1h polarization at
constant potential. The film thickness is observed to in-
crease almost linearly with increasing potential up to
7.5V. At potentials higher than 7.5V, the thickness in-
creases more steeply with potential and the reproducible
results of thickness measurements are hardly obtained.

In the nearly linear thickness-potential curves a slight
break is observed at about 3V, showing the film thick-
ness/potential ratio 2.6 nm V-1 at 0.0-3.0V, and 2.4 nm V-!
at 3.0-7.5V in 0.1M HCI solution, and 2.5 nm V-! at
0.0-3.0V and 2.3 nm V-1 at 3.0-7.5V in 0.1M H,SO,. No
such break is seen in phosphate solutions, showing the
thickness/potential ratio 2.8 nm V-! at 0.0-7.5V.
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Fig. 4. Comparison between experimental ¥ and A measured in situ
in phosphate solutions and a theoretical ¥ vs. A curve.
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The ratio of thickness to anodic charge passed was also
measured by stepwise potential increase with a time in-
terval of 1h. The result is shown in Fig. 7, from which the
ratio is found to be 0.85 nm ecm?> mC—' in pH 6.9 phosphate
solutions. A slight scatter observed at 4.60V is due to the
oxygen evolution reaction which consumes a part of an-
odic charge.

The galvanostatic film growth was also studied in pH
6.9 phosphate solution. Figure 8 shows the potential rise
and film growth at constant anodic current. The thick-
ness/charge ratio is (d/@) = 0.68 nm cm? mC-! at 20 pA
cm~2 and (d/Q) = 0.71 nm cm? mC-! at 5 pA cm~2, which
are smaller than the (d/Q) = 0.85 nm e¢m* mC-* obtained
for the potentiostatic film. This difference is probably
caused by the film dissolution whose rate is dependent
on the anodic c.d. (15). The linear potential rise and film
growth are seen to level off at potentials more positive
that 3V, where the oxygen evolution is taking place. The
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Fig. 6. Film thickness as a function of potential for the anodic oxide
film formed on titanium by 1h potentiostatic oxidation in phosphate
solutions at pH 1.6, 4.6, 6.9, and 12.1

Fig. 7. Relationship between film thickness and anodic charge for the
anodic oxide film on titanium by potentiostatic oxidation in pH 6.9
phosphate solution. The potential was increased stepwise at a time in-
terval of 1h.

complex refractive index estimated for the galvanostatic
film was found to be n, = 2.10-0.03%, which is consistent
with the index obtained for the potentiostatic film.

Discussion

Complex refractive index.—The conventional ellip-
sometry at a fixed angle of incidence requires the oxide-
free metal surface to estimate the complex refractive in-
dex of the metal. Smith et al. attempted to estimate by
conventional ellipsometry the optical constant of a tita-
nium electrode in HF solution where any surface oxide
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Fig. 8. Electrode potential and film thickness as functions of anodic
charge passed during constant current oxidation of titanium in pH 6.9
phosphate solution.
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layer would dissolve, leading to surface roughening. The
electrochemical reduction of surface oxides, usually em-
ployed for iron and other metals, is incapable of produc-
ing the oxide-free bare titanium surface because of forma-
tion of surface hydride layer during cathodic reduction.

In this work, MAI ellipsometry has been employed to
estimate the complex refractive index of titanium sub-
strate covered with a surface oxide layer. This method is,
in contrast with the conventional ellipsometry, capable of
determining the five unknowns, n,, ks, d, n;, and k;, of a
film-covered metal from a humber of measurable param-
eters, ¥ and A, at different angles of incidence.

The complex refractive index of titanium at wavelength
546.1 nm found in the literature, shows some scatter (n; =
2.0-3.1, k; = 2.0-3.7), as listed in Table I. The index ob-
tained in this work is relatively small compared with the
reported values except by Andreeva (16) and Dyer et al.
(12). It is known that the index measured by ellipsometry
is sensitive to the specimen surface. In this work, the tita-
nium specimen was slightly etched to remove a superfi-
cial polishing layer without roughening the surface.

The refractive index, n,, of the oxide film listed in
Table I shows almost no scatter except for a value re-
ported by Laser et al. (8). The anodic oxide film is found
to possess the refractive index smaller than that of crys-
talline TiO, whose refractive index is larger than 2.5 for
anatase, rutile, and brookite (21). The small refractive in-
dex may be attributed to the hydrated structure of the
anodic oxide film.

The extinction index, k,, of the anodic oxide film ob-
tained in this work indicates that the film is slightly light
absorptive at wavelength 546.1 nm, though the film has
been claimed to be transparent in literature. The slightly
light absorptive nature may be explained by assuming
the presence of ionic and electronic defects in the film.

Film growth.—The film growth of anodic oxide on tita-
nium has been reported to obey the high field ion migra-
tion mechanism (22-24)

i = i, exp (BE) [2]

where 1, is ionic self-diffusion c.d. at zero field, E electric
field strength, and B a constant given as follows

B = zaF/RT [3]

In Eq. [3], z and a indicate, respectively, the ionic valency
and the half-jJump distance (or the activation distance) of
migrating ion. The validity of Eq. [2] can be examined on
the results of galvanostatic oxidation (Fig. 8), where the
electric field is calculated from the values of (9E/ot) and
(ad/at).

Table I. Complex refractive indexes of titanium
and its anodic oxide film

Ref. n=n-ki Remarks

Titanium substrate (A = 546.1 nm)

(16) 2.10-2.02i Ellipsometry

9) 3.05-3.66i Ellipsometry
an 2.5-3.4i2 Reflectance and

transmittance spectroscopy

18) 1.8-2.7i2 Reflectance spectroscopy
19) 2.4-3.4i2 Reflectance spectroscopy
12) 2.0-2.7 Ellipsometry

8) (2.7 2.8)- Ellipsometry
. (3.20 3.25)i
(20) 2.63-3.26i Ellipsometry
Present work 2:3-2.9 Ellipsometry

Anodic oxide film (A = 632.8 nm)

@ 2.5-0.00 Ellipsometry

10) 2.5-0.0i Reflectometry
Anodic oxide film (A = 546.1 nm)

12) 2.1-0.0i Ellipsometry

@) 2.4-0.0i Ellipsometry
19 2.2 (+0.05)- Ellipsometry

0.0(+0.01)%

Present work 2.10-0.03i Ellipsometry

aInterpolated value.
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The E vs. i relationship is given in Fig. 9, where the closed
symbol indicates the result of potentiostatic 1h oxidation.
From the plot in Fig. 9, the parameters of i, and B in Eq.
[2] are found; i, = 7.7 (+=2.0) x 10" A cm~—2 and B = 24
(£5) nm V~-!. The value of i, is 100 times as large as that
estimated by Johansen et al. (22) in aqueous ammonium
borate solution and by Nishimura et al. (23) in agueous
chloride solution. Mizushima (24) reported a larger value
of i, in anhydrous ethylene glycol. The value of B is fairly
close to that obtained by other workers (22-24). From the
value of B, the half5jump distance is found to be 0.16 nm
for the migration of Ti(IV) ion, which is close to one-half
of the distance between neighboring Ti ions in the lattice.

Film breakdown.—The linear relationship between
film thickness and potential obtained under potentiosta-
tic conditions has been shown to break at potentials more
positive than 7.5V (Fig. 5 and 6). The abrupt thickening of
the film above 7.5V may be attributed to the creation of
lattice defects which increase the ionic leakage current.
Observation with a scanning electron microscope (SEM;
JEOL JSM-255) shows nearly the same surface morphol-
ogy before and after oxidation at potentials more negative
than 5V. At potentials more positive than 5.5V, a crater-
conglomerate morphology with a single-crater diameter
of about 3 um is observed. Such a crater-like morphology
was also reported by Yahalom et al. (11). At potentials
more positive than 7.5V, the surface becomes rough, with
a ripple-like appearance. From the surface observation
described above, it appears that the breakdown of the
anodic oxide film commences at 5.5V, producing a num-
ber of crater-like cracks, which will provide leakage paths
for ionic current. The internal compressive stress induced
by high field electrostriction will play an important role
in the film breakdown, as proposed in a paper by Sato
(25). At potentials more positive than 7.5V, the ionic cur-
rent concentrates at the cracks, forming a thick oxide
layer, whose thickness for unit voltage becomes greater
than that of the film formed at more negative potentials.

Film composition.—Different models for the passive
film on titanium have been proposed in literature, which
assume either a unilayered or a multilayered structure. In
this work, the unilayered model has been adopted, since
the film was found to grow up along the theoretical curve

T T |
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— O|5— pH 6'9 n
'E
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>
~
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©
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§ 0.3+ ;I—l -
w
I ! I

1078 107°
cd, i/Acm? (log scale)

Fig. 9. Relationship between anodic current density and electric field
strength for an anodic oxide film growing on titanium in pH 6.9 phos-
phate solution.
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of the ellipsometric parameters drawn from a single-layer
model.

The potential at zero film thickness is found to be E =
- 0.55 = 0.10V from the linear thickness-potential plot
shown in Fig. 5 and 6. This potential is very close to the
transition potential from Ti,O, to TiO, (26), suggesting
that the passivation film is composed primarily of TiO,
structure. From the large value of thickness-to-charge ra-
tio and the small refractive index, it is suggested that the
anodic oxide film contains some amount of water. Yaha-
lom et al. (11) and Blondeau et al. (27) have observed elec-
tron diffraction patterns corresponding to anatase TiO,
for the anodic films formed at potentials more positive
than 50V, where the film breakdown takes place. Blon-
deau et al. (27) have also observed a quasiamorphous
structure for the anodic oxide film formed at more nega-
tive potentials.

The thickness-to-charge ratio, d/@ = 0.85 nm c¢m? mC—1,
in a potential region less positive than 3.6V is 1.5 times as
large as the theoretical value, d/@ = 0.54 nm cm? mC—,
calculated from the density of crystalline anatase (21), p =
3.84 g cm—3, assuming the roughness factor, 7, to be unity.
This indicates that the anodic oxide film is hydrated. If
we write the composition of the film as TiO,(H,0),, the
content of water, y, may be calculated by Eq. [5]

y= | (2) (ZE2) - My, | —— [5)
() (5 i

where My, and My,, are the molecular weights of TiO,
and H,O, respectively. By use of (d/@) = 0.85 nm cm?®
mC~—! obtained above and p = 3.2 g cm?® measured by Dyer
et al. (12), we obtain y = 1.4 and hence the composition of
the anodic oxide film to be represented by TiO, (H,0),,
or TiO, (OH), ;. From the composition estimated above, it
is evident that the film contains a large number of hy-
droxyl bridges in its bond structure. The presence of hy-
droxyl bridge may be confirmed by reversible absorption
and desorption of hydrogen ions in the film observed by
Dyer et al. (28).

Conclusion

The following conclusions may be drawn.

1. The complex refractive index at wavelength 546.1 nm
is found to be n = 2.3-2.9i for the titanium substrate and n
= 2.1-0.03i for the anodic oxide film formed on titanium
in aqueous solution.

2. The anodic oxide film thickens linearly with increas-
ing potential in a potential region from —0.55 to +7.5 vs.
RHE under the condition of potentiostatic oxidation for
1h. The rate of thickness increase with potential is 2.8 nm
V! in phosphate solutions (pH 1.6-11.5), 2.5 nm V! in
0.1M HCl solution, and 2.4 nm V—!in 0.1M H,SO, solution.

3. Breakdown of the anodic oxide film occurs at poten-
tials more positive than 7.5V, beyond which a thick film

April 1985

is formed. The thickening of the broken film is attributed
to an increased ionic leakage current at breakdown sites.

4. The anodic oxide film is represented by TiO,(H,0), 4
or TiO,4OH),s;, which contains a large density of hy-
droxyl bridge in its bonding structure.

Manuscript submitted July 23, 1984: revised manuscript
received Nov. 27, 1984.
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