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Abstract

We propose a high-voltage (>1000 V) pulsed discharge method of preparation of thin anodic films on valve metals under con-

ditions of extremely high rates of the film growth. The peculiarities of this method have been demonstrated on the anodic oxidation

of titanium in sulfuric acid solutions.

A light flash at the electrode was generated upon the pulsed anodization of titanium. The emission spectra consist of narrow lines

assigned to electronically excited O, H and Ti atoms, indicating that a hot plasma is created at the electrode surface. The current

efficiency of TiO2 anodic film formation exceeds markedly 100% for the pulsed Ti anodization. This non-faradaic yield was

associated with the contribution of the plasma-generated high-energy radicals to the oxide growth processes. We applied various

techniques to compare the composition, morphology, structure and semiconducting properties of the anodic films prepared by

the high-voltage pulsed discharge and the conventional galvanostatic anodization. The anodic TiO2 films prepared by the high-

voltage pulsed discharge have nearly ideal stoichiometric composition and are more amorphous as compared to galvanostatically

grown ones. Thin TiO2 films (50–150 nm) formed in the pulsed regime exhibit significantly higher photocurrent quantum yields at

k < 310 nm and a significantly lower donor concentration.

� 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The anodic oxidation of valve metals, such as Al, Ta,

Nb, Zr, Ti, etc., is studied for many years since the ano-
dic oxide films are of great interest mainly due to their

application for capacitor manufacturing and for metal

protection against corrosion [1]. Comprehensive studies

of the kinetics of anodic oxide film growth, as well as

their physical and chemical properties have been re-

viewed in a number of reports [2–7]. The characteristics
0022-0728/$ - see front matter � 2005 Elsevier B.V. All rights reserved.
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of anodic films were shown to be strongly dependent on

the film formation conditions (electrical regime of oxida-

tion, oxidation time, composition and temperature of

electrolyte, etc.).
The anodic films are typically prepared using dc

polarization of a valve metal electrode under potentio-

static, galvanostatic or potentiodynamic control. In

most of the cases, a compact barrier-type film is initially

formed on the valve metal. As the thickness of oxide film

reaches a certain (critical) value, the film is broken

through due to impact or tunneling ionization [8–11].

Although the breakdown of anodic layers is considered
to be harmful because, as a rule, it results in the degra-

dation of their dielectric and protection characteristics,
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this phenomenon gave rise to development of a new

technology of metal treatment termed ‘‘micro-plasma

oxidation’’ or ‘‘plasma electrolytic oxidation (PEO)’’

[12–14]. This technique operates at potentials above

the breakdown voltage of an anodic film and is charac-

terized by luminescence sparks moving over the treated
surface. Owing to plasma thermochemical interactions

in the multiple surface discharges, this method allows

obtaining a wide range of the film composition and

properties and, therefore, is considered as technologi-

cally promising [14]. Anodic layers prepared by the

PEO technique are usually rather thick (from fractions

of a micron to tens or hundreds of microns) because a

barrier-type film is needed to be formed on a metal be-
fore the spark discharge processes can be observed on

the electrode surface.

The present paper describes a pulsed discharge

method for producing thin anodic films with a thickness

ranging from nanometers to a micron. In this method,

the metal oxidation proceeds under the action of single

high-voltage (>1000 V) pulses on an electrode system.

Under these conditions, hot plasma can be formed not
only in local spots, but over the whole electrode surface.

We demonstrated this method using titanium as a sub-

strate because titanium and related alloys are the corro-

sion resistant materials of current practical interest [4].

Furthermore, the formed anodic passivating layer,

TiO2, is a semiconducting material, what allowed us to

study its electronic properties by electro- and photoelect-

rochemical methods [7,15]. In this work, we compare the
morphology, structure, composition and electronic

properties of the anodic oxide films on titanium, which

were prepared by the conventional galvanostatic method

(hereafter referred to as GS films) and the pulsed dis-

charge one (hereafter referred to as PD films).
2. Experimental

The working electrodes were made from 1.5 mm tita-

nium plates (99.8% Ti). The surface of the samples was

mechanically and then chemically (in a hot HF:HNO3

mixture, 2:3 in volume) polished to a high mirror finish,

and finally rinsed thoroughly with doubly distilled

water. The unexposed part of the electrodes was isolated

with epoxy resin, leaving an area of about 6 cm2 open to
solution.

A schematic diagram of the experimental setup used

for the pulsed discharge oxidation of metals in solution

and for registration of transient characteristics of the

process is shown in Fig. 1. The plasma oxidation of

the metal electrode was performed by the capacitor dis-

charge into an electrode system consisting of a working

electrode, a counter electrode and an electrolyte. The
capacitor bank charged to a definite voltage and the

electrode system were commutated by a magnetic relay
triggered by a synchronizing pulse. Most of experiments

were carried out using a capacitor of 100 lF. To mea-
sure the transient current in the electrode system, a pre-

cision resistor (20 mX) was connected in series to the

circuit and the potential drop on the resistor was re-

corded. To reduce ohmic losses in the system, the elec-

trochemical cell was connected to the capacitor by

low-impedance cables of minimum length. The light

emitted from the working electrode under the discharge

conditions was detected by a photomultiplier tube con-
nected a fast preamplifier. A focusing system with neu-

tral filters for the emitted light attenuation was placed

between the cell and photomultiplier tube. Emission

spectra were recorded using a photodiode array spec-

trometer SL 40-2-3648 USB covering the wavelengh

range from 200 to 1100 nm with a resolution of 0.5 nm.

An electrochemical cell was constructed from optically

transparent high-impact polystyrene. Cylindrical tita-
nium electrode of 2 cm in diameter with a slit was used

as a counter-electrode. The surface area of this electrode

was 20 times larger than that of the working electrode.

The working electrode was placed in the center of the

counter one so that the emitted light reached the photo-

multiplier tube through the slit. 1 M H2SO4 aqueous

solution prepared using doubly distilled water and ana-

lytical-grade reagent was used as an electrolyte in the cell.
The conventional galvanostatic oxidation of the tita-

nium electrode was carried out in the same cell at a cur-

rent density of 10 mA cm�2 up to the desire voltage

using a constant current power supply.

The depth-composition profile of the anodic films

was obtained by the Auger spectroscopy method using

a Perkin–Elmer PH-660 spectrometer. The phase

composition of the films was determined by the Raman
spectroscopy and X-ray diffraction methods. The

Raman spectra of TiO2 films were measured using a
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Fig. 2. Time evolution of the current (a) and emission intensity (b)

when a pulse of 1350 V is applied to the Ti anode in 1 M H2SO4

solution. Values of a capacitor commutated to the electrochemical cell

are given in the legend.
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Spex Ramalog 4 spectrometer and excitation by argon

laser radiation of 514.5 nm. X-ray diffraction analysis

of the films was performed on a HZG-4M diffractometer

(Carl Zeiss) using Co Ka-radiation (Mn filter). The sur-

face morphology was studied by the scanning electron

microscopy (SEM) using a Philips SEM 515 microscope.
Specular reflectance spectra of the films were measured

using Cary 500 UV–Vis–NIR spectrometer (Varian).

Photoelectrochemical measurements were carried out

in a standard two-compartment three-electrode cell

equipped with an optical quality quartz window. A plat-

inum counter electrode and an Ag|AgCl|KCl (saturated)

electrode as the reference electrode (+0.201 V vs. SHE)

were used in this cell. All potentials were determined
with respect to this reference electrode and controlled

by a conventional potentiostat. The counter-electrode

compartment was separated from the working electrode

one by a fine glass frit. The photocurrent measurements

were made at room temperature in 1 M H2SO4 solution.

Photocurrent spectra were obtained using a setup

equipped with a high-intensity grating monochromator,

1000 W xenon lamp and a slowly rotating light chopper
(0.3 Hz). The system was calibrated by an optical power

meter and spectral dependences of the photocurrent

were corrected for the spectral intensity distribution at

the monochromator output.

The differential capacitance of the anodic TiO2 films

was measured at a frequency of 1 kHz using an imped-

ance bridge (with a series equivalent circuit) connected

to the potentiostat. In this case, a four-electrode cell with
an additional Pt electrode with a very large surface area

was used. A small a.c. signal (<10 mV rms) was superim-

posed to the electrode potential. Impedance measure-

ments were performed in 1 M H2SO4 solution deaerated

with purified argon. The thickness of the anodic films

on titanium was estimated using Auger profiling data.
3. Results and discussion

3.1. Current and emission transients during the pulsed

discharge

A rapid discharge process occurs in the electrode sys-

tem upon switching a charged capacitor to the electro-

chemical cell. When a positive voltage is applied to
the working electrode, the current discharge results in

the growth of oxide film on the electrode surface. The

capacitor is disconnected from a charging circuit at

the instant of commutation, and only the energy,

W ¼ CU 2
c=2, stored in the capacitor charged to a voltage

Uc, is dissipated during the discharge process.

Typical current transients in the circuit after commu-

tation are shown in Fig. 2. Initially the current increases
with time, reaches its peak value within 9–10 ls and then

drops. The peak position, its value and the peak half-
width depend on both the impedance of the electrode sys-

tem, the capacitance and the applied voltage. It should be

noted that aside from the main peak, a second markedly

lower peak is observed (within 100–130 ls) at the current
transients. For small capacitance values (less than 25 lF),
a current peak of the opposite sign is recorded after the

main peak (Fig. 2). Such unusual transient behavior of

the investigated system is probably associated with a

complex equivalent circuit including non-linear elements

of the electrochemical cell. Characteristically, the shape

of the current transient changes somewhat as the anodic

film grows. This change is more distinct during the first

several discharges (Fig. 3(a)), indicating that the presence
of the anodic film on titanium can influence markedly the

relaxation process in the system.

The pulsed anodic oxidation of titanium is accompa-

nied by a bright flash of light at the electrode surface

and the generation of a shock wave. The intensity of

the emitted light is low during the first several discharges

and rises significantly as their number and, hence, the

anodic film thickness increases (Fig. 3(b)).
Beginning with the 10th discharge (C = 100 lF,

Uc = 1350 V) corresponding to the anodic film thickness

150–160 nm, a rise of the light intensity slows down and

after the 15–20th discharge (the film thickness above

�180 nm) the emission transients differ little from each
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Fig. 3. Time evolution of the current (a) and emission (b) when

successive pulses (Uc = 1350 V, C = 100 lF) are applied to the Ti

anode in 1 M H2SO4 solution. The pulse number is given in the legend.

Fig. 4. (a) Current and (b) emission intensity transients recorded

during the pulsed anodic oxidation of titanium electrode in 1 M H2SO4

solution at different applied voltages. C = 100 lF. The curves were

recorded after the electrode had been pre-treated with 20 discharges.

Fig. 5. Emission spectrum of a Ti anode when a pulse of 1350 V

(C = 100 lF) is applied to the electrochemical cell.
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other. Therefore, we studied the effect of the applied volt-

age Uc and the capacitance C on the transient processes

for the electrodes pre-treated with 20 discharges. Fig. 4

shows the current and emission transients for different

applied voltages (at a constant C of 100 lF) which were

recorded after pre-treatment of the titanium electrode

with 20 high-voltage pulses. As the applied voltage in-

creases, the current peak rises linearly (Fig. 4(a)),
whereas the emission intensity increases very steeply

(Fig. 4(b)). Integration of the light intensity over whole

pulse gives the total photon flux, h, generated by the elec-

trode during the pulse. We observed three characteristic

regions on the h vs. Uc curve: from 50 to 500 V the value

of k rises exponentially with the Uc, then the h depends

only slightly on the Uc and above 950 V the h again rises

exponentially with increasing the applied voltage Uc.
The emission intensity increases significantly with

increasing the C. The time lag in the emission peak is

negligible at small C and rises up markedly with increas-

ing the capacitance (Fig. 2(b)).

3.2. Emission spectra

Fig. 5 shows a typical emission spectrum observed for
the Ti anode solution during the high-voltage discharge
in 1 M H2SO4. The spectrum comprises a number of

narrow lines on a rather weak continuum background.

Since the optical material (polysterene) used for the



Fig. 6. Specular reflectance spectra of anodic films prepared by the

pulsed anodic oxidation (Uc = 1350 V, C = 100 lF, 3 discharges) (—)

and the galvanostatic oxidation when the charge passed during the

galvanostatic oxidation was equal to the charge passed upon the

pulsed anodization (- - - -); the galvanostatic oxidation was stopped

when the color of the GS film coincided with the color of the anodic

film prepared by the pulsed method (� � �).
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electrochemical cell is not transparent at wavelengths

shorter than 300 nm, the emission spectrum at

k < 300 nm could not be recorded. The use of quartz

optical window was found to be difficult because of

shock waves generated during the discharge. All the

lines present in the spectrum originate from electroni-
cally excited atoms and were earlier observed in the

gas phase [16]. Thus, the emission line at 656 nm can

be assigned to the Balmer series of hydrogen. The lines

at 777.5 and 844 nm match well with those reported

for atomic oxygen. Several emission lines observed in

the region from 350 to 510 nm can be assigned to Ti

atoms. Although a high concentration of SO2�
4 ions is

present in solution, we observed no lines arising from
S atoms in the emission spectrum. The linear emission

spectra indicate that hot plasma involving electronically

excited H and O atoms from the broken water molecules

and Ti atoms from the substrate is generated near the

electrode surface during the pulsed discharge.

Taking into account the experimental results ob-

tained and the literature data on discharge phenomena

in electrolytes and in pure water [14,17–19], we can sup-
pose the following processes taking place during the

high-voltage pulsed oxidation of titanium. In the case

of pulsed discharges, electrochemical and plasmochemi-

cal processes at the titanium surface proceed at a rela-

tively high input energy being approx. 100 J when

switching a capacitor of 100 lF charged to 1000 V. This

energy is liberated within a short period of time (20–

40 ls) mostly at the titanium anode having the greatest
impedance in the electrode system. As a result of the

capacitor discharge, a high current density reaching

800–1000 A cm�2 in maximum, is observed in the

circuit. In the initial step of the process, this current

can result in a fast local heating of electrolyte in the

near-electrode region and in its evaporation. The forma-

tion of a thin vapour film at the electrode surface during

the pulsed discharge has been previously demonstrated
using a high-speed camera [20]. Impact and thermal ion-

ization of atoms and molecules will take place in the

forming gas envelope, resulting in the formation of a

hot plasma during the pulsed discharge. Temperature

and pressure of the plasma can reach very high values.

So, the plasma electron temperature as high as 13,000–

15,000 K has been reported [19] for the input energies

similar to those applied in the present work. In our case,
the emission spectra with narrow lines, which can be as-

signed to electronically excited atoms of H, O and Ti in

gas phase, provide strong evidence that the hot plasma is

formed at the titanium electrode surface during the

pulsed discharge.

3.3. Specular reflectance and Auger spectroscopy studies

During the first high-voltage discharge, a thin anodic

film uniform in thickness, as reflected by uniform light
yellow interference color, is formed on the surface of a

Ti electrode. The subsequent discharges result in in-

crease of the anodic film thickness as demonstrated by

a specific change of the interference color.

Studies of the reflect ion spectra of the anodic films

(Fig. 6) allowed us to assume that thickness of the ano-
dic film is different for the samples prepared by the

pulsed and galvanostatic methods with the same charge

passed through the electrode. To gain direct insight to

the possible differences in anodic film thickness, we ap-

plied the Auger spectroscopy to determine the thickness

and elemental composition of the anodic films and to

estimate the film formation efficiency.

Applying the pulsed method, a total charge of
0.11 C cm�2 was passed through a Ti working electrode.

The same charge was passed through the other Ti

electrode using the galvanostatic oxidation method (a

formation voltage of 30 V was reached in this experi-

ment). Auger depth profiles of both anodic films are

shown in Fig. 7(a) and (b). The oxide sputtering rate

was estimated using the calibration data as 100 ±

5 nm min�1. The oxide film thickness was determined
as the sputtering time, at which the relative atomic ratio

of oxygen to titanium NO/NTi was 50% of the steady-

state value [21], and was 68 ± 3 nm for the galvanostat-

ically prepared film and 128 ± 3 nm for the film obtained

by the pulsed method.

The thickness of anodic films is related to the charge,

Q, passed during the electrochemical oxidation:

d ¼ MQgf=ðzFqSrsÞ; ð1Þ
where M and q are the molar mass and the density of

oxide, F the Faraday constant, gf the efficiency of film



Fig. 7. Auger depth profiles of Ti, O and S atom distribution in the

anodic films prepared by: (a) the pulsed discharge anodization

(Uc = 1350 V, C = 100 lF, 5 discharges); (b) galvanostatic oxidation

(j = 10 mA cm�2, Uf = 30 V). The charge passed through the electrode

for both films was 0.11 C cm�2; (c) the depth profiles of the ratio of

oxygen to titanium atomic concentrations, NO/NTi, for the PD (1) and

GS films (2). To obtain correct NO/NTi depth profiles, the oxygen

bound with sulphur in SO2�
4 ions was subtracted from the total oxygen

content (see text for details).
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formation, S the surface area, rs the roughness factor of
the surface and z = 4 for TiO2. Actually, z is about 3.4

for relatively thin galvanostatically grown films due to
their rather high non-stoichiometry (TiO1.7) according

to Auger depth profiles of these films. Literature values

of the q for the anodic oxide films on titanium vary in

the range from 3.2 to 3.9 g cm�3 [10,22–25]. Taking

q = 3.2–3.9 g cm�3, rs = 1 for a mirror-like finishing of

the electrode surface, z = 3.4 and gf = 1, we can obtain

d = 68–83 nm at the passed charge Q = 0.11 C cm�2.

The thickness of the GS film estimated from the Au-
ger profiles is slightly less than that calculated by the Eq.

(1), indicating that the efficiency of the film formation

can be gently less than one under galvanostatic anodiza-

tion. The film formation efficiency close to one has been

previously reported for the growth of titanium anodic

films in sulphuric acid solutions [26]. At the same time,
the experimental value of the d for the anodic films ob-

tained by the pulsed method is almost two times greater

than the theoretically calculated value corresponding to

gf = 1 and z = 4. This fact is indicative of the possibility

of non-faradaic behavior of titanium electrodes under

conditions of the high-voltage pulsed anodization.
Non-faradaic reaction yields have been observed dur-

ing the contact glow discharge electrolysis at an elec-

trode, where a plasma is sustained by a dc glow

discharge between the metal electrode and the surround-

ing liquid or even evaporated ‘‘gaseous’’ electrolyte [27–

29]. This effect was attributed to the participation of

high-energy radicals such as H� or OH� in reactions.

These radicals can be formed from water molecules un-
der the action of electrons and ions accelerated by the

field in the near-electrode plasma. Since the pulsed ano-

dic oxidation of titanium is performed at high voltages,

it is reasonable to assume that under these conditions a

plasma layer generating high-energy radicals exists at

the electrode–electrolyte interface. This assumption is

supported by the line emission spectrum (Fig. 5) of the

electrode surface upon discharge. Chemical reactions
initiated by the high-energy intermediates can be respon-

sible for the non-faradaic efficiency of the anodic film

growth during the pulsed discharge.

The analysis of Auger spectra also provides the infor-

mation about the depth-dependent elemental composi-

tion of the anodic films. As shown in Fig. 7, both the

GS films and the PD ones contain atoms of titanium,

oxygen and sulfur, but their relative atomic ratio and
the depth profiles differ for both types of anodic films.

The NO/NTi ratio for the GS films is �2 in the subsur-

face region. When moving from the film surface to the

substrate, a region of relatively constant composition

with NO/NTi = 1.5–1.7 is observed and then the NO/NTi

ratio decreases gradually, exhibiting a broad transition

from oxide to metal. The content of sulfur atoms in

the GS films is at the level of 1–1.5 at.%. Incorporation
of sulfur into the anodic film during the galvanostatic

anodization of titanium is in agreement with the litera-

ture [30–32].

The different picture is observed for the PD anodic

films. The NO/NTi ratio varies only little throughout

the film depth and is 2.5–2.7. This value is markedly

higher than that expected for the TiO2 composition.

The discrepancy observed can be explained when the
presence of sulfur (4–5 at.%) in the oxide film is taken

into consideration. If we assume that sulfur atoms are

incorporated into the anodic film as sulfate ions, this

amount of sulfur can bind approx. 20 at.% of oxygen.

In this case, subtraction of oxygen bound with sulfur

from the total oxygen content results in the NO/NTi � 2

(Fig. 7(c)), which corresponds to the stoichiometric

composition of titanium dioxide. It should be noted that
a transition region from TiO2 to Ti for the PD films is

markedly shorter than that for the GS films.
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3.4. Morphology and structure studies

Fig. 8(a) shows an SEM micrograph of the surface of

the PD anodic film obtained at a small number of dis-

charges (65). Boundaries of titanium grains, which are

also observed at freshly prepared Ti electrodes, are dis-
tinctly seen. The anodic film is homogeneous, compact

and reproduces exactly a relief of the Ti substrate

surface.

As the number of dicharges increases (10 and more),

the parts of the flowed surface well discernible at low

magnifications appear (Fig. 8(b)). These patterns can

arise from a strong heating and local melting of the elec-

trode material at the instant of discharge. As can be seen
on high magnification SEM image, surface the thicker

films is covered with rather uniformly distributed cra-

ter-shaped hollows with an average diameter of about

100 nm (Fig. 8(c)). Similar craters were previously ob-

served at the surface of titanium anodic films after

reaching the breakdown voltage and were defined as

channels of the micro-plasma discharge [12].

Thin GS films are also uniform and dense and repro-
duce exactly the titanium substrate morphology (Fig.

8(d)). However, according to SEM studies, the rough-

ness of the GS films enhances with increasing the anod-

ization time and, correspondingly, their thickness, which

can be related to a gradual crystallization of the film

(Fig. 8(e) and (f)).

It has been previously shown that the structure of

anodic films on titanium depends considerably on the
conditions of their growth, although this relationship
Fig. 8. (a–c) SEM micrographs of the anodic films grown on titanium

by the pulsed discharge method (Uc = 1350 V, C = 100 lF, (a) 3

discharges and (b,c) 20 discharges). (d–f) SEM micrographs of the

anodic films grown galvanostatically on titanium up to Vmax = 30 V (d)

and 81 V (e,f). The estimated thicknesses of the compared PD and GS

films are similar (about 70 and 190 nm, respectively).
is still not clearly understood [26,32–38]. In the present

work, the structure of the anodic films on titanium ob-

tained by the pulsed discharge and galvanostatic anod-

ization was studied by the X-ray diffraction and

Raman spectroscopy methods. Thin films (d 6 50 nm)

prepared by both methods were revealed to be amor-
phous (Fig. 9(a)). Raman spectra of the thicker anodic

films (d � 100 nm) display four bands at 144, 395, 512

and 645 cm�1 which can be assigned to the anatase

structure [39,40]. Characteristically, the intensity of

these bands for the GS film is higher than that for the

PD film at a comparable film thickness, indicating that

the latter is better crystallized (Fig. 9(a)).

Fig. 9(b) presents an XRD spectrum of a thick PD
film (d � 300 nm). Besides the peaks of the titanium sub-

strate, the peaks of anatase and rutile are observed, with

a comparable content of these crystal modifications in

the film.

Under the action of pulsed discharge, heat balance

at the electrode surface is determined by the relationship

between the rate of heat supply, Q, liberated in the near-

electrode region and the rate of heat removal through
the heat exchange with substrate and electrolyte.
Fig. 9. (a) Raman spectra of the anodic films prepared by the pulsed

discharge (2,4) and galvanostatic oxidation (1,3). The film thickness

was ca. 50 nm (3,4) and 130 nm (1,2). (b) X-ray diffractogram of the

anodic film on titanium prepared by the pulsed discharge method. The

film thickness was ca. 300 nm.



Fig. 10. Potential dependences of the photocurrent recorded at

different wavelengths for the 25 nm (left column) and 125 nm (right

column) thick anodic TiO2 films prepared by the high-voltage

discharge oxidation (solid lines) and galvanostatically grown (dashed

lines). The potential sweep rate was 10 mV s1. Electrolyte: 1 M H2SO4

solution.
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The supplied heat involves two components: the heat

liberated in the course of chemical reactions and the

joule heating effect of the current flow, I,

Q ¼
X

DHi þ DUI ;

where
P

DHi is the sum of the enthalpies of the chemical

reactions proceeding at or near the electrode surface, and

DU the voltage drop across the near-electrode region.

The joule heating prevails among the other components,
because a huge voltage drop is localized in the areas with

low conductivity (gas envelope or growing anodic film).

The overall rise in temperature can cause an increase in

conductivity of titanium ions in the anodic film, i.e.,

intensification of its growth [41]. The liberated heat

may be sufficient for melting of the film material. Proba-

bly, this effect is responsible for the appearance of flowed

surface patterns at the electrodes treated repeatedly by
the pulsed discharge (Fig. 8(b)).

After reaching the peak value, current falls abruptly

(Fig. 2) causing rapid drop of the temperature and con-

densation of the components of the plasma layer. A very

high rate of cooling, which can reach 108 K s�1 [14], may

be responsible for the stabilization of the amorphous

state of PD oxide film. Crystalline phases appear only

in relatively thick PD anodic films probably as a result
of many repetitive heating–cooling cycles.

3.5. Semiconducting properties of anodic films

It is well known that the structure and electronic

properties of anodic films on titanium as well as on

other valve metals depend strongly on the film growth

rate [26,31–38]. Since these properties are very impor-

tant for possible practical applications of anodic films,

many researchers have investigated them using different

methods including impedance [26,33,34,36,42–45] and

photoelectrochemical techniques [7,26,33,37,38,44–50].
Impedance studies showed that anodic oxide films on

titanium are highly doped with donor densities, Nd,

ranging from 5 · 1019 to 1021 cm�3 [26,33,36,42–

45,47,50]. However, analysis of impedance data was

noted to be complicated by the non-ideal Mott–Scho-

ttky behavior of anodic films [33,44,51]. Strongly disor-

dered structure of the anodic films should be taken into

account to explain these experimental results [26,42,43].
The donor density of the titanium anodic films was re-

vealed to depend on its growth rate. Ohtsuka and Otsuki

[36] found that the dielectric constant increases and the

donor concentration decreases with increasing the

growth rate of the film. Similar results were also ob-

tained by Blackwood and Peter [33].

Photocurrent spectroscopy is the other useful in situ

technique, which was repeatedly applied to examine
semiconducting properties of anodic films [7,47]. A

marked dependence of the photoelectrochemical proper-

ties of titanium anodic films on the film formation
conditions was observed [7,26,33,37,38,45–49]. A com-

prehensive study of the influence of the formation poten-

tial and, hence, the film thickness on photocurrent

spectra and photocurrent–potential dependences for gal-

vanostatically prepared films was performed by Leitner

et al. [46]. They concluded that thin films formed at
lower potentials (<15 V) was amorphous and demon-

strated enhanced indirect band gap values and the ab-

sence of a direct band gap. Films of intermediate

thicknesses began to demonstrate crystalline properties

but had substantially reduced quantum yields of photo-

current, suggesting enhanced surface recombination.

Thick films formed at E > 50 V were fully crystallized

and demonstrated properties similar to those of bulk
crystalline TiO2. Similar results were also obtained by

March and Gorse [49].

In this section, photoelectrochemical and impedance

techniques were applied to investigate semiconducting

properties of the PD and GS anodic oxide films grown

on titanium in sulfuric acid solutions.

3.5.1. Potential dependence of the photocurrent

Fig. 10 shows the comparison of photocurrent (iph)

vs. potential (E) curves recorded at different wavelengths

for the thin (25 nm) and thicker (125 nm) anodic films

which were prepared by the pulsed discharge and galva-

nostatic methods. As can be seen from Fig. 10, the shape

of iph–E curves is markedly dependent on the light

wavelength.

For thin PD films the shape is changed from sub- to
supra-linear with increasing the illumination wavelength



Fig. 11. Photocurrent spectra of the pulsed discharge prepared and

galvanostatically grown anodic TiO2 films with different thickness (50,

125 and 250 nm). The spectra were recorded at a potential of 1.0 V.

Electrolyte: 1 M H2SO4 solution.

S.K. Poznyak et al. / Journal of Electroanalytical Chemistry 579 (2005) 299–310 307
(Fig. 10, left column). For thicker films sub-linear curves

are observed irrespective of the wavelength (Fig. 10,

right column). We also measured photocurrent vs. po-

tential curves for titanium anodic films grown galvano-

statically in the same electrolyte. These dependences

for the GS films shown in Fig. 10 demonstrate the gen-
eral trends similar to those of the PD films with the dif-

ference that the supra-linear shape of iph–E curves is not

observed for thin GS films.

The similar influence of the energy of incident pho-

tons on the shape of photocurrent vs. potential curves

was reported previously for anodic films on titanium

and other valve metals [26,46,52,53] and was associated

with the effect of geminate recombination in low mobil-
ity materials [52,53]. Because of the low mobility, the

photogenerated carriers in such materials do not pass

during the termalization time a distance long enough

to prevent their recombination. In this case, the effi-

ciency of free charge generation is less than unity and

it contributes to lowering the photocurrent quantum

yield together with other losses characteristic of crystal-

line materials. According to theoretical considerations
based on Onsager�s theory of geminate recombination,

the efficiency of free carrier generation rises with increas-

ing electric field, photon energy of incident light, mobil-

ity of photocarriers and temperature [52,54].

The stronger influence of the photon energy on the

shape of iph–E curves is observed for thin PD films in

comparison to the GS films with a comparable thick-

ness. These results could be rationalized by more amor-
phous or disordered structure of thin PD films. Thick

anodic films prepared by both methods demonstrate a

similar behavior: the iph–E curves at different wave-

lengths (Fig. 10, left column). Such behavior can be ex-

plained in terms of the Butler–Gartner model for

crystalline semiconductors [15]. Because of the higher

mobility of photogenerated carriers in crystalline mate-

rials, no influence of the photon energy is expected on
the photocurrent–potential dependences. Thus, the crys-

tallization of the anodic films can be responsible for

changing their photoelectrochemical behavior with

increasing the thickness. This conclusion is in accor-

dance with our structural studies reported in Section 3.4.

3.5.2. Photocurrent spectra

Fig. 11 presents typical photocurrent spectra mea-
sured for the PD and GS films with different thickness.

For thin PD films, a marked hypsochromic shift of the

long wavelength photocurrent edge is observed. The in-

crease in thickness of the PD film results in a significant

shift of the spectrum edge to lower photon energies and

in a marked increase of the photocurrent quantum yield

(g). Unlike the PD films, the increase in thickness of the

GS films from 25–50 to 70–130 nm results in the signif-
icant lowering of the photocurrent at k < 310 nm and

the maximum of the spectrum is shifted to 320 nm. Such
photoelectrochemical behavior of the anodic films on

titanium, which has been previously reported, is indica-

tive of enhancing surface recombination, since photons

of higher energy are absorbed close to the surface where
the effects of surface recombination have a predominant

influence on the photocurrent. Peter et al. [24,47] re-

vealed that the film breakdown occurs in this thickness

range during the growth of the anodic oxide films on

titanium. They attributed the sharp reduction of the

photocurrent at shorter wavelengths to the increased

rate of recombination and carrier trapping in the

stressed and damaged oxide after its breakdown. For
thick GS films (d = 200–250 nm), the photocurrent in-

creases considerably, especially at higher photon ener-

gies, and the photocurrent spectra again become to be

similar to those of the PD films.

For determining bandgap energies, Eg, from the pho-

tocurrent spectra, the following relationship between the

photocurrent quantum yield, g, and the photon energy,

�hx, is commonly used:

g�hx ¼ Anð�hx� EgÞ1=n; ð2Þ
where An is the constant, n = 1/2 and 2 for allowed indi-

rect and direct optical transitions, respectively [15]. This

expression is correct when g is directly proportional to
the absorption coefficient, a, of the semiconductor.

The latter condition is commonly fulfilled for relatively

small values of a (102–104 cm�1), i.e., in the vicinity of

the absorption edge. Using the Eq. (2), the band gap

values can be estimated by extrapolation of the

ðg�hxÞ1=n–�hx curves on the �hx-axis.
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Both PD and GS anodic films exhibit rather extended

linear parts of the photocurrent spectra plotted in

ðg�hxÞ2–�hx and ðg�hxÞ1=2–�hx coordinates. Extrapolation

of the linear part onto �hx-axis allows direct estimation

of Egd or Egi values. The results of these calculations

are listed in Table 1. It should be noted that the linear
regions in ðg�hxÞ1=2–�hx plots do not overlap those in

ðg�hxÞ2–�hx plots. The Egd or Egi values obtained for

the GS films are in good agreement with those reported

by other researchers for the anodic films prepared by

similar method [26,46]. The higher band gaps of thinner

films can be explained by their amorphous structure as

assumed previously [7,26,46]. Although the optical tran-

sition selection rules break down for amorphous semi-
conductors, it has been shown that Eq. (2) is still

applicable for these materials and is considered as an

empirical relationship [7,55]. In this case the estimated

Egi value does not necessarily mean an indirect band

gap, as for crystalline semiconductors, and can be re-

garded as a mobility gap. At the film thickness is more

than 80–100 nm, crystallization of the GS anodic films

takes place and the Eg decreases to the values
(�3.2 eV) characteristic of crystalline anatase (Table 1).

For thin anodic films (d < 100 nm) obtained by the

pulsed discharge method, markedly higher Egd or Egi

values are observed as compared with those for the

GS films. This difference in Eg practically disappears

for thicker films prepared by both methods, which is

probably related to the film crystallization. The en-

hanced apparent band gap values for thin PD films
can be caused by a higher structural and chemical disor-

der in these samples. However, the differential capaci-

tance measurements, as will be shown below,

demonstrate that the donor concentration is signifi-

cantly lower in the PD films compared to the GS films.

The other explanation of the higher band gap energies

can be in a peculiar structure of the PD grown films

including a marked amount of electrolyte anions
(�5 at.% of sulphur as SO2�

4 ions according to Auger

analysis) and, probably, structural water. The presence

of such inclusions can give rise to an essential change

in semiconducting properties of anodic films [36].
Table 1

Direct, Egd, and indirect, Egi, band gaps estimated from photocurrent

spectra for anodic TiO2 films with different thickness prepared by the

high-voltage pulsed discharge and galvanostatic anodization in 1 M

H2SO4 solution

Film thickness (nm) Egd (eV) Egi (eV)

PD films GS films PD films GS films

25 ± 5 3.93 3.78 3.35 3.27

50 ± 5 4.19 3.66 3.53 3.27

125 ± 10 3.74 – 3.22 3.26

170 ± 10 3.64 3.54 3.19 3.21

250 ± 20 3.52 3.55 3.03 3.15
3.5.3. Differential capacitance measurements

The Mott–Schottky plots obtained from the capaci-

tance (C) vs. potential (E) dependences for the PD and

GS anodic films show certain non-linearity in a broad

potential region (Fig. 12).

Similar behavior has been previously reported for
anodic films on titanium [26,33,36,42,44,51,56–58] and

received an ambiguous interpretation. Allard et al. [57]

have assigned it to a field dependence of the relative per-

mittivity of the oxide. However, there are several other

explanations of such behavior. Thus, the presence of

multiple donor levels in the film might result in the

non-linear Mott–Schottky plots. In this case, the con-

centration of ionized donors increases with increasing
the electrode potential as the Fermi level shifts down

from the conduction band toward the valence band

[51]. Moreover, at higher potentials, the passive film

can be totally depleted of charge carriers when the space

charge region becomes comparable with the film thick-

ness. A more probable explanation of the non-linear

C�2–E curves is that the concentration of donors varies

through the film thickness. The donor density is the
highest at the metal–oxide interface and decreases to-

wards the oxide–electrolyte interface. Such a change in

stoichiometry of the anodic films is supported by the re-

sults of Auger (Fig. 7) and RBS measurements [58–60].

We found that the differential capacitance (C) of both

PD and GS anodic films was somewhat frequency-

dependent. However, the frequency dependencies were
Fig. 12. Mott–Schottky plots of the pulsed discharge prepared and

galvanostatically grown anodic TiO2 films with different thickness (125

and 170 nm). Electrolyte: 1 M H2SO4 solution.



S.K. Poznyak et al. / Journal of Electroanalytical Chemistry 579 (2005) 299–310 309
similar for PD and GS films. Therefore, all capacitance–

potential curves were recorded at 1 kHz, allowing to

make a reasonable comparison of the parameters ob-

tained from the impedance data for both types of anodic

films.

Assuming e = 56 [43,61], we calculated the ionized do-
nor concentration from the slope of linear parts of the

C�2–E curves observed in more negative potential re-

gion. Similar approach has been previously applied in a

number of works [33,36,44,56–58]. Donor concentra-

tions of the PD films are significantly lower than that

of the GS films and ranges from 1017 to 1019 cm�3,

whereas the Nd for the GS films falls in the range from

1019 to 1020 cm�3. Note that the donor concentration de-
pends on the film thickness. The Nd value of the GS films

falls from 9.3 · 1019 to 3 · 1019 cm�3 whereas in the case

of PD films it increases from 9.6 · 1017 to 2.7 · 1018 cm�3

at increasing film thickness from 125 to 170 nm.

Such significant differences in the Nd for GS and PD

films cannot be interpreted only by a possible difference

in the relative dielectric constant for two types of the

anodic films. Indeed, thin titanium anodic films grown
by traditional methods have been previously shown

[26,33,42,44] to be highly defective. Moreover, these

films are characterized by a rather extended metal–oxide

interface, i.e., a wide region of the non-stoichiometric

composition is present in the film [58–60], which is

responsible for the high donor density. According to

the Auger spectroscopy data (Fig. 7), the anodic films

prepared by the pulsed discharge method are practically
stoichiometric and have a markedly shorter transition

region from TiO2 to Ti, which is consistent with the

impedance and photocurrent spectroscopy results. The

improved electronic and photoelectrochemical proper-

ties of the relatively thin PD anodic films can be caused

by extremely high rates of the film growth under condi-

tions of the generation of hot plasma at the electrode–

electrolyte interface.
4. Conclusions

The application of a high-voltage pulsed discharge

method for preparing thin anodic films on titanium

has been proposed in the present work. The capacitor

discharge into an electrochemical cell consisting of two
titanium electrodes and 1 M aqueous solution of

H2SO4 as an electrolyte was applied for the Ti

anodization.

It was revealed that the anodic oxidation of titanium

was accompanied by a light flash at the electrode surface

and generation of a shock wave. The current and emis-

sion transients have a peak, with the time at the peak

and the duration being dependent on the parameters
of the electrochemical cell, the capacitance value and

the applied voltage. Spectroscopic measurements
showed that hot plasma is created near the electrode sur-

face during the Ti oxidation. Overfaradaic yields of the

anodic film formation were revealed for the pulsed dis-

charge method and this effect was associated with the

participation of high-energy radicals, generated in hot

plasma, in the oxide growth process.
The results of Auger depth profiling showed that the

anodic films obtained by the pulsed discharge method

are characterized by a higher stoichiometry, a more

homogeneous composition through the film thickness

and a higher content of sulphur probably in the form

of SO2�
4 ions in comparison to the films prepared by

the conventional galvanostatic method. Thin PD films

(d < 50 nm) have an amorphous structure, whereas the
anatase crystalline phase appears in the thicker films

(d = 100–150 nm). However, the decrease in the oxide

crystallinity for the films with a comparable thickness

was observed in going from the galvanostatically pre-

pared films to ones obtained by the pulsed discharge

method. The TiO2 films (50–150 nm) formed in the

pulsed regime exhibit significantly higher photocurrent

quantum yields at low wavelengths k < 310 nm. The
films prepared by the pulsed discharge method exhibit

a lower donor density compared to galvanostatically

grown ones. The maximum difference in the donor con-

centration of about two orders magnitude is observed

for the films with intermediate thickness (100–130 nm).
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