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Ti oxide films were made by reactive magnetron sputtering under conditions yielding
“penniform” structures with large porosity. X-ray diffractometry showed that rutile-like and
anatase-like films were produced depending on the oxygen content in the sputter plasma.
Rutherford backscattering spectrometry documented some oxygen overstoichiometry.
Spectral optical measurements were used to analyze the absorption around the
fundamental band gap and to give evidence of some hydration and hydroxylation in the
films. The various Ti oxide films were brought in contact with 4-chlorophenol (4-CP), whose
photo-electrocatalytically induced degradation under ultraviolet irradiation was
investigated in a reactor allowing optical probing of 4-CP as well as of intermediate reaction
products such as benzoquinone. A rutile-like structure was conducive to the degradation of
4-CP, which can be reconciled with the band gap being suitable for producing photoinduced
holes capable to effecting oxidation of the pollutant. C© 2001 Kluwer Academic Publishers

1. Introduction
Heterogeneous photocatalysis is a subject of large and
increasing importance [1–5]. It can be used for the de-
composition of hazardous wastes as well as for antibac-
terial surface treatment [6, 7], self cleaning [8, 9], anti-
fogging [10], etc. Titanium dioxide stands out as the
primary material for these applications. The great ma-
jority of the work thus far has been devoted to sur-
faces made by colloidal techniques, but recent work
[11–14] has demonstrated that reactive magnetron sput-
tering is a viable and versatile technique. The present
work expands our earlier endeavors related to sputtered
Ti oxide for the photodegradation of an organic pollu-
tant [14], as well as for solar cell applications [15], and
is devoted to the influence of the sputtering conditions,
and hence the composition and structure, of Ti oxide
surfaces.

The Ti oxide films of present interest are character-
ized by their energy bands being appropriate for water
purification [3] as well as by their great porosity which
renders them capable of having a very large interface
to a fluid. The photocatalysis involves excitation of an
electron from the valence band to the conduction band;
∗ Present and permanent address: Universidad Nacional de Ingenieria, Facultad de Ciencias, Av. Tupac Amaru S/N, Casilla Postal 31-139, Lima, Peru.

the remaining hole migrates under the influence of the
electric field towards the surface of the semiconduc-
tor and reaches a site where it can oxidize an electron
donor associated with the pollutant. With the object of
understanding the factors contributing to the photocat-
alytic activity associated with Ti oxide, several groups
have carried out photocatalytic mineralization studies
using the two common crystal phases of Ti oxide, i.e.,
anatase and rutile [16, 18]. In the photomineralization
of phenol sensitized by anatase and rutile Ti oxide, it
has been reported [16, 17] that rutile is inactive as a
photocatalyst. However Sclafani et al. [18], in studies
of the same photosystem, showed that rutile is active
or inactive depending on the initial conditions used to
chemically prepare the Ti oxide.

The positions of the energy bands are important
for the photocatalysis; they can be changed with re-
spect to an electrolyte by altering its pH. The Fermi
level of the Ti oxide can be modified by doping
with transition metal ions [19] and—most importantly
for the present study—by achieving non-stoichiometry
through a variation of the density of oxygen vacancies
[20], thereby creating a band of electron states between
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the conduction band and the Fermi level. These states
have a dramatic influence on the electrical properties.

This paper is organized so that Section 2 below dis-
cusses thin film fabrication. Section 3 then covers film
characterization with respect to composition and struc-
ture, and Section 4 treats film characterization by op-
tical measurements. Section 5 is devoted to measure-
ments of the photocatalytic effect of substoichiometric
Ti oxide films in contact with a solution containing
4-chlorophenol [4-CP]. Specifically we study in situ
absorbance spectra taken at different degradation times
and find enhanced degradation rates of 4-CP in films
with low oxygen content. These results are correlated
with a shift of the fundamental absorption band to larger
wavelengths. The main results are summarized in Sec-
tion 6.

2. Film preparation
Ti oxide films were deposited using reactive DC mag-
netron sputtering in a system based on a Balzers UTT
400 vacuum chamber [21]. The targets were 5-cm-
diameter metallic plates of Ti (99.9%). The chamber
was evacuated to ∼1.3 × 10−5 Pa by turbo molecular
pumping. Prior to sputter deposition, Ar (99.998%) and
O2 (99.998%) gas were mixed and introduced via sep-
arate mass-flow-controlled inlets. The O2/Ar gas flow
ratio was kept constant at a value � lying between
0.069 to 0.078 in order to achieve different composi-
tions and structures. The pressure in the sputter plasma
was ∼1.6 Pa.

The films were deposited onto carbon, glass sub-
strates, as well as glass precoated with a layer of trans-
parent and conducting ITO (i.e., In2O3:Sn) having a
resistance/square of 20 �. The substrates were kept at
250◦C during deposition. Film uniformity was assured
by rotating the substrate during the deposition, and this
rotation also led to a suitable “penniform” microstruc-
ture, as discussed in some detail elsewhere [22]. The
film thickness d was determined by surface profilome-
try using a Tencor Alpha-Step 200 instrument; values
are shown in Table I. Deposition rate was obtained by
dividing d by sputtering time. Typically, the rate was
0.5 nm/s, with the exception of samples deposited at
the highest oxygen admixtures for which the deposi-
tion rate was approximately 0.4 nm/s.

3. Film characterization: Composition
and structure

The composition of the Ti oxide films is expected to be
of critical importance for their photo-electrochemical

T ABL E I Data for the Ti oxide films, showing O2/Ar gas flow ratio
during sputtering � and film thickness d. Also given are the fundamental
band gap Eg and the paramenters �, ao, Eo and �E used to fit our optical
data to Eqs. (2) and (3)

d Eg � ao Eo �E
� (nm) (eV) (eV) (cm−1) (eV) (eV)

0.069 624 3.24 0.08 4209 2.99 0.58
0.071 620 3.24 0.08 3815 2.99 0.59
0.073 618 3.25 0.08 3179 2.99 0.58
0.075 579 3.26 0.08 3361 2.99 0.57
0.078 427 3.36 0.07 1150 2.99 0.66

Figure 1 Rutherford backscattering spectroscopy data for a 618-nm-
thick Ti oxide film made by sputtering at the shown O2/Ar gas flow
ratio. The broad peaks stem from the shown atomic species in the film,
and the low-energy feature originates from the carbon substrate.

properties, including their photocatalytic ability, and in
earlier work we showed that the photoelectrical effect
was influenced by having different magnitudes of �

during the thin film deposition [15, 23]. For the present
films, we used Rutherford Backscattering Spectrometry
(RBS) to determine the elemental composition of films
deposited onto carbon. We used the facilities of the
Tandem Laboratory of Uppsala University.

Fig. 1 illustrates a typical RBS spectrum. It shows
well defined and characteristic features corresponding
to the carbon substrate as well as to oxygen and tita-
nium in the films. The RBS data were consistent with
a composition TiO2+z with z ≈ 0.1 for all films. The
small overstoichiometry, i.e., the fact that z is positive,
is likely to be caused by strongly bound water molecules
or hydroxyl groups. A similar excess of oxygen is
commonly observed in sputter deposited porous films
[24–26].

The crystalline structure of the Ti oxide films was
studied by X-ray diffraction (XRD) using a Siemens
D5000 diffractometer with Cu anode and grazing inci-
dence unit. Data from TiO2 standards [27] were used to
identify the diffraction peaks. Fig. 2 shows grazing in-
cidence X-ray diffractograms for Ti oxide films sputter
deposited at different values of � onto glass substrates.

Figure 2 X-ray diffractograms for Ti oxide films made by sputtering at
the shown O2/Ar gas flow ratios. The peaks originate from the stated
reflections in the anatase (A) and rutile (R) structures.
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For � = 0.069, the diffractograms display two promi-
nent peaks due to the rutile (110) and (101) reflections,
apparent at diffraction angles 2θ being 27.4◦ and 36.1◦,
respectively. No evidence of the anatase phase was ob-
served. For increasing �, the intensity of the rutile fea-
tures decreased and an anatase (101) peak appeared at
2θ = 25.3◦. Clearly a large amount of oxygen in the
sputter plasma promotes the formation of the anatase
structure.

The mean grain size D for the films was estimated
from the XRD data by applying Scherrer’s formula, i.e.,

D = Kλx

β cos θ
, (1)

where K is a dimensionless constant, λx is the X-ray
wavelength, and β is the full width at half maximum of
the diffraction peak. Applying this formula to the rutile
(101) peak for films deposited at � = 0.069, the grain
size was found to be ∼25 nm, and for films deposited at
� = 0.078 the grain size was ∼32 nm as derived from
the anatase peak.

An influence of the gaseous ambience on the pre-
ferred crystalline growth has been reported before,
and it is believed that there is a tradeoff between the
ion/atom impact angle to the substrate, which leads to
a preferential growth of crystalline planes capable of
facile ion channeling [28, 29], and thermodynamic pa-
rameters such as surface free energy [30]. Our films
displayed a preferred crystalline growth with the (110)
and (101) rutile planes parallel to the surface in the
case of low oxygen pressures; these are planes char-
acterized by low surface free energy [30]. At higher
oxygen pressures, the intensity of the (110) and (101)
rutile peaks decrease, which agrees with reported data
[30], and a peak associated to the anatase is observed.
The anatase structure has a lower density than the rutile
structure, and it is expected that the former of these is
produced at high gas pressures.

4. Film characterization: Optical properties
Total reflectance R and transmittance T of the Ti
oxide films deposited on glass were recorded in the
300 < λ < 2500 nm wavelength range with a Perkin-
Elmer Lambda 9 double beam spectrophotometer
equipped with an integrating sphere. The measurements
of R and T of films deposited onto glass were per-
formed at near normal incidence (8◦) and at normal
incidence, respectively. The reflectance measurements
used a BaSO4 plate as reference.

Optical constants were calculated by using a com-
bination of direct inversion of Fresnel’s equations for
a thin film on a substrate (RT method [31]) and the
Forouhi Bloomer (FB) technique [32]. The latter ap-
proach uses a simple parametrization for the extinc-
tion coefficient k and obtains the refractive index n
via Kramers-Kronig analysis. Details of the calcula-
tion method can be found elsewhere [32, 33]. The solid
curves in Fig. 3 shows experimental R and T for a typi-
cal 618-nm-thick Ti oxide film deposited at � = 0.073.
The transmittance and reflectance of the bare substrate

Figure 3 Spectral reflectance and transmittance as measured and calcu-
lated for a sputter deposited Ti oxide film on a glass substrate and for
the bare substrate. Data are given also from a calculation using evaluated
optical constants.

Figure 4 Spectral refractive index for Ti oxide films made by sputtering
at the shown O2/Ar gas flow ratios.

are shown as dotted curves. Our data indicate a peculiar
characteristic attributed to inhomogeneities in the film,
namely that T and R of the film/substrate configuration
are higher than the transmittance and lower than the
reflectance of the bare substrate in the region of trans-
mittance maxima and reflectance minima, respectively.
For λ < 700 nm, the interference fringes become less
pronounced due to the onset of absorption. Calculated
data, shown as dashed curves in Fig. 3, were obtained
by using the evaluated n and k; these results, which
agree well with the measurements, serve as an internal
check on the evaluation of the optical constants.

Values of n and k for films made at different magni-
tudes of � are given in Figs. 4 and 5, respectively. Fig. 4
shows that the refractive index is ∼2.1 at λ = 2500 nm
for the rutile type film obtained at � = 0.069, and that
n decreases markedly when the oxygen admixture was
increased. In the case of k for 300 < λ < 450 nm, Fig. 5
shows that the peak is shifted towards shorter wave-
lengths for enhanced �. This observation is consistent
with the promotion of the anatase structure, which is
known [3] to have a fundamental band gap that is larger
than for rutile. It is also observed that k is large at short
wavelengths. We note that recent studies have shown
that the influence of the oxygen partial pressure on the
structure and optical properties of Ti oxide films are in
agreement with our results [34, 35]. On the other hand
Mikula et al. [13] gave evidence for a decrease of the
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Figure 5 Spectral extinction coefficient for Ti oxide films made by sput-
tering at the shown O2/Ar gas flow ratios.

fundamental band gap in films produced by sputtering
at high oxygen pressures, which is in disagreement with
our results for reasons that are not clear to us.

The spectral absorption characteristics are of impor-
tance for understanding the photocatalysis of the films.
Specifically we use the relation [36]

α(E) ∝
[

1 − 2

π
tan−1

[
Eg − E∑

]]
, (2)

where α(E) is the absorption coefficient as a function of
energy, Eg is the fundamental band gap and expresses
the energy around which the transition from low to high
absorption is centered, and � represents the width of
the transition. The above relation is based on an approx-
imation applicable to quantum-mechanical transitions
between an initial and a final state, according to time-
dependent perturbation theory, and is valid for small �.

The fundamental band gap can easily be obtained
from the inflection point of the α(E) characteristic in-
herent in Eq. (2). Eg shifts towards higher energies for
increasing �, as expected from the corresponding shift
of k in Fig. 5. It is also possible to evaluate the width of
the transition to high absorption, as given by �. Table I
shows that this parameter is approximately constant for
all of the films, possibly excepting the one deposited at
the highest oxygen flow which displayed a somewhat
lower �.

Equation (2) can be used to provide a good fit to
experimental data for energies above Eg but fails for
energies below the band gap [33, 36]. In order to com-
plete the analysis of the absorption tail for E < 3 eV
we then apply the relation [37]

αu(E) = ao exp

[
E − Eo

�E

]
(3)

where ao and Eo are constants characteristics of the
material, �E is a parameter representing the slope of
the exponential tail, known as the Urbach tail, and ao

is a constant; specific values are given in Table I. An
increase in �E means a widening of the Urbach tail,
i.e., the sample deposited at the highest oxygen content
shows the lowest Urbach tail. This observation is con-

Figure 6 Spectral reflectance of p-polarized light at 60◦ incidence angle
for Ti oxide films made by sputtering at the shown O2/Ar gas flow ratios.
Arrows point at characteristic wavenumbers for the indicated species.

sistent the narrowing of the transition from low to high
absorption implied in � of Eq. (2).

We now turn to infrared reflectance spectra of
Ti oxide films deposited onto ITO-coated substrates.
Measurements were taken in the 400 to 4000 cm−1

wavenumber range with a double-beam Perkin-Elmer
983 infrared spectrophotometer equipped with air drier.
Reflectance data, indicated as Rp, were obtained with
p-polarized light at 60◦ angle of incidence and using
an aluminum mirror as a reference.

Fig. 6 shows spectral infrared reflectance for Ti ox-
ide films prepared by sputtering at different values of
�. Dips in the reflectance curves correspond to absorp-
tion maxima. The features around 3400 cm−1 pertain
to O–H stretching modes due to H2O; this absorption
is especially distinct for the anatase type film made at
� = 0.078. Using the approximation that the transmit-
tance is equal to the square root of the reflectance, the
absorption coefficient can be obtained from

αIR = − ln
(√

Rp
)

2d
(4)

The amount of water in the film can then be estimated
by use of the calibrated absorption at 3400 cm−1 [38].
We found the concentration to be 0.0086 mol/cm3 for
the anatase-type film, and considering a molar volume
of 20.5 cm3 for this structure [39], the molar percentage
of water in the film is as large as ∼18%.

A broad absorption band is observed between 1500
and 3800 cm−1 for most of the films, which overlaps
with the absorption previously used to quantify the
water content. The broad absorption is increased in the
rutile-like samples made at low magnitudes of �. Both
water and hydroxyl (OH−) ions have stretching modes
that absorb in the 2900–3800 cm−1 range [40, 41], even
starting at 2500 cm−1 as reported in some work [42],
and it is natural to associate at least part of the wide ab-
sorption feature with such modes. Oxygen associated
with water molecules, as well as hydroxyl ions, may
then be responsible for the excess of oxygen observed
in the films by RBS.

Sharp absorption peaks corresponding to longitudi-
nal optical (LO) modes of Ti–O bonds were observed
at 870 cm−1 for the anatase type film deposited at
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� = 0.078, and similar features lay at wavenumbers as
small as ∼830 cm−1 for rutile-like films made at lower
values of �. Our observations are in agreement with
the reported LO modes in the rutile phase of TiO2 [43]
which yield absorption centered at 830 cm−1.

5. Data on photo-electrocatalytic
degradation of 4-CP

We used Ti oxide films to study the photo-
electrocatalytic degradation of 4-CP by using a spe-
cially designed reactor. It consists of a cylindrical
Teflon container. The open end—which can be irra-
diated by ultraviolet (UV) light—has provisions for
mounting a sample with the Ti oxide film facing the
interior of the cylinder. Two parallel quartz windows
are arranged at right angles to the cylinder axis so
as to allow spectrophotometric transmittance measure-
ments for probing the contents of the cylinder. A three-
electrode arrangement was used in the experiments.
It includes a Pt foil as counter electrode, a Metrohm
Ag/AgCl electrode as reference, and the Ti oxide film
as working electrode; all of them are immersed in the
4-CP solution. This set-up was referred to as a “sin-
gle compartment cell” in earlier work of ours [14]. The
photoreactor is described in some detail elsewhere [14].

The experimental data, to be reported below, were ob-
tained with 8 ml of 5 × 10−5 M 4-CP in the container,
in a distilled water solution with pH = 5.5. UV irradi-
ation was accomplished by use of an Osram Ultramed
2000 W lamp mounted 28 cm in front of the sample. As
found from the technical specification of the lamp, the
intensity in the UV-A2 spectrum (315 to 400 nm) was
nine times higher than the intensity in the UV-B2 spec-
trum (280 to 315 nm). The photoreactor was positioned
in the sample compartment of a Monolite 6602 spec-
trophotometer operating at 200 < λ < 380 nm. A me-
chanical chopper system was employed to avoid UV
irradiation during the spectrophotometer recordings.
Electrochemical measurements were taken by use of
a Schlumberger Solartron 1286 Electrochemical Inter-
face.

An applied bias potential of 0.7 V vs. the Ag/AgCl
reference electrode was used to avoid electron–hole re-
combination in the irradiated samples; this effect may
otherwise be significant mainly as a consequence of
traps and surface states. In order to diminish the influ-
ence of free oxygen, which is a well known electron
scavenger, nitrogen bubbles were introduced continu-
ously into the sample compartment so that the solution
was kept uniformly mixed.

Reaction products such as benzoquinone (BZ), hy-
droquinone, chlorocatechol, etc. are expected to ap-
pear as a result of the photocatalysis of 4-CP [44, 45].
These products, as well as the 4-CP itself, display
characteristic optical absorption so that they can be
identified by spectrophotometry. Figs 7a–d show typ-
ical absorbance spectra of the 4-CP solution during
the photo-electrocatalysis with Ti oxide films pre-
pared at different �s. The spectral data display pro-
nounced absorption at short wavelengths due to 4-CP.
This absorption drops monotonically under UV irra-

Figure 7 Spectral absorbance measured after UV irradiation for the
shown times in order to degrade 5 × 10−5 M 4-CP. Parts (a) to (d)
refer to Ti oxide films made by sputtering at the shown O2/Ar gas
flow ratios. Arrows point at characteristic wavelengths for the indicated
species.

diation concomitantly with an increase of the absorp-
tion due to BZ. The later substance is an intermedi-
ate of the photo-electrocatalytic degradation of 4-CP
to harmless products [14, 44, 45]. Intermediates of the
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Figure 8 Relative concentration of 4-CP as a function of time for Ti
oxide films made by sputtering at the shown O2/Ar gas flow ratios.
Symbols denote data and lines were drawn for convenience.

photo-electrocatalytic degradation, such as the BZ, are
expected to increase in concentration at the beginning
of the photocatalytic reaction. They are then photode-
graded during the photocatalysis in a parallel process
[46], so that the absorption reaches a maximum and
eventually decreases. This behavior was observed in
our case for the feature due to BZ.

Fig. 8 shows the relative concentration of the
4-CP during its photo-electrocatalytic degradation. The
data are based on the intensity of the absorption at
λ = 225 nm. It is evident that the thin film fabrication
plays an important role for the photodegradation and
that its rate is increased in rutile-like films made at
low oxygen-to-argon ratios. After 5 h the concentra-
tion of the 4-CP in the solution has decreased to half
of the initial concentration in the best of the cases. The
rate of photocatalytic degradation caused by the rutile-
like films is seen to be different than in the case of the
anatase-like film. The photo-electrocatalytic degrada-
tion rate correlates with the optical absorption at short
wavelengths, as evident from Fig. 5. A similar obser-
vation was made recently by Mikula et al. [13]. Fur-
thermore, we have shown in earlier work of ours [23]
that the photoresponse increases in low oxygen content
films, which correlates with Eg as well.

We should point out that for the used lamp, the max-
imum of the irradiation spectra is around 350 nm. Il-
luminating the films through the substrate will cut off
the irradiation below 300 nm mainly due to absorp-
tion in the glass. This absorption is overlapping more
with the absorption in the anatase than in the rutile. In
other words, the rutile-like films will absorb light more
efficiently than the anatase-like films.

6. Summary and concluding remarks
We prepared Ti oxide films by reactive magnetron sput-
tering under conditions known to give “penniform”
configurations with high porosity and structural con-
tiguity [22]. Rutile-like and anatase-like films were ob-
tained at low and high oxygen admixture in the sputter
plasma respectively, as found from XRD. A small over-
stoichiometry in oxygen was detected by RBS. Spec-
trophotometry was used to derive optical constants and

analyze the absorption around the fundamental band
gap, and IR reflectance spectroscopy gave evidence for
water incorporation and OH bonding.

The photo-electrocatalytic ability of the films to de-
grade 4-CP was investigated in detail in a reactor allow-
ing optical measurements to document the presence of
4-CP as well as the intermediate reaction product BZ.
The rutile-like films were capable of decomposing the
4-CP at a higher rates than the anatase-like sample. This
can be reconciled with the narrower optical band gap of
the rutile structure making it more facile for photoin-
duced holes to take part in oxidation processes and to
the larger amount of OH bound onto its surface.
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