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The properties of thin (less than 10 nm) anodic oxide films formed

on titanium have been investigated. Particular attention was paid in
this study to the spontaneous open-circuit passive-~active transition that
the oxide films are known to undergo in acidic media. The mechanism
leading to this breakdown was found to involve uniform dissolution

of the film. The rate of the dissolution process was found to be
proportional to the initial growth rate of the oxide film and to the
open-circuit temperatute. In addition the nature and concentration of
both the cation and anion species in the open-circuit media were found

to have a pronounced effect on the thinning rate of the anodic oxide

films.

Photocurrent spectroscopy and capacitance measurements were used
to show that slowly formed oxide films are more crystalline than their
rapidly grown counterparts. These tehcniques were also used to obtain
the absorption coefficient spectrum, over the wavelength range 250 ~

400 nm, for the titanium anodic oxide films.

Ellipsometry revealed that the anodic oxide films formed on
titanium have a structure similar to the anatase form of Tioz, and
that a suboxide layer forms between the metal and the dioxide when

the original growth field is reduced.
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CHAPTER 1

INTRODUCTION



Introduction

Titanium is a relatively abundant metal, making up 0.6% of
the Earth's crust, with the most common ores being the rutile form
of the dioxide and a mixed oxide of composition FeTiO3, known as ilmenite.
Although the metal was discovered in 1791 by W. Gregor, it was
not readily available until 1949, when the Kroll process (1) was introduced.
This method converts the ore into the liquid tetrachloride, which is
purified by distillation and then reduced to the metal in a furnace
with magnesium. However, the main commercial process for titanium

production is now an electrolytic method.

Below 882°C titanium has a hexagonal close packed structure
(x ~phase) and has good mechanical properties for a low density (4.5 g cm‘3)
metal (2). Above 882°C, titanium undergoes a crystal transformation

to a body centre cubic structure (B -~phase) (3).

Although titanium is intrinsically very reactive, a thin protective
oxide film is formed rapidly on exposure to oxygen in the presence
of trace amounts of water, preventing any further reaction. However,
in the complete absence of moisture, no protective film is formed
and oxidation occurs in depth (3). When a natural protective film is
formed, titanium is found to be corrosion resistant in a wide range
of chemical environments (3). This has led to titanium becoming an
important industrial material (4-7), for example in copper electrowinning,
where titanium 1s used as a cathode on which the copper can be deposited
with a finely balanced adhesion, which makes it easy to remove at a

later stage.

In chemical environments such as concentrated sulphuric acid,
where titanium 1s not particularly corrosion resistant, anodic protection
can be used to improve its performance. This method involves raising
the electrode potential of the titanium so that a passivating anodic
oxide film is formed. Once formed, the passivity of the film can be
maintained if a small anodic current is applied, typically 8 x 10-4 A m'2

in 67% H2504 (8). Anodic passivation has made possible widespread



industrial application of titanium, for example for heat exchangers
handling sulphuric acid in the viscose rayon process (9), as heating
and cooling coils and support anodes in the electroplating industry
{10,11) and in the field of nuclear energy where titanium has been
used in the processing of fuel elements with nitric acid or aqua-regia

(12,13).

The behaviour of passive films on metals has been studied by a
wide range of techniques in addition to the well established steady
state (14-16) and non-steady state (17,18) electrochemical methods.
In recent years, optical techniques have played an increasing role,
with ellipsometry (19-21), reflectance (22), electroreflectance (23,24)
and photocurrent spectroscopy (25,26) leading the way. There is also
a range of structural techniques available for the study of thicker
films (>10 nm), such as electron diffraction (27,28) and X-ray diffraction
(29,30). The final catalogue of techniques presently being used to
study oxide films also includes high vacuum surface analytical techniques,
such as X-~ray photoelectron spectroscopy (31,32), Auger electron
spectroscopy (31-~33), secondary ion mass spectroscopy (34) and scanning

electron microscopy (35).

Despite the availability of this impressive array of techniques,
the exact nature of the protective oxide film formed on titanium by
anodisation, 1is still open to debate. At high voltages (> 50 V), evidence
from structural techniques for both rutile (27) and anatase (28) has
been presented. For the thin films formed at low voltages (< 10 V),
there 1s even more uncertainty, with reports (27,28,36-42) suggesting
that all three naturally occurring oxides; rutile, anatase and brookite;

as well as a series of loweroxides, are present in the film.

The growth of the oxide film during anodic oxidation takes place
by the migration of titanium interstitial ions or oxygen vacancies from
the metal oxide interface (43,44), although some authors (45,46) have
reported evidence of growth via oxygen migration. It has been shown

that anodic oxide growth obeys the inverse log law (47).



The literature concerning the anodic oxidation of titanium

was reviewed by Aladjem (48) in 1972, and more recently the general

electrochemistry of the metal has been reviewed by Kelly (49).

Although the anodic oxide film stabilises titanium in many
corrosive environments, it 1s known to undergo a spontaneous breakdown
(50) in various acidic media, leading to the active dissolution of the
metal, if it is not anodically protected. Although this phenomenon
has been studied frequently (14,15, 50-61), the mechanism of the break-

down has remained uncertain.

The time taken for a titanium electrode, passivated initially
by an anodic oxide film, to become active after it is switched to
open-circuit, is defined as the breakdown period, Tb. It has been shown
{60~62) that Tb decreases with increasing temperature, film growth
rate and acid concentration, but increases with increasing film
thickness and Ti3+ concentration in solution. In addition, it has been
demonstrated that '% 1s uneffected by scratching of the oxide film after
growth; the oxide film in this case is believed to regrow to a thickness
determined by the anodising ratio (40,44) and the open circuit potential

(50) .

It has been suggested by Armstrong et al. (55) that the breakdown
in passivity of titanium anodic oxide films is caused by the nucleation
and growth of two dimensional holes. This mechanism was later modified
by Harrison and Williams (15), on the basis of impedance data from
the breakdown of very thin (< 20 nm) anodic oxide films which suggested
that nucleation and growth of patches of a porous reduced oxide occurred.
Harrison and Williams (15) proposed that the reduction of the Ti02
film may be a consequence of the reduction of hydrogen ions at sites
within the oxide leading to the formation of TiO0H. Indeed in an earlier
paper, Dyer (63) explained the electrolytic rectifaction behaviour of

titanium electrodes as a consequence of the reaction,

. + , -
TiO, + H —> TiQOOH + e 1.1
2 T



Two further possible causes of the loss of passivity were
considered in the present work. The first possibility is that the
dioxide 1is reduced at the metal/oxide interface via a disproportionation

reaction,

3T102 + Ti ——> 2Ti203 1.2
The alternative mechanism is that the oxide simply dissolves slowly

in the acid at a rate that depends on both the open-circuit environment

of the oxide film and on the conditions under which it was grown. The
results presented in this thesis show clearly that the second mechanism

is responsible for the open=-circuit breakdown in passivity of anodic

oxide films grown on titanium and the effect on the dissclution rate

of temperature, film thickness, growth rate of the film and the electrolyte
composition has be en characterised in detail in terms of the dissolution

mechanism.

The effect of alloying on the performance of titanium in
corrosive environments has been studied in detail by other authors
(64-71). It has been reported that small amounts of molybdenium,
zirconium, nickel, tungsten and niobium stabilize the passive film.
Radocivi et al (65) have reported the following trend in passivity

of titanium alloys;
Pd > Ni > Mo > MnAl > vAl 1.3

In addition to studying the passive-active transition of anodic
oxide films on titanium, the present work involved investigation of
the semiconductor properties of these films using a range of techniques
including photocurrent spectroscopy (25-26) and electroreflectance

(23,24,72).

McAleer and Peter (26) have already used photocurrent spectroscopy
to show that above about 1.5 V vs S.C.E., anodic oxide films on

titanium are essentially pure TiO with an amorphous structure. The

2
spectral dependence of the photocurrent of thin films has been investigated

by McAleer (44), and the photocurrent onset was found to be at 420 nm



(3.06 ev), which is close to the indirect band gap of rutile single

crystals (73). Evidence is put forward in this thesis, from photocurrent
measurements, that shows that the crystallinity of the oxide films increases
as either the temperature is increased, or the growth rate is decreased.

In addition, the spectral dependence of the absorption coefficient of

these films is derived.

The properties of the oxide films were also studied by electro~
reflectance. Frova et al. (23) have indicated previously that when
electroreflectance measurements are performed on thin absorbing films,
reflection from the back surface must be taken into account, and that
this may lead to electroabsorption effects dominating the spectra
obtained. More recently, Blondeau et al. (74) have proposed that this
phenomenon leads to interference effects. Both these ideas were

considered in the interpretation of the results obtained for this thesis.
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CHAPTER 2

THEORY
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2.1 Passivation and Oxide Growth

2.1.1 Passivation

Many metals, including titanium, can form protective films which
slow down the rate of corrosion in natural environments. Whether it is
thermodynamically possible for these films to be formed depends on the
potential of the metal and the pH of its surroundings. If only water
and the metal are considered, this information can be obtained from

the Pourbaix diagram (1) for the metal.

In the case of titanium, oxidation of the metal by water is

spontaneous, up to the Ti(IV) oxidation state;

< ©
Eri jmy3+ Er. 34 /ms
. R R +
Tio+ 280 —/TIT g3ty oo IET/TI02 L nig 4 g 2.1
2 -3e~ 2 -e- 2

<

Epi jp3+ = ~1-209

<

ETi3+/Ti02 = -0.666V.

This means that titanium is not in a true state of equilibrium
when it is in aqueous media, hence its standard potentials cannot be
measured accurately. Therefore, experimental verification of the
Pourbaix diagram (Fig. 2.1) calculated from thermochemical data, is

difficult.

The most recent review of the standard potentials of titanium,
by James et al (1985) (2), showed only one major alteration, that was
to move the T137Ti2+ standard potential down from -0.368V to -2.3V
suggesting that the former experimentally determined value was due to
a mixed potential, with the oxidation of Ti(iii), not Ti(ii), being

s . . + . .
the positive side and the reduction of H the negative side.

The steady state current vs potential curve for a passivating

metal 1is shown schematically in figure 2.2.
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Fig. 2.1. Potential-pH equilibrium diagram for the titanium-water

system, at 25°C. The anhydrous oxide of Ti203 and TiO?
{(rutile) have been considered (1). ’
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Fig 2.2 Steady state current-potential curve for a

passivating metal.

bs the potential is made more positive, the current is seen
to rise steeply at first due to the active dissolution of the metal.
However, as the potential becomes still more positive, the current
begins to fall, and this has been interpreted as the point at which
either oxygen is adsorbed on the metal surface, or the oxide film
starts to form, inhibiting dissolution of the metal. The potential
at which this occurs is often referred to as the Flade potential (3).
Two different types of behaviour are observed when the potential is made
still more positive. In the case of the so-called 'valve metals', the
oxide film thickens and the dissolution rate falls to zero. 1In
other cases, e.g. chromium, the metal may undergo a further oxidation

and become transpassive i1f the higher valence state is soluble.

In the case of titanium, the Flade potential is in the region

of ~0.32V vs. SHE (-0.96 vs Hg (Hg 504), at pH 0, and a pH dependence

2
of 60 mV per decade has been reported (4).

The first step in oxide film formation is in some doubt.
Armstrong (5) has suggested that it is related to the adsorption of
oxygen, whilst Evans (6) has proposed that a monolayer of bulk oxide
is formed in the first stage of growth. Depsite the uncertainty about
the initial steps in the mechanism of oxide formation, it is believed
(7), that an oxide layer is always present, even immediately after
polishing. It has even been suggested that thils layer is not removed

by cathodic polarisation, but is undermined instead by a layer of
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titanium hydride (8). This view has been challenged recently by
Arsov (9), who has presented ellipsometric data that appear to show
that bare titanium 1s exposed after holding the potential in the region

of -0.36V to -0.66V vs SHE for a period of minutes in sulphuric acid.
2.1.2 Growth Laws

Although titanium is in some ways similar to many transpassive
metals (Fe, Co, Ni, Cr, etc.), in that the metal spontaneously activates
in acidic deoxygenated aqueous chloride or sulfate solutions (10), the
anodic film growth characteristics of titanium in the passive state
are very similar to those of the typical valve metals (Zr, Hf, Ta, etc.)
(11). Anodic oxide films formed on valve metals tend to have
insulating properties, and large fields are required for oxide growths
by ionic conduction to occur, so oxide growth on titanium is expected
to follow the inverse logarithmic law (12), which is the high field
limiting form of both the Cabrera-Mott (13) and the Verwey (14) theories.
These theories consider the flux of ions over a potential barrier.

The Cabrera-Mott theory considers the largest energy barrier to be
located at the metal/oxide interface (Fig. 2.3a), whereas in the Verwey
theory the rate controlling activation energy barrier is assumed to

be within the bulk oxide (Fig. 2.3b).

The barrier is effectively lowered as theavailable electric
field is increased so that more ions are able to cross, resulting in
oxide growth. For any particular ion, the probability of crossing

the barrier is given by;
= BEX - (AG - zea .
P = Exp [-(0G -~ 2 EOX)/kT] 2.2

where AG is the barrier height, Ze is the charge on the ion, a is the
half-width of the barrier and on 1s the electric field across the
oxide. 1In earlier theories of oxide growth (13,14) the field has simply

been defined as
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b) Verway theory.

Fig. 2.3 Schematic potential-enerqgy profiles for ion transport
across an oxide film on a metal (zero field), showing the
limiting cases corresponding to (a) the Cabera-Mott theory,
(b} the Verwey theory.
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where vtot is the total potential drop between the electrode and

the solution and Lf is the oxide films thickness. For the very

thin films grown in the work for this thesis account should be taken

of the potential drop across the Helmholtz layer.

Halmholtz
Matal Oxida layar
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Fig. 2.4 Schematic representation of the total
potential drop across the electrode/
electolyte interface

Figure 2.4 shows that vtou is made up of two parts

= v + V., 2.4
Lot ox dl
The oxide and double layer can also be represented as two
capacitors in series, so that the fraction of the total potential
drop which occurs across the oxide can be expressed as
vox Le
= - 2.5
(J € .
tot L, + _0X ©
L
Cq1
L
f o
= 2.6
€ ox
Lf + Lq
£y '

where € ox and €y are the relative premittivities of the oxide film and

the Helmholtz layer respectively, C is the double layer capacitance

dl
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and LH is its width. The field across the oxide is given by,

v
OX vtOt
E_ = = 2 2.7
OoX Lf Lf OoxX ~O
Ca1

If a surface density of mobile ions at the major potential
barrier of Ncm-Z, with a characteristic frequency of v, is considered,
it follows from equation 2.2 that the current density in the direction
of the field is

->
7 = Nv Ze Exp [-(AG ~ Zea on)/kT} 2.8

The reverse current density is

é_
5= Nv Ze Exp [~(AG + Zea EOX)/kT] 2.9

Hence the net current density flowing is

. e 4 <«
]net - J

WZe Exp ~(AG/KT) sinh (Zea EOX/kT) 2.11

. . . -1
In the high field limit, on > lO6V cm o, the reverse current

can be neglected so that equation 2.11 becomes

(R
it

j E k
jo Exp (Zea OX/ T)

il

Jg ExpBEOX 2.12
where jo is the exchange current density and B is often referred to
as the "Tafel slope". Substitution of equation 2.7 and 2.13 into equation

2.12 gives equation 2.14.
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_ AP dLg

aL v 5

where vm is the molar volume of the oxide. Integration of equation

2.14, neglecting terms Lf3 and above gives

t

2

4F(L Rl
Ca1 Exp |-8V. _/ O

j Bv tot (L + _OX O)
tot £ Cdl

For small changes in Lf

sz

2 —
€oxfo €oxfo Lel
(L )/( £l + G ) < < Exp V%

dl

(f“

Therefore for small changes in the film thickness,

EoxFo
t A Exp [TBW/(Ff + C )
dl
BV
~Lnt = ————39%——— - LnA
Lf+€OX [o]
Ca1

where A is a constant.

) (e

The inverse log law states that the film thickness is

1

dl

2.16

2.17

inversely proportional to the natural log of time, but equation 2.18

shows that this will only hold if the volume of C tends to infinity.

al
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Computer calculations (Fig. 2.5) using the complete Cabrera-Mott (13)
1/

Lf will be curved

although in practice detection of this non-

equation (equ. 2.11), show that plots of Int vs
for smaller values of cdl'
linearity would involve measuring charge-time transients over several

decades of time.

The effect of this Helmholtz layer on the results expected from
linear sweep voltametry (section 3.2.2) was generated by a numerical
method (Fig. 2.6). It was found that the Helmholtz layer was equivalent

to an initial oxide film Sox Ly thick and therefore moved the apparent

€
H . . . .
onset potential for film growth in the anodic direction, but the

magnitude of the plateau current was not affected. However, as the
Helmholtz layer will always be present, there is no experimental way of
measuring the onset potential for film growth in its absence. 1In
addition, there is likely to be a natural oxide layer on the electrode's
surface, so that the potential shift due to the Helmholtz layer above

is not accessible to measurement.

2.1.3 The effect of the space charge on anodic oxide growth

Dewald (15) and later Fromhold (16) have considered the effect
on the growth field of the space charge due to ions in transit. This
charge will cause the size of the field acting on the ions migrating
through the film to be position dependent, with the average field E
given by (15)

1/

F-r + Y §) n (1L + &) - 1] 2.19

0524 Bb[(l "

where E < is the space charge free value of the field, the subscript
¢!
b refers to a bulk oxide barrier as in the Verweytheory (14) and

4TYBbe e N(O)Lf

S

EEO

where N(O) is the ion concentration at the metal/oxide interface.
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In the limit that 8 < < 1, equation 2.19 tends to the Cabrera-Mott
theory {(equ . 2.12), on the other hand when § > 10 the space charge

becomes all important,

E = lé , Lns
4nB. 2. e N (o)L
1/, In | b b £ 2.21
b €%

In the high field limit, it can be shown that N(O) is related

to the current density by the Dewald expression (15).

Y
{1-v) Nsvszse)

N¢o) = ] z.v Exp [(8G, = YAG) /kT] 2.22

where y is the ratio of the half jump distance of the barrier in the
bulk oxide to its counterpart at the metal/oxide interface and the
subscript s refers to parameters at the metal/oxide interface barrier.
Hence both equations 2.12 and 2.21 predict currents which depend
exponentially on the average field, and it is therefore difficult to

distinguish between the two mechanisms experimentally.

2.1.4 The anodising ratio

When an appropriate potential is applied to a titanium electrode,
the oxide will grow by ion migration. Kover et al. (18) have reported
that this migration involves metal cations moving through a sublattice
of oxide anions. As the oxide thickens, the effective field is reduced,
which in turn slows down the growth rate until it eventually becomes

insignificant.
From equation 2.23 it can be shown that the film thickness, at

any specific value of residual current is directly proportional to the

applied potential;

3 =3, EBExp | 2.23
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rearrangement gives

3 € € j
(o] OoX 0O (o]
Le = Svtot Ln.(—;) - c Ln (3“) 2.24

When Cdl tends to infinity, equation 2.24 shows that the ratio
L

f/vtot will be constant. This is then known as the Anodising Ratio

(A.R.) (17).

The A.R. is sometimes (19) defined as the ratio of the film
thickness to the applied potential after a specified length of time,

rather than a residual current. However, it can be shown from equation

2.26 that the value of Lf/vtot at constant t is not independent of Vtot'
even when Cdl equals infinity;
2
F L -
4 £ thot
t =~v——,—g\—7——“~ EXp < 2.25
mjo tot £

Rarrangement gives

Lf vajot BV

= Exp 2.26
M%é‘ 4F Lf Lf

If it is assumed growth starts at the Flade potential (3),
the thickness of any film at a given potential can be estimated if
the anodising ratio is known. As this is simply the inverse of the

field it can be calculated using equations 2.12 and 2.12.

L +G: c )
A.R. = l/E _ £ ox o/Cdl
Ox
v
tot
t
_ oxfo . 1/ ij gt
F
tot~dl toty 4
o)
£ q Vm
ox*o
A.R. = -+ B 4F) X (Arﬂ 2.27

C
vtot dl
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where g is the charge passed, A is the geometric area of the oxide,

with r being a roughness factor.

For titanium the anodising ratio has been found generally to be in
the range of 1.4 -~ 3.0 nm V—l (17,19,20) for film grown to less than

25 nm.

2.2 Properties of Anodic Oxide Films

2.2.1 Origin of film capacitance

The formation of an oxide film separates the charges on the
metal from those of the Helmholtz layer. The system can be thought of

as a parallel plate capacitor, with a capacitance given by
C = egr/L, 2.28

where Eo is the permittivity of free space and € is the relative
permittivity of the oxide.

Since the limiting thickness of the film L is linearly

f(lim)’
dependent on the applied field (section 2.1.4) a plot of the reciprocal
capacitance of the film versus the applied potential should be a

straight line, with a slope proportional to € .

When a sinusoidal perturbation in the field is applied across
the oxide film, a polarization is produced that lags behind the applied
perturbation by a frequency dependent angle © (Appendix 1). The
response can therefore be resolved into an inphase and a quadrature
component. The phase shift arises from the complex permittivity of

the oxide,

Several different polarization processes contribute to the

permittivity of the oxide films. These include lattice vibrations
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and electronic polarization, and each process will contribute fully

to ¢, only well below a characteristic critical frequency, a)c and to

1

€, only near this frequency (near in this context means within one or

two decades of frequency). This arises because when W > > wc the

114

polarizaion process will not respond at all; when @ wc a response
is obtained but it lags behind in phase; when w < < wc the time lag
of the response becomes negligible so that it is essentially in phase

with the applied perturbation.

For an ideal capacitor the phase angle, 0, between the voltage
and the current is 90°, but if the case of an anodic oxide film is
considered the dielectric propoerties of the oxide will cause 0,

to deviate by an amount known as the loss angle 6,
§ = (90° - 8) 2.30

tand is called the "loss tangent" and is given by

£
tan§ = l/tane = 2/81 2.31
Anodic oxide films on valve metals characteristically have a
constant value of tand for frequencies between 10 Hz and 10 kHz (21).
This feature has been explained (22,23) in terms of ionic relaxation

processes with a wide range of relaxation times, so that €_  effectively

2

remains constant and Sl only varies slightly. The relaxation procesgses
are believe (24) to involve the movement of interstitial ions and

are therefore related to ionic conductivity.

Anodic oxide films are not perfect capacitors as flaws allow
leakage current to flow. They can therefore be described in terms of

a resistor R « and a non-ideal capacitor COX in a parallel circiut
o

(Appendix 2). Since
Im (z)
tang = m 2.32

where Z is the impedance of the circuit, it is easy to show for this

circuit that,
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tang = 2/81 = l/wR C 2.33
OxX OX
A frequency dispersion in the measured value of the capacitance
of an anodic oxide should be observed in the region where

tand = constant (25,26).
2.2.2 Band Theory

The electrons associated with an atom in the gaseous phase
occupy discrete energy levels, but when the electrons are in a many
atom solid, these discrete levels overlap to form continuous bands.
These energy bands are often separated by forbidden regions, of
width Eg, called band gaps (27), where there are no solutions to

the Schrodinger equation.

For systems in their ground state, energy levels or bands,
will be filled in order of increasing energy. The band with the

highest occupied states is called the valence band, while the band with

the lowest unoccupied states 1s called the conduction band. The Pauli

exclusion principle implies that only two electrons can occupy the same
energy state, therefore each band can hold two electrons for every
atom in the structure. Hence, for odd-valent elements, such as the
group 1 metals, only half the states in the outer band are filled

(Fig. 2.8a). This means that if a field is applied, an electron can
easily move up to a higher energy level, to increase its energy and
consequently its velocity in the direction of the field. Hence these

elements conduct electricity readily, and they are often referred to

as true metals.

For even-valent elements in the ground state, the valence band
will be completely full and the conductivity will depend on which of

the three possible situations occurs;

i) the energy levels of the conduction and valence bands overlap,
(Fig. 2.7b), producing a conducting material, sometimes

referred to as a semimetal.
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Fig. 2.7 Density of states as a function of energy for different
classes of solid.
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ii) the energy levels of the conduction and valence bands are
separated by a small energy gap (Fig. 2.7¢) across which
thermal excitation of electrons can occur fairly readily.

This is the situation for intrinsic semiconductors.

iii) the energy levels of the conduction and valence bands are
separated by a large energy gap (Fig. 2.7d), which greatly
reduces the probability that an electron can be excited to the
conduction band at room temperatures. This is the case for

insulators.

2.2.3 The Fermi energy level

The probability that an electronic energy level is occupied,

is given by the Fermi distribution function

1
P—1+Exp[(E—EF)/kT] 2.34

where EFV the Fermi energy is effectively the level where the probability

of occupation by an electron is exactly 0.5.

For simple metals, the Fermi energy level is located in the
middle of the partially occupied band. In the case of intrinsic semi-
conductors and insulators in their ground state at absolute zero
temperature, the Ferml energy level will lie exactly half way between
the valence and conduction bands (Fig. 2.8a). This is because the
probability of finding an electron in the valence band, under these
conditions, is exactly one, while that for finding an electron in the

conduction band is exactly zero.

If the system leaves the ground state, its Fermi energy level

will move and will be given by, (28)
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where Ec and Ev are the energy levels of the upper edge of the valence
band and the lower edge of the conduction band respectively, while Nv

and Nc are the densities of states in the two bands.

2.2.4 1Intrinsic and doped semiconductors

Intrinsic semiconductors, are highly pure perfect crystals, whereas
in doped, or extrinsic, semiconductors some lattice atoms have been
replaced by impurity atoms with more (donor) or fewer (acceptor) electrons
than the original lattice atoms. Structures with an excess of donor
atoms are referred to as n-type and those with an excess of acceptor

atoms are called p-type semiconductors.

n-Type doping gives rise to an excess of electrons, some of
which are thermalised from the donor energy level into the nearby
conduction band. Hence the probability of finding an electron in the
conduction band is increased, and as a reuslt the Fermi energy level
moves up towards the conduction band (Fig. 2.8b). In the case of p-
type doping, the acceptor states are able to extract electrons from
the valence band, thereby reducing the probability of finding an
electron in the valence band, so that the Fermi energy level moves

downwards (Fig. 2.8c¢).

At high doping levels, the Fermi energy level moves out of
the forbidden region into either the conduction or valence bands and
the material becomes a degenerate semiconductor. The concentration
of free carriers must be calculated in this case form the Fermi-Dirac

distributions, as the Boltzmann approximation will no longer apply (28).

If a crystal structure is not perfect but contains vacancy
or interstitial defects, these can act as electron acceptors or donors,
producing the same effect as doping with foreign atoms. In undoped
imperfect crystals therefore, the stoichiometry determines the semi-
conducting properties. In the case of oxides, the number of defects
in a crystal can be influenced by the partial pressure of oxygen (PO?)

in the surrounding gas phase (29). However, at room temperature, the
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motion of the defects in the crystal is slow, so only a surface equilbrium

can be established. At high 332, some of the oxygen for the
surrounding gas phase can become incorporated into the crystal, altering

the defect concentrations in such a way as to induce p-type behaviour.

In the case of rutile, strong n-type behaviour can be obtained
by reducing the crystal in a hydrogen atmosphere. The donor states

have been reported to be interstitial titanium ions (30,31).

In addition to controlling the type of semiconductor behaviour,
cyrstal imperfections result in local stresses that can destroy
lattice periodicity so that the energy levels and band gaps become
dependent on position. This effect is referred to as band tailing (32),
and it is expected to occur in the amorphous and polycrystalline

structures which are formed in anodic oxide films.

2.2.5 Semiconductor/solution interfaces

A redox reaction at a metal electrode's surface may be represented

as

+
Osol em

Rsol 2.36

where Os and RS refer to the oxidised and reduced solution species

ol ol
respectively and em refers to the electron in the metal phase.

Equation 2.36 can be rewritten in terms of the eclectrochemical potentials

or

Since the electrochemical potential of the electron, Je’ can be

thought of as the chemist's definition of the electronic Fermi level,

it follows that ER - M must be formally equivalent to a "redox
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Fermi level" in the solution, although of course there are no de-
localised energy levels in the solution and O and R are still discrete

ionic species.

If an n-type semiconductor comes into contact with a solution,
the two Fermi levels present at the interface will tend to the same
energy. This equilibration is achieved by charge transfer (C.T.).
Because this is a rapid process compared to the motion of the solution
species, the Frank-Condon principle applies and as a result C.7T. will
only occur between quantum states of the same energy. C.T. can
therefore be represented as a horizontal line on the energy diagram
shown in figure 2.9. In addition, the localised energy levels of any
particular solution species taking part in the C.T. will fluctuate with
time in response to polarization changes in the solution. The energy
levels of the O and R species have therefore been represented as a

normal distribution about the most probable energy in figure 2.9.

In the case where the semiconductor's original Fermi energy
level was higher than the final level, a net loss of electrons will
have occurred from this phase, leaving a depleted positive layer called

the space~charge. The positive charge is localised on the immobile

donors. The depth to which the space charge penetrates the semiconductor

is called the Schottky length, LS, which is given by

2€£2A¢ 3
L =f 2.39
s eN

where N is the density of ionised donors and A¢ is the potential
across the depletion layer, which corresponds to the band bending,

ehp , (fig. 2.9), that arises from the space charge.
The space charge capacity, Csc' is defined as,
-~d
c = Qsc/qu>Sc 2.40

sC

where Qsc is the space charge.
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Fig. 2.9. Band-bending and distribution of energy states for an

n-type semiconductor in contact with a redox electrolyte

O/R couple in the absence of an applied field.
N.R. = neutral region; S.C.R. = space=-charge region;
C.T. = charge transfer reaction.
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Dewald (33) has used the Poisson-Boltzmann distribution
function to produce a general expression for the space charge capacit-
ance of a wide (> 3 eV) bandgap n-type semiconductor, in contact

with an electrolyte,

Nl

2

Y
- €e
do a N tf e

- 11/ -1

X
se abe_ | 2kT (f(e -1)-y-Ln {£+(1-£)a }]?

where f is the fraction of donors which are ionised in the bulk of
the semiconductor, Ny is the total density of donors and Y is the

. . . KT
value of the surface potential in units of /e;

Y= -elA¢/kT 2.42 .
If all the donors are ionised (f = 1), equation 2.27 becomes

2
9 Np=e, [eY~l!

sc 2kT

Py
(e¥oyo1)?

In the limit of large negative Y equation 2.43 can be rearranged

into the Mott-Schottky equation (34,35),

Ve o2 @@ - kT/Q) 2.44

sc eeaOND

which was first derived for the metal/semiconductor junction.
Equation 2.29 will be obtained regardless of the value of f, as

long as

Exp (-eA¢ /kT) = Exp (Y) << 1 2.45

and
Y > > (f - Lnf) 2.46
Equation 2.44 shows that a plot of l/Cic against A¢, should
be linear with a slope depending on the total donor density and an

kT/

intercept at a point e away from the flat-band potential. However,

any experimental measurement of the capacitance, at a solution/semi-
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conductor interface, will have to be corrected for the Helmholtz
layer capacitance, which appears in series with the space charge
capacitance, so that,

1 1

/e / 1/

= C + C
meas sc H

394

.47

The resultant correction term for the flat-band potential has been

determined by Pettinger et al. (36) as,

2 2
AV = e £ g € .
Vo=eeN_ Lfael € 2.48
where EH and LH are the relative premittivity and width of the

Helmholtz layer respectively.

For thin anodic films, the width of the depletion layer can
easily be greater than the film thickness. In this case some

additional counter charge is regquired on the metal (Fig. 2.10).

Imatal 9. c. 9. c.

/e
s Al o Ve
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9sol. 9501,

Fig. 2.10 Schematic representations of the charge distribution
within an anodic oxide film/electrolyte interface.
a) At high voltage and b) at low potentials.

For anodic oxide ?ilms, with typical values of Lf = 10 nm,
N = 1020 cm_3 and €= 30, equation 2.39 can be used to show that
the Schottky length will be greater than the film thickness for
values of 8¢ greater than ~ 3.0 V. Above this value the potential

drop will be across the whole semiconductor. Hence the space charge
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will not be modulated by the applied field, resulting in the measure-
ment of the geometric capacitance. Thus an ideal Mott-Schottky plot

for a thin anodic film should tend to a limiting value (Fig. 2.11).

1/C
990
1/c%

Vfb Potential

Fig. 2.11. Theoretical Mott-Schottky slot for an anodic oxide
£ilm.

2.2.6 The effect of a distribution of donor levels

The above tpecry only applies 1f there 1is only one type of
donor level, which is completley ionised at room temperature. This
may be the case for a single crystal, but is unlikely in a poly-
crystalline anodic oxide film. A more realistic model involves
additional donor levels, which are not 1lonised until the Fermi
energy passes through them at higher band bending. The effect of

various donor level distributions has been considered by McAleer (17).

The simplest of the cases considered by McAleer (197), based
on work by Myamlin (28), involves a single deep donor level in
addition to the completely ionised one. At low potentials the

. . . ) kT
space charge capacitance 1s given by (assuming A¢ >> /e)
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where NS 1s the density of shallow donors, which are completely

ionised at room temperature, without the application of a field.

At higher potentials, the Fermi energy level will move through

the deep donor level, so that the space charge capacitance becomes

!
e (N +N
S ( s N\

C = - 2.50
sc 240¢
where Nt is the density of deep donors.
The Mott-Schottky plot for this model (Fig. 2.12) exhibits a

discontinuity atA¢*, the potential at which the Fermi energy level

moves through the deep donor level.

1/c2

}T Potential

Flg. 2.12. Theoretical Mott~Schottky plot for a semiconductor
with a single deep donor level in addition to the
completely ionised one. ¢* represents the potential at

which the Fermi level moves through the deep donor
level.

The slope where A¢p< M* will be inversely proportional

to NS, whereas that when g >A¢* will be inversely proportional
to (N + N ).
S t

It is possible to see from this model, that a curved Mott-Schottky

plot could arise as a result of a continuous donor level distribution.
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.3 The Effect of Light on Semiconducting Films

2.3.1 Optical Transitions

Electrons from the valence band can be promoted across the
forbidden bandgap to the conduction band if photons of sufficient

energy, (hv > Eg), are absorbed.

The photon absorption process is subject to moment conservation.
In the case of a direct transition (Fig. 2.13a), no change in the
promoted electron's wave vector, k, occurs. If, however, the
transition involves the absorption or emission of a quantised lattice
vibration, or a phonon, it 1is referred to as indirect (Fig. 2.13b).
In general, the oscillator strength of an indirect transition is two
to three orders of magnitude lower than a direct transition, as it

only comes about by a second order perturbation.

The crystal symmetry of the semiconductor, described by the
crystallographic space group of the crystal, gives rise to a further
selection rule for optical transitions (37). As a result, some
transitions are allowed for all values of k and others are only allowed
at k # 0. The latter are called forbidden transitions and are of

a much lower oscillation strength.

1%W T%w /

Energy

(a) (b)

Fig. 2.13 Schematic representations of a) a direct and
b} an indirect - transition.



—40-

The amount of light absorbed by a material is given by the Beer-

Lambert Law,

I, =1 Exp [-a())d] 2.51

where Io is the incident light, which has been corrected for
reflection, It is the transmitted light, ¢ (A) is the absorption
coefficient at wavelength Aand 4 is the path length through the

material.

If parabolic energy bands are assumed, the absorption coefficient

can be shown (38) to be related to the incoming photons' energy by

n
g, (hv —Eg)
e e 2.52

o hv
Where Bn is a constant and the value of n depends on the kind of

transition.

i) n = yécorresponds to a direct allowed transition. The

value of a rises rapidly from threshold and may reach values

of 106 cm‘l.

3/

ii) n = 2 corresponds to a direct forbidden transition.

]

iii) n 2 corresponds to an indirect allowed transition. The value

of a rises only slowly from threshold.

1/

iv) n = 3 corresponds to an indirect forbidden transition.

Values of @ for chemical vapour depositioned T102 films on

Sn02 coated quartz have been presented by Memming et al. (39).
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2.3.2 Production of Photocurrents

The mechanism of photocurrent generation at a semiconductor/
electrolyte interface has been studied (40~43) extensively, and

several quantitiative treatments are available (44).

Consider the case of an n-type semiconductor in contact with
an electrolyte. 1In the dark, the number of holes in the valence
band will be extremely small, but on exposure to light of the
appropriate energy, this value will increase greatly as electrons
are excited to the conduction band. A photocurrent will only arise,
however, if the excited electrons and the remaining holes are
separated. This can be achieved by the application of an electric
field,'so that the conduction band electrons migrate towards the
back contact and the holes in the valence band migrate towards the
semiconductor/electrolyte surface, where they can oxidise solution

species (Fig. 2.14).

[l

@g E
Fig. 2.15 Schematic representation of electron-hole

recombination occurring via a recombination
centre.

Photoelectrolysis, in which the speices undergoing oxidation
and reduction 1is water, has received particular attention due to its

potential as a means of energy conversion and storage (45-47).
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It has been suggested (48) that charge transfer reaction at
semiconductors are two step processes. The first involves charge
transfer from the electrolyte to some state at the semiconductor
surface, and the second the capture, by this intermediate, of a hole

from the valence band.

2.3.2 The Gartner Theory (40)

Although originally developed to explain the photocurrent-
voltage behaviour at a semiconductor/metal junction, the Gartner
model has been adapted by Butler (41) for semiconductor/electrolyte

systems.

The total minority carvier flux, Jp’ through the depletion

layer is given by
J =J + J 2.54

where JSCR is the flux due to the minority carriers generated within

the depletion layer and J is the diffusion flux of minoritj

LS
carriers generated in the bulk, but diffusing into the depletion
layer. In the absence of recombination, the total flux of minority
carriers at the semiconductor/electrolyte surface can be shown

(40,41,44,49,50) to be,

Exp (oL
J -1 |1 - F*Pfols) 2.56
p (x=0) © 1+aL
P
the current density is therefore
Exp(—aLS)
A G oL, 2-57

where L is the diffusion length of minority carriers.

The absolute photocurrent conversion efficiency is defined as,



A3

_ photo-induced interfacial electron transfer flux

¢ incident photon flux

so from equation 2.57,

Exp (*aLS)
¢ =l .
1+gL 258
P
The limiting form of equation 2.58 when Lp —> 0 and Ls-9 Lf, is
$ = 1 - Exp(—aLf) 2.59

this is identical to the Beer-Lambert Law, if & is replaced by the
fraction of the light incident on the electrodes surface that is

absorbed by the film Ia/IO.

2.3.4 Recombination Processes

2.3.4.1 Bulk recombination

If the electron-~hole pair created by illumination is not
separated by an electric field, recombination will occur via a
radiative or a non-radiative route. The radiative mechanism is
similar to absorption, in that it depends on the densities of the

occupied initial states and unoccupied final states. By contrast,
the non-radiative recombination route uses deep energy levels or
recombination centres (51), which may be present in the bandgap.
These recombination centres are associated with imperfectionsin the
structure of the semiconductor and capture carriers readily from
either band. Recombination centres are normally fully occupied by
majority carriers, so the centre first captures a minority carrier
before being reoccupied by the majority carrier, thus the electron
hole pair are recombined and the excited electron is returned to the

valence band (Fig. 2.15).

2.57a



—l L

«;@/

Ee , 0
{ Py

E . L /

F : y
{ / t%
M_/\\_/"/\_/\/ w
/;/ R’
= o

Fig. 2.14. BAn n-type éemiconductonelectrolyte contact
under illumination.

As the probability of energy emission in successive steps 1is
considerably higher than emission by one large single step (28), the

non-radiative process 1s more likely.

A third route by which bulk recombination can occur (32), is
for an electron in the conduction band to be caught by a vibrationally-
excited interband state, before cascading through a series of low
lying states, emitting a phonon for each step. Finally it is
possible for recombination to take place via localised defects, which
may provide a continuum of states right across the bandgap. This
last route 1is likely to be particularly important in peolycrystalline
anodic oxide films, where there will be substantial long-range
disorder, as well as a high probability of incorporation of impurities

from the metal substrate or from the electrolyte.

2.3.4.2 Surface recombination effects on the photocurrent

At a surface, there is a strong singularity in the crystal
lattice that gives rise to a large number of "dangling-bonds" which
can easily absorb impurities. A high concentration of interband
levels is therefore available to act as recombination sites, increasing
the probability that electrons andholes created within a diffusion

length will combine.
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It has been suggested by Wilson (52) that the surface bound
intermediates believed to be involved in charge transfer reactions
can also act as recombination centres. The flux of holes to the
surface which results in a photocurrent, Jp' will therefore be given

by

where J,n is the total flux of holes to the surface and Je is the
flux of electrons to the surface which then recombine with holes,

thus Je is equivalent to being a recombination flux of holes, Jr

Peter'gg al.-(49,53,54) have produced a mathematical model
to show the influence of surface recombinatiocn and recombination
in the space charge region on the photocurrent-voltage characteristic

curves for semiconductors.

Figure 2.16 shows the theoretical photocurrent-voltage responses
for a semiconductor with a single surface level and with an exponential
distribution of levels. Clearly the energy distribution of surface
recombination centres has a pronounced effect near the photocurrent

onset potential.

a) b

Photocurrant

Potantial

Fig. 2.16. Theoretical photocurrent-voltage responses for a semi-
conductor with a) a single surface level and b) an
exponential distribution of levles according to the
model of Wilson (48).



-A6-

Analysis of photocurrent-voltage curves, of n-type semiconductors

has been carried out by Laser (55) who considered three possible

modes of hole injection from the electrode into the electrolyte.

i) Via a surface state, which is also a recombination centre.
ii) Via the valence band, in the presence of surface recombination.

iii) Wwith a varying rate constant.

The third mode of charge transfer was first suggested by
Gerischer (56), who pointed out that hole injection could not take
place unless the guasi Fermi level of the holes in the semiconductor
surface was equal or below the energetic locations (57) of the hoie
acceptor. Thus the value of the formal rate constant, kw for the
injection of non-equilibrium holes into levels in the electrolyte
which are energetically located above the quasi Fermi level of the
holes at the semiconductor surface, should be smaller than the value
of k, for more matched levels. Since the position of the quasi-
Fermi level depends on the surface potential, the value of k, for
a given hole acceptor will vary according to the applied electric

field.

Each of the three above models predicts a quenching of the
photocurrent near the flat band potential and it is difficult to
distinguish between them from steady state measurements, although
recently developed time resolved techniques promise to be more

successful (53,54).

2.3.5 A simple model for the generation of photocurrent in thin

anodic films in the absence of surface recombination

For thin films, < 10 nm, it is likely that the penetration
depth of the incident light will be greater than the thickness of
the film (58). The light will therefore be reflected at the metal

substrate, passing through the film a second time. (Fig. 2.17).
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Fig. 2.17. Schematic representation of the trajectory for light
incident on the surface of a thin anodic oxide film.

If the anodic oxide film obeys the Cabrera-Mott theory during
growth, a substantial field will be required at the metal/oxide
interface. This can only be achieved if the Schottky length is
greater than the £ilm thickness. Under this condition, the electric
field extends throughout the film, increasing the probability of
charge carrier separation, so that the entire film is capable of
contributing towards the photocurrent. Therefore, 1f reflection
at the metal/oxide interface is 100% and no reflection occurs at
the oxide/electrolyte interface, equation 2.58 becomes

@ =1 - Exp ( -2 qL,) 2.61

£
This relationship has been used to characterise the growth
of the oxide film on titanium (59).
For oxide films with high donor densities (> "V lO19 cm“B),
the Schottky length may become shorter than the £ilm thickness, 1if
the field is reduced after growth. Since electron~hole pairs created
more than one diffusion length outside the space charge region will
no longer be separated, rapid recombination will occur. As a
consequence, most of the light absorbed ocutside the depletion layer
will not contribute towards the photcurrent. Equation 2.58 then
becomes (60)

Exp(~2aLs)

=z 1 - — 2.62
1+ ZQLP
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Using equation 2.39 to substitute for LS gives,

2
8oy ee, 3

Ln (1-%) = {7 A} b Ln{l + 2 AL ) 2.63
eN p
1
Hence of plot of Ln(l-2) vs A¢® should be a straight line with a
slope proportional to QN’ allowing a comparison with the values of

eN obtained from Mott-Schottky plots.

McAleer and Peter (59) have used equation 2.63 to show that
anodic oxide films on titanium appear to grow by high-field migration
until the space charge in the film reduces the field at the metal/oxide
interface to zero (LS = Lf). As a consequence, the growth limit
of the film, at a constant potential is determined by the donor

density and a true steady-state thickness may be defined.

2.3.6 Effect of reflection on photocurrents

If the diffusion length of minority carriers is sufficiently
small, most of the photocurrent will arise from the absorption of
light in the space-charge region. Figure 2.17 shows that the photocurrent

conversion efficiency under these conditions can be expressed as,

) I,-1, 1I,-1Ig
¢ = - + I
o o)
-oL
= (A + Be °) (1 -e 9 2.64
where
= (1 ~ .
A ( R ) 6.25
B = (1L - R )R . e 20 2.66
127723 ’

and R12 and R23 are the coefficients of reflection at the electrolyte/

oxide and the metal/oxide interfaces respectively.
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Multiplication of both sides of equation 2.64 by eaLS and

rearrangement produces a quadratic expression, with roots given by

Obs _ = (A-B-9) & AZ—\—B—@)z + 4AB

B 2.67

The boundary condition that &= 0 when LS = Q restricts the
solution to the positive root. If the right hand side of equation
2.67 is written as A and LS is substituted using equation 2.39,

then the following is obtained.

H

2€€4
a( oN ) Ad : = LnA 2.68

Unfortunately A¢ is difficult to determine exactly and the
donor density in the film may be inhomogeneocus, resulting in the
value of N varying with the size of the applied electric field.
However, the Schottky length is also related to the space charge

capacitance by

€€
C = or/L 2.69
sc S
. kT/ L .
assuming e << Ap . By combining equations 2.51 and 2.53 a
relationship independent of both A¢ and N can be derived,
(aaeor)/CSC = Lnh 2.70

1/

A plot of LnA against C should yield a straight line which

passes through the origin and has a slope proportional to ¢. However,

in practice the measured capacitance is given by

hence the above plot will not pass through the origin, but instead

1/

it will have an intercept at Cy-
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2.4 Reflection of Light from Surface Oxides

2.4.1 Optical principles (61)

The electric vector associated with a light wave oscillates
in a plane orthogonal to the direction of propagation and the
intensity of the light is proportional to the square of the electric
field. Many light sources produce unpolarised light, where the planes
of oscillation of the electric vector are randomized with respect
to the direction of propagation. When light is transmitted through,
or reflected from, a surface, the process is usually more efficient
for waves with certain orientations of the electric vector with
respect to the physical surface involved. These will dominate the
resultant beam coming from the surface giving rse to partially polarised
light. If all the electric vectors, in the resultant beam have
the same angle of orientation to the axis of propagation, then the

beam is referred to as linearly, or plane, polarised.

For reflection experiments, the state of polarisation is
always referred to the plane of incidence; 1if the polarisation of
the wave is parallel to this plane then it is referred to as
p-polarised, whereas if it is perpendicular it is called s-polarised
light (Fig. 2.18). BAny other angle of polarisation can be resolved

into p and s components.

2.4.2 Elliptically polarised light

If a linearly polarised light beam is reflected from a surface,
it is likely that the p and s components will undergo different
changes in their respective amplitudes and phases. As a result,
the tip of the electric vector traces out the shape of an ellipse,
as a function of time, in a given plane (Fig. 2.19). The light

is said to be elliptically polarised.

Elliptically polarised light can be described by two parameters,
A and Y, where A is tlephase difference between the p and s components

and tanVy is the ratio of their amplitudes.
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Schematic representation of elliptically polarized light
resulting from a phase shift, 4, occurring between p and
S components.
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A =6 -8 0< A< 360 ' 2.71
P s
E
tand = [ZB] 0 < y < 90 2.72
s

where GX is the time-independent phase and lE5 is the real amplitude
of the electric field. GX and |E| are related by
ié

E = |E|l e ¥ 2.73
X

where EX is the time-dependent complex amplitude.

A special case arises when the two amplitudes are equal
(tan¥ = 1) and the phase shift is 90°, as this causes the electric
vector to trace a circle with time. Consequently, this condition

is known as circular polarisation.

2.4.3 Optical properties of materials

The optical characteristics of a material depend on its optical
constants. The first of these is the absolute index of refraction,
n, which isdefined as the velocity of light in a vacuum, ¢, divided
by the velocity of light in the material under investigation, v;
it should be noted that this definition refers to plane waves (62)
where at any instant in time the rate of propagation of the wave
is a constant over all three spatial planes. The other optical constants
are the optical-frequency dielectric constant, e, the magnetic
permeability p, the extinction coefficient k and the absorption

coefficient a. These constants are related in the following way (62),

(c/ 3

(ey) 2.74

i

v)

_ 4wk/x 5,75

It is often convenient to use the complex refractive index fi.
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n=n - ik 2.76

where i = /-1. By analogy, there is a complex optical frequency

dielectric constant, &,

€ = ¢ - ig'!’ 2.77
since
~ PR
n= (pye) 2.78
it follows that
2 2
n - k
! = 2.79
M
grr = 20K 2.80
M

For nearly all materials, uy 1s essentially unity for most

optical frequencies.

2.4.4 Optical reflection

2.4.4.1 Reflection from a dielectric surface

The reflection of light from a non-absorbing dielectric
interface can be described by the Fresnel amplitude reflection
coefficients L. These give the ratio of the reflected to the incident

electric field amplitudes for both the p and s components.

rpl,2

il

' 2.82
rsl,2 E S/ES

Primed variables denote reflected waves and unprimed denote

incident waves.
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These coefficients were used by Fresnel to relate angles of inci-
dence Gl and refraction 62, to refractive indices (Fig. 2.20).
Although Fresnel's original derivation is no longer accepted, the
Fresnel relationships have. been verified experimentally and are the

same as those deduced from modern electromagnetic theory.

nlcose2 - nzcosel tan(@l - 62)

51,2 T h.cosf. + n.cosd  tan(f. + 6.) 2-83
Py 1 2 7 1 nvy 2
nlcosel - nzcose2 _ s1n(el - 62)

Ys1,2 * osf. + ) - sin(f. + 6.) 2.84
sl1, nc 1 n,cosf, 1 5

The angles of refraction may be calculated from Snell's Law.

51n6l

2/ny = sinf, 2.85

n

As 0° < 61 < 90°, when n2 > nl it follows from Snell's Law

that 81 > 62. Therefore equation 2.75 will always result in r, being
negative, whilst equation 2.74 will give a positive value of rp at

el = 0°, but as el increases, rp will be found to decrease being

zero when the sum of 07 + 62 = 90°, since tanw/2 is infinite. The

angle of incidence at which rp = 0 is referred to as the Brewster

or polarising angle, Sp. As 81 increases beyond ep, rp will become

negative.

r <0 for all Gl 2.86
s
r >0 for 6. < 9 2.87
p 1 p
r =20 for 8. = 6 2.88
p 1 o
r <0 for 6. > 8 2.89
j 1 p
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E}gure 2.20. Reflection and refraction at a dielectric surface.
The vectorsz E  a2re rormal to the nhase of incidence
—scl -
and have been denoted by the sgmbolCD.
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Figure 2.21 Reflection and refraction =2t = film covered surface.
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The negative sign linked with the reflection coefficients
indicates a phase shift of 180°C or ¢ radius. Thus X is always
out of phase by 180°, but rp is only out of phase with respect

to the incident beam of 61 > Gp.

2.4.4.2 Reflection from a metal surface

Metals contain delocalised free electrons which are able to
move under the influence of an electric field. BAn incident
electromagnetic wave will cause these electrons to enter into
oscillations that are damped by collisions with the thermally
agitated lattice or by lattice imperfections. As a consequence,
the size of the electric vector is reduced and the phases of both

the p and s components are shifted.

The description of reflection from a metal surface requires
the introduction of the complex refractive index (equ. 2.76) into
both the Fresnel equations and Snell's Law. This approach gives
rise to complex angles of refraction due to the fact that for obliquely
incident polarised light, the planes of equal amplitude and the
planes of equal phase are not coincident for light propagating
through an absorbing media (63). The Fresnel coefficients are now
also complex and have the form

fe!l

A P : v
rp ——‘—E“-[‘ Exp [1 (69 (Sp)] 2.90

e
S
£ = i - 2.91
< TE“T“ Exp [i (65 65)]
s
where &, is the phase of the oscillation related to a reference.
If [r[ represents the modulus of the attenuation of the amplitude

and A the phase change due to reflecticon, the Fresnel equations can

be recast in the form

2, = lrp; Exp 14 2.92
fg = lrsf Exp i Ag 2.93
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Ellipsometers are used to find the ratio of the complex reflections

for the p and s components

~

Y A
p = p/rS 2.94
The complex reflection coefficients can then be related to
the angles of incidence and refraction and to the refractive indices

using equation 2.83 and 2.84.

2.4.4.3 Reflection from a film covered surface (Three layer model)

Drude, (1889) derived the relationship between the complex
amplitudes of the reflected and transmitted waves and that of the
plane polarised light incident on the interphase, by summing the
Fresnal reflection and transmission coefficients associated with
a multiple reflection(Fig. 2.21). 1If the film is assumed to be
isotropic, parallel sided and semi-infinite in extent, with a uniform
dielectric constant and a thickness d, then summation of the multiple

reflected and transmitted waves to infinity, produce the expression

~ A 2P
£, + £ Exp (=218) ) o

0y
i

1+ r12 r,s Exp (-21iB,)

where R is the total complex reflection coefficient and B,is the
phase change produced by a single crossing of the film by the wave.
By,= 2m d COSSZ/A 2.96
The complex Fresnel reflection coefficients are related to

the angles of incidence and refraction and the optical constants

for each of the phases involved by
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n cosel - n cose2

3 1,2 nlcose + - 297
Pl 2 1t omycesh,

n_cosB. - n.cosg
: __3 2 2 3 5.98

p2,3 n3c0562 + nzcose3

n COSSl - I COSG2

Esl 2 nlc 50. + n2cos 2-99
' 16088, *+ nycose,
n,.cosf., =~ Nn_.cosp
st 3 - : s : + n3cos > 2-100
73 DyC080, * nycosh,
The angles involved are still related by Snell's Law;
n151nel = n251n92 = n351ne3 2.101

An ellipsometer will now measure the ratio of the total complex

reflection coefficients for the p and s components

~

R ~
p = p/RS 2.102

Substitution of equations 2.90 and 2.91 into equation 2.86, on

rearrangement gives
el
O-W Exp 1 [(dp—ds) - (ép-és)] 2.103

insertion of equations 2.71 and 2.72 gives

tany' .
0 = Tapp EXP (167 - )] 2.104

This last equation is often given in a more simplified form

as

p = tany Exp (i A) 2.105
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The Drude equation relating the optical properties of the three
phase system to the ellipsometrically determine values of A and ¥
is obtained by substitution for Rp and RS from equations 2.97 to

2.100 into equation 2.102

(£ .+ % . Exp(~2igl[1 + £, _ £_ . Exp(-2iB)]
o = Pl,2 p2,3 31,2 52'3 ) Log
[ral’2 t Ty 3 Exp (-2ig )l (1 + 01,2 Tp2,3 Exp (-218,))

Reflection from a multilayer surface can be treated by an
approach similar to the three layer model, using computer programs

developed by McClackin (64).

2.4.5 Modulated electroreflectance (65)

Modulation of the applied electric field, E, will result in
changes in the dielectric properties of the unperturbed solid. This
can be described as a change of A £ (E) in the complex dielectric
function €, both AE(E) and £ being second rank tensors (Appendix 3).
The quantity AE(E) may be obtained by adding a perturbation term,
H', to the Hamiltonian, Ho' of the unperturbed system, then either
calculating £(E) exactly in which case A€ = E(E) ~ €, or calculating

AE(E) approximately from first-order perturbation theory.

For a uniform electric field, the perturbation term of the

Hamilton will be given by,
H' = eE.r 2.107

This term is not lattice periodic, since it represents an accelerating
force on the electron, which destroys the Hamiltonian's translational
invariance in the direction of the field. The electrolyte electro-
reflectance (EER) spectra obtained for suitably low fields appear

to be closely related to the third derivative of the unperturbed

dielectric function (66).
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A simple physical model which shows the important effect of
the loss of translational invariance has been put forward by Aspnes
(67). First a free electron is considered, for which the Hamiltonian

P
H = /2m 2.108

1s invariant to translation in any direction, because the electron's
momentum, P, must be rigorously conserved. Since the free electron's

momentum is given by
p = fik 2.109

the energy band structure for this system will be a parabola of the

form
E ="f12k2/2m 2.110

The momentum of any incoming photon will be negligibly small,
but if its energy, E = %ah is absorbed by the electron, it will cause
a relatively large change in the momentum of the system. Thus it
is impossible for a first-order optical transition to occur in which
both energy and momentum are conserved. It follows from this that
the sum of all the allowed transitions for any finite photon energy

that is to say €'', must be zero for the free electron.

However, if an electron is in a crystal, its Hamiltonian

becomes
P
H = 2m + V{(r) 2.111

which is invariant only to translations that take the crystal into
itself. This results in a relaxation in the need for the conservation
of momentum, which is now only a good guantum number within a reciprocal
lattice vector. The energy band structure breaks down from the free

electron parabola into a series of discrete bands. First-order optical
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transitions can now occur by making use of the reciprocal lattice
vector to conserve momentum and they appear as vertical lines on
an energy band diagram (Fig. 2.22a). A parabolic density of states
distribution will now give rise to asquare-root pareshold shape in

the imaginary part of the dielectric function (Fig. 2.22b).

Perturbation of the crystal, will convert the Hamiltonian

into

2

HO = F /2m + V{(r) + H' 2.112
and will generally result in a lowering of the symmetry of the system.
If the applied perturbation retains periodicity, as is the case for
thermoreflectance, for example, (68) then momentum will remain a
good guantum number within a reciprocal lattice vector so that optical
transitions will remain vertical (Fig. 2.22a). Consequently, the
dominant changes appear as small shifts in the energy bandgaps.

Thus the effects on ¢'' will be first order producing a first derivative

lineshape (Fig. 2.22b).

In the case of electroreflectance, it is the applied electric
field which is perturbed. The field accelerates the electron so
that periodicity is lost and momentum is no longer a good guantum
number in the field direction. The Bloch functions (69) of the
unperturbed crystal become mixed and consequently optical transition
will no longer be vertical, but instead spread out over a finite
range of initial and final momenta (Fig. 2.23a). For small fields,
the mixing will occur amongst wavefunctions close to the original
vertical transition. The effect of this will be to smear out the
dielectric function, e€'', resulting in a difference spectrum, (Fig.
2.23b), which can be approximated by higher derivatives of the
unperturbed dielectric function. A line-shape with two zero crossings

is characteristic of a third derivative spectrum.

The energy of the direct bandgap, as well as information about
optical constants can be obtained via a Kramer-Kronig analysis of

the EER spectra (70) {(Appendix 4).
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CHAPTER 3

EXPERIMENTAL



_70.‘

3.1 Apparatus

3.1.1 Electrochemical Cells

A conventional three compartment cell design was used for most
of the electrochemical experiments (Fig. 3.1). A water jacket was
placedaround the cell in order to allow the temperature of the electrolyte
to be controlled, and a gquartz window was inserted into the base to
enable photocurrent measurements to be carried out. During
impedance measurements, the resistence of the closed tap was bypassed
by placing a 1 pF capacitor between the reference electrode and a small

platinum flag electrode on the other side of the tap.

A cell was designed for the electroreflectance measurements
with two quartz windows to allow light to strike the electrode at
45° incidence and to collect the reflected light from the electrode
surface (Fig. 3.2). For ellipsometry a cell was used which allowed

an angle of incidence of 70° (Fig. 3.3).

As the electrolyte for most of the experiment was sulphuric

acid, a Hg/HgZSO /Kzso reference electrode was used. This

4(s) 4(sat)

electrode has a reference potential of -0.64 V vs. S.H.E. and all
potentials quoted in this thesis are referred to the Hg/HgSO4 electrode.
The liquid junction potential, calculated from the Henderson equation
(1) to be !EL! < 30 mV, was neglected. Whenever possible, the
reference electrode was separated from the working electrode compart-

ment by a closed wetted tape to prevent mercurous sulphate from

leaking into the electrolyte.

The counter electrodes were flags constructed from platinum
foil, or in the case of impedance measurements, platinum gauze. The
working electrodes were made from either specpure rod (Johnson Matthey),
IMI 130 commercial purity or Marz grade (Materials Research) titanium.

The main impurities in these grades are shown in table 3.1.

A simple button design of electrode was used for the early work

at room temperature (Fig. 3.4). Here the titanium was sealed with a
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Fig. 3.3 Schematic representation of an electrochemical cell suitable
for ellipsometry.
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Table 3.1

The major impurities in the grades of titanium used in this

work, in ppm are shown below.

Marz Specpure IMI 130

Aluminium 10 10 500
Chromium 35 50 10
Copper 0.3 10 200
Iron 55 300 700
Magnesium 1 3 20
Manganese 15 50 50
Nickel 5 20 15
Carbon 2 - 200
Nitrogen 44 - -

Oxygen 370 - 1800

No carbon, oxygen or nitrogen contents were quoted for the Specpure
grade, but since this material was prepared under vacuum, these elements

are likely to be present only in very minor quantities.
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potting epoxy resin and contacted with silver loaded epoxy resin.

In strong acids and at high temperatures the epoxy resin was attacked
and leakage occurred. Various electrode designs were tried in an
attempt to overcome this problem, and the design shown in Figure 3.5
was eventually derived. Diallyl phthalate powder was compressed
around a length of titanium rod in a mounting press, and the electrode
was then machined down to the required diameter. The titanium rod

was tapped in the back and the brass contact rod was then screwed

directly into it.

In order to eliminate leakage at the joint between the diallyl
phthalate and the Teflon rod caused by condensation of the acid electo-
lyte, a piece of Universal indicator paper was wrapped around the joint,
followed by Teflon tape. This was then sprayed with a water repellant
silicon spray, and finally a piece of heat-shrunk tubing (polyvinylidene
fluoride, Radio Spares) was shrunk around the joint. An electrode
made in this way was usable for about a month at the higher temperatures
(338 K) before the indicator paper turned red, showing that leakage

was occurring.

For ellipsometry, a simple silver epoxy/wire contact was made
to the back of the diallyl phthalate electrodes (Fig. 3.6), and the
contacts were then covered by ordinary epoxy resin. The design of the
ellipsometric cell (Fig. 3.3) prevented contact of the epoxy resin

with the acid electrolyte.

Electrodes for the electroreflectance measurements (Fig. 3.7)
were based on a glass syringe barrel, through the middle of which the
titanium rod was placed. Epoxy resin was drawn up between the titanium

and the glass by a water vacuum pump to provide an insulating seal.

All working electrodes were polished using successively finer
grades of alumina from 60 pym down to 0.05 uym lubricated with
distilled water. The electrodes were polished on a 0.05 pm finishing
powder prior to each experiment to remove the anodic oxide film

formed in the previous experiment.
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Fig. 3.6 Design of the electrodes used for ellipsometric experinents.

Glass syringe barrel

T
N O e N R

Contact wire Epdxy

Fig. 3.7 Design of the electrode used during electroreflectance
measurenents.
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3.1.2 Reagents

All chemicals used were of AnalaR grade and all solutions
were made up using triply distilled water. Before any experiments
were carried out, the electolyte was deoxygenated with OFN grade
nitrogen, which was passed through a vanadyl sulphate/zinc metal trap

to remove any residual oxygen.

3.2 Experimental Techniques

3.2.1 Steady state measurements

The steady state currents at a titanium electrode were measured

at a range of potentials between ~1.3 V and -0.6 V vs Hg/Hg2SO by

4
holding the electrode at the required potential for a period of several
minutes until the output current had reached an almost constant value.
The apparatus used for this experiment and for cyclic voltammetry

is shown in figure 3.8.

3.2.2 Cyclic voltammetry

The growth of titanium anodic oxide films was investigated
using cyclic voltammetry. The effects of varying the sweep rate, pH,
temperature and electrolyte composition on the size and shape of

the cyclic voltammograms were examined.

3.2.3 A.C. impedence techniques

A.c. techniques have been reviewed recently by the Southampton
Electrochemistry Group (2). These techniques involve the application
of a small alternating perturbation to the system under study. The
response is then characterised in terms of its inphase and quadrature

components.

The a.c. impedence response of titanium oxide films was recorded
under both potential control and open-circuit conditions using either

the intrumentation shown in figure 3.9a or that in figure 3.10.
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A flow diagram of the computer program written to control the
frequency analyser is shown in appendix 5 and a simple method of

data analysis is given in appendix 2.

3.2.4 Photocurrent measurements

Photocurrents from anodic oxide films on titanium were recorded
during potential cycling with the instumentation shown in figure 3.9b.
the phase sensitive detector (P.S.D.) was employed and the incident
light chopped so that the photocurrent could be measured in the

presence of a relatively large background current.

In order to determine the absolute photocurrent conversion
efficiency of the oxide films, it was necessary to measure the output
power, at any given wavelength of the arc lamp/monochrometer combination,
using a calibrated R.C.A. 935 photodiode. The calibration was carried
out before and after every set of experiments. The calibration curve
for the R.C.A. 935 photodiode is shown in figure 3.11, from which

its photocurrent conversion efficiency, @e, can be calculated using,

i
@e:%ﬁé x«i—‘% 3.1
L
where ipd is the photocurrent obtained from the photodiode and PL
is the power of the incident radiation. A typical spectrum for
@e is also shown in figure 3.11.
The photocurrent conversion efficiency of the oxide film, ¢,
can be found from,
1 o)
? = B2 ;9 3.2
lpd e
where 1 is the photocurrent observed from the oxide.

jele]
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3.2.5 Open-~circuit and reformation experiments

Oxide films were grown in the same way as for cyclic voltammetry,
except that the potentiostat was disconnected after the anodic limit
had been reached, leaving the system at open-circuit. The open-circuit
potential between the working and reference electrodes was then recorded

as a function of time, via a high impedance buffered voltage follower.

For open-circuit experiments, the time taken for the electrode
to become active was recorded, whereas in the reformation experiments
the system was switched back to potential control after a period of
time and the cyclic voltammogram was recorded, allowing the relationship
between the time spent at open-circuit and the charge needed to repair

the film to be determined.

Since it has been reported that T13+ and Ti4+ ions in solution
stabilize the passive film (3,4) the electrolyte was renewed regularly
during these experiments. In addition, the platinum counter electrode
was removed whenever the system was under open-circuit conditions, in

order to prevent leakage currents.

The effects of varying growth rate, temperature, pH and
film thickness on these experiments were studied in detail. 1In
addition, some experiments were carried out in which small cathodic
current, < 10 uA cm_2, were passed galvanostatically through the oxide
films instead of switching them to open-circuit conditions, as this

was found to increase the rate of destruction of the anodic films.

3.2.6 Ellipsometry

This technique involves measuring the changes in polarisation
state of an obliquely incident light beam upon reflection at a surface.
A computer controlled self-nulling ellipsometer was used in this
research, for which full details of the instrumentatation and examples
of controlling programmes have been given by Pearson (5). A schematic

representation of the instrument is shown in figure 3.12.
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It was stated in section 2.4.2 that the p and s components of
a linearly polarised light beam, are likely to undergo different changes
on reflection at a surface, resulting in an elliptically polarised
beam. It is therefore intuitively obvious that an elliptically polarised
beam, with the current values of A and 1, results in a linearly polarised
beam upon reflection. The nulling ellipsometer varies the values of A
and ¥ of an incident elliptical beam, until a linearly polarised
reflected beam is obtained. The null point is detected by passing

the reflected beam through crossed polarisers.

The changes in the polarisation parameters, A and ¥, for reflection
from anodic oxide films on titanium, were recorded both during the
growth of the films and during the open-~circuit passive-active transition.
Curve fitting computer programs (6,7) based on the three layer model,
(Section 2.4.4.3), were used to obtain information about the complex
optical constants of the film and to derive its thickness during the

open-circuit passive-active transition.

The major practical difficulty encountered was the need to prepare
reproducible optically flat surfaces from the electrode polishing
procedure. In addition it proved difficult to obtain the optical constants
of the base substrate, since it appears that titanium always has a
thin oxide layer on 1its surface (8). If this final oxide layer is
removed the metal dissolves rapidly into the acid electrolyte, causing

surface roughness and therefore a scattering of the incident beam.

3.2.7 Electroreflectance spectroscopy

This technique involves modulating the electrode potential,
whilst a monochromatic polarised light beam is reflected from the
electrode's surface. The apparatus used is shown schematically in

figure 3.13.

The phase sensitive detector was used to measure the change
in reflectance, AR, caused by small changes in the electrode's

dielectric constant induced by the modulating potential. The steady
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state reflectivity, R, was measured directly by the photomultiplier,
with the signal being passed through a d.c. coupled preamplifier, this

enabled the data to be produced in a normalised form of AR/R.

3.2.8 High vacuum surface analysis

Two high vacuum techniques, scanning electron microscopy (S.E.M.)
and secondary ion mass spectroscopy (S.I.M.S.) were used to analyse
the surface of the titanium electrodes used for the work presented
in this thesis. The experimental details and theory of these techniques,
which are beyond the scope of this thesis, have been reviewed by Allen

and Wild (9).



-89~

References

1. KORYATA, J., DVORAK, J. and BOHACKOVA, V; "Electrochemistry”,
Methuen, London, 1970.

2. SOUTHAMPTON ELECTROCHEMISTRY GROUP; "Instrumental Methods in
Electrochemistry", Ellis Horwood, Chichester, 1985.

3. BARTLETT, D.L., ASHWORTH, V., BOWDEN, E.L. and GILBERT, J.R.B.;
"Titanium '80", Vol. 4, p. 2639, "Proceedings of the 4th
International Conference on Titanium", Kyoto, Japan, May 1980.
Edited by Kimura, H. and Izumi, O:.; Metallurgical Society AIME,
Warrendal, Philadelphia, 1980.

4. CLARK, D.; University of Southampton, M.Sc. Thesis (1983)

5. PEARSON, P.J.; University of Southampton, Ph.D. Thesis (1983)

6. NORMAN, C.F.W.; Univeristy of Southampton, Ph.D.Thesis, Submitted
1986.

7. McCRACKIN, F.L.; "A Fortran Program for Analysis of Ellipsometer

Measurements", Natl. Bur. Stand.; Tech. Note 479, U.S. Govt.
Printing Office, Washington D.C., 1969.

8. LASER, D., YANIV, M. and GOTTESFELD, S.; J. Electrochem. Soc.
125, (1978) 358.

9. ALLEN, G.C. and WILD, R.K., CEGB Res. 11, (1981) 12.



-90_

CHAPTER 4

RESULTS



..91_

4.1 Steady State Measurements

The steady state current at a titanium electrode in 1 mol dm'_3
H2SO4 at 65°C was measured over the potential range ~1.3 V to -0.6 V
vs Hg/ngsO4, and a Tafel plot was constructed (Fig. 4.1). The
hydrogen evolution reaction on titanium was found to have a Tafel
slope of (137 mV)“l at the experimental temperature, which is equivalent
to (121 m\/)“l at 298 K, and this is in good agreement with literature

values (1-3).

The corrosion potention (Ecorr)' defined as the potential at
which no net current was found to flow, was determined to be

-1.16 vV, and extrapolation of the hydrogen evolution line to this
potential yielded a corrosion current density (jcorr) of 4.5 x 10*4 A cmaz.
Further extrapolation of the hydrogen evolution line to -0.64 V

(0.0 V vs S.H.E.) enabledﬁgstimation of the exchange current density

for this reaction (jO.H.) at 65°C to be made. The value of

6.7 % lO~8 A cm © obtained in this way can be compared with the

room temperature value of 6.3 x 10—9 A cm»2 quoted by Trasatti (4)

for the same electrolyte.

The anodic current was observed to go through a maximum of
9 x 10“4 A crn”2 (jm) at a potential of -0.96 V (Em), and this value
was taken as the Flade potential (section 2.1) representing the onset
of passivation of the metal's surface. Kelly (5) indicated that the
value of Em should be corrected for the effect of the hydrogen
evolution reaction, before it represents the Flade potential, but
at the experimental temperature of 65°C this effect was found to be

insignificant.
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4.2 Cyclic Voltammetry

A typical cyclic voltammogram for titanium in 3 mol dm“3

HZSO4 is shown in figure 4.2. 1Initially the current is negative due
to hydrogen evolution, but as the potential is swept positive, the
current changes sign due to the active dissolution of titanium as
T13+. The anodic peak in the current results from the onset of the
formation of a stable oxide film, which reduced the rate of Ti3+
dissolution. The slight minimum which occurs after the peak is due
to hydrogen evolution still occurring on the oxide film's surface, and

the final current plateau corresponds to thickening of the oxide

film.

If the potential had been stopped at the anodic limit the
oxide film would have continued to grow in accordance with the inverse
log law (section 2.1.2). However, in the present case, on the
reverse potential cycle the growth field is reduced, and therefore
the current falls to zero as the oxide film already present acts as
a barrier to any further unassisted growth. At more negative
potentials, on the reverse sweep hydrogen evolution is observed.
All subsequent cycles produced only a small constant anodic current
when the potential was swept in the positive direciton until the
potential approached the anodic limit where the current began to rise
slightly due to the growth field being large enough to support further
film growth. The origin of the small constant current is not clear,
but it appears to be related to the incorporation and subsequent
oxidation of hydrogen atoms into the film, as it was observed that
it was greatly reduced if the direction of the potential scan was

reversed before the hydrogen evolution region was entered.

The effect on the size and shape of this cyclic voltammogram

of varying the growth conditionswas investigated.
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4.2.1 Effect of varying the sweep rate

Williams and Wright (6) have shown that when no space-charge

is present, the field can be expressed as

S dv _dv dt
aL  dat ~ 4L

i
el
X
515
RS
.

and the high field growth law becomes

4FZae % ‘_y_)
VKT J

Ln(j) = Ln(jo) +(

where V is the potential sweep rate. Thus a plot of Ln(3) vs (?)
should be linear. Although Williams and Wright neglected the effect
of the Helmholtz layer, computer calculations (section 2.12) showed
that as long as the value of j was taken from the plateau region of
the relative cyclic voltammogram, equation 4.2 was still closely

obeyed for the thin films used in this present work.

Figure 4.3 shows a plot of Ln(j) vs (%) for a series of oxide
films grown on titanium with sweep rates between 10 m\/s_l and
10 Vs.l at room temperature in 3 mol dm_3 H2804. From the slope of
this plot, the value for Za was calculated to be 0.63 nm and from the
intercept jo was calculated to be 9.5 x 10_8 A cmhz. These results
are in reasonable agreement with values reported earlier (7,8),

although the value of j, should be treated with caution as it has

been obtained from a rather long extrapolation.

Some of the cyclic voltammograms used to construct figure 4.3

were also used to calculated anodising ratios for the various sweep
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rates. (The density of anatase, 3.84 g cm~3, was assumed (9)).

Table 4.1 shows these anodising ratios with r being a roughness
factor for the electrodes. (r is usually assumed to lie in the

range between 1.0 and 2.0). Clearly the slower the growth rate,

the thicker the film will be at the moment the final potential is
reached. However, if the anodic potential limit is maintained, all
the filmsshould, in principle at least, eventually approach the

same limiting thickness as determined by the inverse log law (section

2.12).

Table 4.1 Sweep rate dependence of the anodising ratio, determined

fromthe plateau currents of the cyclic voltammograms.

Sweep rate/m\/snl (Anodising ratio x r)
v
10 36.7
50 30.6
100 28.6
500 24.6
1000 23.9
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4.2.2 Influence of pH and anion character

. . . . . Sl
Anodic oxide films were grown on titanium at 100 mVs in
different electrolytes, and the plateau currents obtained are

tabulated in table 4.2.

Although in general the plateau current increased with
increasing pH, the nature of the anion species in the electrolyte
was also found to have an important influence. The cause of this
dependence on electrolyte is not clear, but it possibly involves a
change 1in the structure of the oxide and therefore a change in EE?*

or the barrier half-jump distance, a.

Rotating disc experiments revealed no rotation speed
dependence of the plateau current, indicating that there is no

contribution to this current by diffusion controlled solution reactions.

Table 4.2 The influence of the electrolyte on the plateau current

density of cyclic voltammograms. Scan rate = 100 mVs*l,

at 298 K.
. -3 .
Electrolyte Concentration/mol dm Plateau current density
mA cm“2
H2504 3.0 0.54
" 2.0 0.52 "
" 1.0 0.49
" 0.5 0.48
" 0.1 0.45
HClO4 1.0 0.46
H3Po4 1.0 0.43
Na2SO4 1.0 0.36




-99-

1

gL

3,/ ®-4n3paadus)

g3

v

05 ¢_up Tow g ur

SAU Q0T 2% UMOID SWITI SPIXO LnIUe3dTl JO 3usland neajeld a9yl JO souspusdsp aianiewiadus,

4c

00%

08%

008

0S8

00L

wo yuwy A3rsusp qusJdan]

Z~



-100-

4.2.3 Effect of temperature variation

The temperature of the electrolyte in which the oxide films
were grown was varied between 20°C and 65°C. Figure 4.4 shows that
this 45°C rise in temperature resulted in an approximately 30% rise
in the size of the plateau current for films grown at 100 mV S"l in 3 mol

dm .
H2804

4.3 Potential Controlled Impedance Measurements

4.3.1 Capacitance during potential cycling

The capacitance of the titanium electrode was recorded during
anodic oxide film growth and subsequent potential cycles. A cyclic
voltammogram was recorded at the same time in order to determine the
anodising ratio. A typical reciprocal capacitance plot is shown in
figure 4.5. The slope of this plot yields a value for er2 of 62,
which compares well with the values quoted by McAleer (8). The product
gr2 arises because the surface roughness enters into both the
calculation of the film thickness and into the measured capacitance.

As a result, it is difficult to obtain reliable values of the relative
permittivity of the anodic oxide since an independent method of

determining r is not readily available.

The film capacity measured during the reverse sweep was used
to construct a Mott-Schottky plot (Fig. 4.6). This was found to be
curved, suggesting that deep donor levels may be present in the oxide
film (section 2.2.6). Alternatively, if a spatial distribution of
donors is assumed, then the slope at any point will represent the donor
density at the edge of the space charge region. For low potentials
the foot of the Mott-Schottky plot yielded a donor density of

19 -3 . . . L .
5.7 x 10 cm , whilst at the anodic potential limit a donor density

20 - .
of 3.9 x 10 cm 3 was determined. These values are independent of
r since the surface roughness term in the measured capacitance is

cancelled out by using the er2 value determined above.



*ZH OPE 3® Teubts uoTzeqanixad yered - yweod AW 7 ‘oanivisdudl) woold 1e v uoz

muE@ oW € ut I SAW 00T, 3¥ UMOID W[TFI SPIXO wntuwrltl © 103 30T7d wouelrovdedn jeooxd1ody Gy JNMM
14 Nm B
0S PH/PH SA A/ ID13US304
€ e 1 0 I~
i 1 D.D
)
- G0
j
-
\ i
mu.._ wn
~N
" )
>
§ - 071 AN
N
3
N
L 2
- Gl

a2



.H SAU QT 932X UTDS BSHPADY G P SUNDTI A0J UMOAL UlTI wPTXO oyly Jol acTd AY110YyosS-370K

-102~

"05%BH/BH sa A/ 1D13uD304

i

-
<

>3/ 5101

?mgz—j/



~103~-

The flat band potential of the oxide film was obtained from
the intercept on the Mott-Schottky plot. This value of -0.75 V vs
Hg/Hg2SO4 was corrected for the Helmholtz layer using the equation
derived by Pettinger et al. (10).

2

2
= 4,
AV esNS LH /ZEH Eo 3

where €H = 6 and LH Yo.3mmare the relative premittivity andl;he Y;dth
of the Helmholtz layer respectively. Using NS = 5.7 x 10 cm and
€= 62, the potential shift was found to be 80 mV making the corrected
flat band potential -0.67V vs Hg/ngsO4, which compares well with

published values (7,11,12).

When the electrode potential was cycled continually the film
capacitance was seen to go through a hysteresis loop (Fig. 4.7). This
was thought to be due to the incorporation of hydrogen atoms into the
oxide film, as no hysteresis was observed if the negative limit was
kept well above the hydrogen evolution potential of -0.64V vs Hg/Hg2SO4.
Evidence of a mobile proton space charge in TiO2 films has been
presented previously by Dyer and Leach (13) and by Yaniv and Laser

(12} .

4.3.2 Growth rate dependence of the film capacitance

4.3.2.1 The geometric capacitance

Reciprocal capacitance plots were constructed for growth rates

-1 -
between 1 mVs and 100mVs l. The slow growth rates were found to

1/

give a discontinuity in the plots of

1/

C vs V (Fig. 4.8a). However,
when C was plotted against the charge passed to form the oxide, q,

the discontinuity was found to disappear (Fig. 4.8b).

Table 4.3 shows the values of grz obtained for films grown to

. H
3.0V vs Hg/ g2SO4.
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2 . .
Table 4.3 Growth rate dependance of er for films grown in

3 mol dm_3 H2504, with a 340 Hz perturbation signal.

Growth rate/m\]s‘l erz Capacitance at 3.OV/pI§’cm"2
1 134 6.8
10 85 6.0
50 72 5.4
100 62 5.0
1000 58 4.6

Clearly as the growth rate is reduced, the dielectric constant,
or the roughness, increases. Since an increase in the dielectric
constant can be attributed to an increase in the crystallinity of the
film, table 4.3 suggests that the structure of the films formed depends

on their growth rate.

Further evidence of a difference in film structure has been
presented by McAleer (8), who held a film grown at 100 m\]s_l at its
formation potential and observed its geometric capacitance as a
function of time, over a period of 4% hours. At first, the geometric
capacitance was observed to fall as the film continued to thicken,
but then it increased towards the value of the capacitance of films
formed at a much slower rate, suggesting that a restructuring process

was occurring.

4.3.2.2 The space-charge capacitance

Mott~Schottky plots were constructed for films grown over a

-1 -1 .
range of sweep rates between 1 mVs and 1 Vs (Fig. 4.9). Table
4.4 is a summary of the results obtained, with NS and Nt being the

donor densities determined at low and high potentials respectively.
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Table 4.4 Growth rate dependence of results obtained from Mott-Schottky

. -3
plots, for films grown to 3.0 V vs Hg/HgQSO4 in 3 mol dm

— l R
H2504 at 298K. All reverse sweeps at 10 mVs =, with a

340 Hz perturbation signal.

Growth rate/m’\ls“l NS/lO19 cm.3 Nt/lo19 cm-3 Intercept/V VFB/V
1 15.0 31.0 ~1.13 -0.68

10 11.0 45.6 -0.90 -0.69

50 8.0 51.1 -0.80 -0.67

100 5.7 57.6 -0.71 ~0.62

1000 5.0 59.3 -0.70 -0.62

Although the intercepts of the Mott-Schottky plots vary considerably
with growth rate, on correcting for the Helmholtz layer using the donor
densities obtained at low potentials, the corrected flat-bond potentials
are found to vary by only 70 mV, with an average value of -0.66 V vs.

Hg/Hg2504.

As the growth rate was decreased, the density of shallow donors,

Ns' was found to increase, whereas the total donor density, N was

£
observed to decrease. (Assuming the roughness factor is the same for
all growth rates). This observation could perhaps be explained if

the donors are assumed to be titanium ions, in transit to the oxide/
electrolyte interface during growth which became trapped in inter-
stitial sites when the growth field was reduced. In a slowly grown
film it could be envisaged that these titanium interstitials would

be spread fairly evenly throughout the whole film, whereas in a rapidly
grown film many of them would not have travelled far from the metal
surface before the field was removed giving a much lower shallow donor

concentration.
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4.3.3 Frequency dependence of film capacitance

A frequency response analyser was used to monitor the overall
impedance and the phase angle for titanium oxide films, over a large
range of frequencies. Figure 4.10 shows a typical response. The
phase angle was found to be mainly in the region of 80°, while the
slope of the log (impedance) vs log (fregquency) plot was about -0.92.
These results suggest that the oxide film behaves essentially as a
capacitor over the frequency range studied. The decrease in the
modulus of the phase angle, at the higher frequencies, was due to the
solution resistance becoming an important term. This response is
typical of the anodic oxide films formed on valve metals (section 2.2.1)
(14), since tan§ is approximately constant over the frequency range
studied. It was found that the impedance of the oxide film on
titanium could not be simulated using a simple three component circuit,
unless both the resistance and the capacitance of the oxide were

allowed to vary with frequency.

The impedance of an anodic oxide film on titanium was measured
over a range of fixed potentials, both during film growth and on the
reverse cycle, the potential being held constant during each
individual measurement to avoid any distortion of the signal at low

frequencies.

Figures 4.11 and 4.12 show that there is a clear fregquency
dispersion in both the reciprocal capacitance and Mott-Schottky plots
if the impedance data is interpreted in terms of the three component
equivalent circuit shown in appendix 2. This frequency dispersion has
been explained in the past in terms of diédlectric relaxation
phenomena (14,15), current inhomogeneity (16) and doping inhomogeneity
(17). 1In the inhomogeneous doping model, the applied potential
perturbation is considered to be sufficient to push the Fermi level
through a deep donor energy level at the extremity of its oscillation.
If it takes a finite time for the deep donors to be ionised, then
the concentration of donors which undergo ionisation should be
proportional to the length of time that the Fermi level is above their

ionization energy level. Therefore, the lowerthe frequency the higher
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the concentration of ionised donors, and thus the higher the size of
the space-charge capacitance. This means that the inhomogeneous doping
model can successfully explain the trend in the frequency dependence

of the space-charge capacitance shown in figure 4.12. However, it

does not explain frequency dependence of the geometric capacitance
shown in figure 4.11, as in this case all the donors should be

ionised.

Table 4.5 summarises the results obtained from reciprocal
capacitance and Mott-Schottky plots constructed from the impedance

data.

It has been reported by Young (14) that tand for valve
metal oxides is inversely proportional to the formation voltage of
the film thickness, indicating that thick films should approach more
closely ideal capacitance behaviour (tand —> 0). Figure 4.13
shows that this relationship holds for the thin films with which this
1/

Lf vs tand was

not constructed, as this requires the anodising ratio to be precisely

thesis has largely been concerned. A plot of

known. Also a plot of this kind would be dominated by the very thin

films.



Table 4.5

capacitance and Mott~Schottky plots.

3 mol dm_3 H_.SO

(N
s
Nt

2

4

Films grown in

Frequency dependence of the data obtained from reciprocal

to 2.0 V vs Hg/HgQSO4 at room temperature

= donor density at lower potentials,

= donor density at the anodic potential limit).

Growth rate/ Frequency/ grz /1019cm“3 Nt /lolgcm“3 va/v vs
mVs‘l Hz Hg/Hg2SO4
1 1 140 20.0 35.0 ~0.53
1 10 135 16.0 32.2 -0.58
1 100 150 13.0 29.0 ~0.60
1 1000 135 11.0 27.5 -0.61
10 1 89 15.8 60.1 -0.52
10 10 79 13.5 57.8 -0.55
10 100 77 10.6 56.6 ~0.57
10 1000 72 8.3 55.2 ~0.61
100 1 106 14.5 87.6 -0.47
100 10 77 11.0 87.3 -0.60
100 100 67 5.7 69.3 ~-0.66
100 1000 60 4.6 70.6 -0.67
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4.4 Photocurrent Spectroscopy

4.4.1 Spectrtal distribution of the photocurrent

The uncorrected spectral response of a titanium oxide film
measured at its formation potential of 3.0 V vs Hg/Hg2SO4 was
recorded (Fig. 4.14). From this the corrected spectral response
(Fig. 4.15) was calcualted with the aid of a vacuum photodiode (Fig.
3.11). The photocurrent rises sharply at approximately 400 nm, which
indicates a band gap of 3.1 eV. This is between the absorption edges

of rutile 3.02 eV, 410 nm, and anatase 3.22 eV, 385 nm (18). The

small photocurrent observed above 400 nm was probably due to band tailing.

No direct evidence of surface states was identified in the spectra,
as no photocurrent was observed for wavelengths greater than 420 nm.
This does not rule out the existence of surface states in the anodic
films, as it may be necessary to use a dual beam experiment to detect
them. This method, which uses band gap radiation to create the states
and sub-band gap radiation to detect them, was employed by Laser and
Gottesfeld (19) to find active band gap sites on thermally produced

titanium oxide films.

The corrected spectrum for a rutile single crystal is shown in
figure 4.16. Comparison with figure 4.15 indicates that the conversion
efficlency rises at approxiamtely twice the rate on the crystal
compared with the anodic film. A possible explanation of this result
is that indirect transitions between band tails are occurring in the‘
anodic oxide. These tails are caused by imperfections in the structure
of the solid, and therefore they are more likely to occur in the

polycrystalline anodic oxide film than in the single crystal.

4.4.2 Potential dependence of the photocurrent

The uncorrected spectral response (Fig. 4.14), shows a maximum
photocurrent at 310 nm, so this wavelength was used for most of the
photocurrent measurements taken during potential cycling. Wavelengths
shorter than 310 nm gave a reduced photocurrent response due largely

to the restricted intensity output of the xenon lamp.
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The photocurrent-voltage curve was recorded for a titanium
electrode during oxide growth and on subsequent cycles (Fig. 4.17).
No photocurrent was observed during growth until a potential of about
+0.1 V vng/ngsO4 was reached; at this point a film of approximately
2.5 nm should already be present on the electrode surface. Possible
explanations for the absence of photocurrent are firstly that very
thin films may have a different energy band structure from the bulk
oxide, and secondly there may be a 'dead zone' close to the metal/oxide
interface in which holes are quenched by electrons tunnelling from
the metal. As the probability of tunnelling decreases exponentially
with distance, this latter effect should fall off as the film thickness
increases, which may explain the 's' shaped initial rise in the photo-
current. Heusler and Yun (20) have shown that tunnelling through
oxide filmsdominated carrier transfer up to about 3.d‘nm, although
this thickness can be increased if a convenient energy level is
available halfway through the film to act as an intermediate state for

resonance tunnelling (21).

The photocurrent on the reverse potential cycle also displays
a pronounced 's' shape, which could be attributed to the existence of

surface states that act as recombination sites (22,23).

The photocurrent-potential relationship of a rutile crystal was
also recorded (Fig. 4.18). 1In this case, the photocurrent showed a
rap id transition from zero to a constant value, suggesting a much

lower concentration of recombination sites.

In the absence of recombination, the potential at which the
photocurrent falls to zero will be close to the semiconductor's flat
band potential. From figures 4.17 and 4.18 the flat band potential
for a film formed to 3.0 V vs Hg/Hg2SO4 was estimated to be ~0.6 V,
while that for rutile, in the same electrolyte, was -0.45 V vs Hg/Hg2834.
As the extent of surface recombination is unknown, the photocurrent
onset potentials can only be taken as limiting values of the flat band
potentials. They are however, in good agreement with the values found
by impedance techniques (Section 4.3) for the oxide films and with

literature values for rutile (24).
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4.4.3 Estimation of a{(A) for TiO» films

The capacitance of an anodic oxide film was recorded during its
growth and on the reverse potential cycle, with a forward sweep rate
of 1 mVs-_l for the first cycle, and then 10 mVs‘l for subsequent
cycles. The photocurrent-voltage response of this film was then
recorded for a range of wavelengths between 250 and 390 nm. Finally,
the capacitance-voltage curve of the film was recorded again to make

sure that no changes had occurred to the film.

The capacitance during film growth was used to construct a
reciprocal capacitance plot (Fig. 4.8b), from which a value for €r2
of 134 and a film thickness, Lf of 14.2%xr nm were obtained. If a
surface roughness of 1.5 is assumed, the value of € is 60 and of L

f
9.5 nm.

The relationship between photocurrent and space-charge capacitance

was shown in section 2.3.6 to be given by

O‘anr/cmax = Ln{{ -(A-B-9) + Ja-p-0)2 + aas } /2B]
= Ln(A) 2.70
where
A = -
(1-R.) . 2.65
-1 -2aLf
(1 - R IR e 2.66

For perpendicular radiation, the reflection coefficient at

an interface between two virtually non-absorbing media is given by

2
(ny - n,)
R = 1 2
12 B ——

2
(nl -+ nz)

This equation applies to a good approximation at the oxide/electrolyte

interface, with n, being the refractive index of the electrolyte and

1

n2 that of the oxide.
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At the oxide/metal interface on the other hand, account must
be taken of the high extinction coefficient of the metal, K3, SO

the reflection coefficient now becomes,

(n. - n )2 + K2
2 3 3

R - 4.5
23 (n. + n )2 + K2
2 3 3

By assuming a constant value for ny of 1.34, and using values
for n2 extrapolated from the data of Holland (25) for evaporatied

anatase films, and values for n3 and K3 from Johnson et al. (26),

Rl2 and R23 were calculated for wavelengths in the region of 250-390 nm

and are displayed in table 4.6.

: and R were inserted into equations
12 23 4

2.65 and 2.66, in order to obtain values for A and B. However, equation

The values calculated for R

2.66 shows that B is dependent on the absorption coefficient, through
the term eﬂzaLf, so that initial values for o were taken from the data
of Memming et al (27) for TiO2‘films prepared by chemical vapour phase
deposition (CVD). This enabled plots of the reciprocal capacitance

of the oxide film, obtained on the reverse potential sweep against
Ln(A) to be constructed for various wavelengths (Fig. 4.19). The slope
of these plots are equal toaeeor, so improved values for a could

be calculated and used in tﬁrn to calculate new values for B, and

hence improved l/CSC vs Ln(A) plots could be constructed. In this way,
iterative procedure was employed until stable values of a and B were

obtained.

From figure 4.19 it can be seen that the values of Ln(A) at low
potentials fell below the expected line. This was probably due
to the reduction in photocurrent brought about by surface recombination
(section 2.3.3.2).

The intercepts of the 1/

CSc vs Ln(A) plots yielded the gelmholtz
capacitance, which was found to be in the region of 40 pF cm for

A = 290-370. Outside this wavelength range, lower values were obtained,
possibly due to the low photocurrents being measured. This suggests
that the absorption coefficients determined outside thiswavelength

region should be treated with caution.

an
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Table 4.6 Calculated values for the reflection coefficients of anodic

oxide films on titanium.

A/nm n, (25) n, (26) k3 (26) Rl2 R23
250 3.55 1.26 1.84 0.204 0.325
260 3.48 1.26 1.97 0.197 0.331
270 3.42 1.27 2.09 0.191 0.342
280 3.36 1.31 2.21 0.185 0.340
290 3.30 1.38 2.33 0.178 0.336
300 3.24 1.44 2.45 0.172 0.331
310 3.17 1.49 2.56 0.165 0.333
320 3.11 1.55 2.67 0.158 0.333
330 3.05 1.60 2.73 0.152 0.329
340 2.98 1.69 2.80 0.144 0.321
350 2.93 1.58 2.86 0.138 0.313
360 2.89 1.85 2.89 0.134 0.306
370 2.84 1.91 2.91 0.129 0.299
380 2.80 1.97 2.93 0.124 0.295
390 2.75 . 2.04 2.95 0.119 0.288
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Pigure 4.20 shows the absorption coefficient spectrum obtained
for the anodic oxide films, as well as Memming's (27) data for CVD
films. It is clear that the two data sets correspond fairly closely
at long wavelengths, but the analysis of photocurrent spectra also
gives reliable absorption coefficients at short wavelengths where

absorption measurements are no longer possible.

4.4.4 Effect of growth rate on the photocurrent-voltage response

Anodic oxide films were grown to a potential of 3.0 V vs Hg/Hg2SO4,
at various sweep rates. The potential was held at the anodic limit
for about 10 minutes until the measured photocurrent became stable,
indicating the end of any significant film growth. The photocurrent-
voltage response was then recorded at a reverse sweep rate of 10 m\/s_l

for all the films.

The results obtained (Fig. 4.21) showed that the photocurrent
fell steeply with potential on the reverse sweep for films grown at
high sweep rates. By contrast, the photocurrent of films grown
at low sweep rates fell away relatively slowly with potential on the
reverse sweep until the flat band potential was approached, where
the photocurrent dropped rapidly to zero. This behaviour is similar
to that of the rutile single crystal, (Fig. 4.18) suggesting that
slowly grown films are more crystalline and have fewer grain boundaries
and imperfections to act as recombination centres, than their rapidly
grown counterparts. All the films appeared to have flat band
potentials in the region of -0.5 V to ~0.6 V vs Hg/Hg2SO4.

The size of the photocurrent is related to the Schottky length,
LS, which in turn is related to the reciprocal of the space charge
capacitance, (Equ. 2.39). Inspection of figure 4.9, shows that the
slope of the Mott-Schottky plots in the high potential region increases
as the growth rate of the films increases. This agrees with the
observed trend in the photocurrent results, although the growth rate
dependence of the capcitance data is much less than that of the

photocurrent results.
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4.4.5 Temperature dependence of the photocurrent.

The effect of formation temperature on the photocurrent response
of anodic oxide films was investigated. Figures 4.22 and 4.23 show
the effect on the reverse potential scan, at 10 mVs_l, of films which
were grown at 1 mVs“l and 1 Vs_l respectivley. Clearly the photo-
current increases with increasing temperature, with plots of the anodic
limits photocurrent against temperature (Fig. 4.24) showing a 35% and
38% rise in the photocurrent between the temperatures of 298K and 338K
respectively. In section 4.2.3, a 30% increase in plateau current
of the cyclic voltammograms was found for the same temperature variation.
It is therefore clear that the increase in photocurrent is due to the

formation of thicker films at the elevated temperature.

The general shape of the photocurrent-potential curves of films
grown at 1 mVs“l did not alter with changes in temperature, which
suggests the crystal structure is unchanged. In the case of the
films grown at 1 VS‘l, an increase in temperature results in photo-
currents that are less potential dependent near the formation
potential, suggesting a  decrease in the density of surface states

(22,23) or an increase in the crystallinity of the films.

The shape of the photocurrent~voltage response of a film grown
at 1 Vs~l at room temperature and heated subsequently to 60°C, was
almost identical to that of a similar film which had been grown at
that temperature. This result shows that the structure of the room
temperature film changed as the temperature was increased. The
process is evidently irreversible since the photocurrent-voltage

behaviour did not revert back to its original form at room temperature.

4.5 Open-circuit and Reformation Experiments.

4.5.1 Potential-time curves

After growth, the anodic oxide films were switched to open-
circuit and their potentials were monitored. Four distinct regions

in the potential-time curves were observed; (Fig. 4.25):
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i) a rapid fall from the films formation potential,
ii) a slower decay in the open-circuit potential of the
electrode,

iii) a step due to the breakdown of the film,

. . . . . .3+
iv) a steady potential corresponding to the dissolution of Ti~ .

The slope of the step, region (iii), was found to depend on the
HZSO4 concentration in the electrolyte (cf. Fig. 4.25 fgd 4.26), with
figure 4.27 yielding a relationship of 35 mVs ~/mol dm ~. A possible
explanation of this dependence, is that the final catastrophic break-
down occurs when a small part of bare titanium metal is exposed to
the acid; the resulting Ti3+ dissolution, the rate of which has been
previously shown to be pH dependent (28), then breaks up or undermines
the remaining film. Removal of the oxide film was demonstrated by
running a 2nd cyclic voltammogram which showed that oxide growth
started immediately at the 'Flade' potential. The currents in this
second voltammogram were larger than those in the one obtained during
the original growth of the film, indicating an increase in the

. L3+ .
electrode area had occurred during Ti dissolution.

The effects of various different growth conditions, on the time
taken for the oxide film to reach the final breakdown region (iii),
were investigated by reformation experiments in which the oxide film

was regrown under linear sweep conditions,

4.5.2 Reformation experiments

Anodic oxide films were grown by potential sweep and then left
at open-circuit for a period of time, T. Before region (iii) in
figure 4.25 was reached, the electrode was switched back to potential
control and the cyclic voltammogram was repeated. The resultant

potential-time profile of the electrode is shown in figure 4.28.
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Tima

Fic. 4.28 Potential-time profile appliad to the titanium elactrodes
during reforrmation experiments. Dashed line reprsents time
at open-circuit.

A typical cyclic
shown in figure 4.29.
sweep, and it is clear
repair the film to its

could be due to one fo

voltammogram resulting from this profile is

Here curve b is obtained on the second potential
that there is a reformation charge required to
original state. The: need for this charge

the following possibilities;

a) film dissoclution
+
. 4H . 4+ L
Tloz(s) > Tl(aq) + 2H20 (Thinning) 4.6

b) disproportionation at the metal/oxide interface, by either

. . . N . .

i) 3T102(S) + Tl(s) —— 2T1203(s) 4.7
or

i i Ti + Ti —> 2T} 4.8

ii) 102(5) l(s) 2 10(5)

Since the plateau current of the second potential scan (Fig.

4.29 curve b) is approximately the same size as that for the first

(Fig. 4.29 curve a), it is likely that the reformation process is

Ti —> Tio, + de ’ 4.8
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which in turn suggests that mechanism a), film dissolution, was occur-

ing while the film was at open-~circuit.

Pitting of the oxide film is considered unlikely, as the
reformation current rises smoothly suggesting that the thinning of

the film occurs non-preferentially over the whole surface.

By varying the time that the oxide films were left at open-
circuit, it was possible to construct plots of reformation charges
vs time (Fig. 4.30). These plots were found to be reasonably linear,

suggesting that the oxide films thinned at a constant rate.

When an anodic oxide film is held at its growth potential, it
should continue to grow in accordance with the inverse log law (section
2.1.2). However, any charge passed while the potential is being held
constant will not contribute to the area under the cyclic voltammogram.
Therefore, any such growth that occurs will not be detected in this
series of experiments. This explains why the plot shown in figure
4.30 does not pass through the origin, but instead has an intercept
on the ordinate axis which represents the charge needed to reform
this additional oxide growth. To reduce this value, the potentiostat
was switched off as soon as the anodic potential limit was reached
on the initial cyclic voltammograms, for all subsedquent experiments.
Attempts to use an electronic integrator to obtain values for this
additional formation charge were unsuccessful because currents due to
additional processes, in particular oxygen evolution, were also

integrated.

During the time the oxide films are at open~circuit, their
potential is predominantly in the region ~0.15 to =-0.65 V vs Hg/Hg2SO4
(E¥i02+/Ti3+ = ~-0.54 V vs Hg/Hg2SO4 (29)). The open-circuit potential
startedto fall rapidly when the critical breakdown of the film was
approached, but if the potentiostat was switched in at this point and
a cyclic voltammogram recorded, it was observed that the average film

thickness was still 1.0 - 1.2 nm with only the foot of the reformation

curve in an active potential region (-0.7 V - -0.8 V vs Hg/Hg2504).
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This suggests that only a small part of the bare titanium metal needs

to be exposed to the acid, to cause rapid attack of the metal.

An Arrhenius plot (Fig. 4.31) was constructed from the slopes
of a series of reformation charge vs time plots, for films grown at
1 Vsﬁl in 3 mol dm»B H2504, over the temperature range 25°C to 65°C.

. . -1 . .
An activation energy of 63 kJ mol was determined, along with a

pre-exponential factor of 2.9 x 104 Cs-l cm_2.

The effect of varying the initial film thickness on open-circuit
thinning rate was investigated. Table 4.7 summarises the results
obtained, and it shows clqgrly that the rate of thinning of oxide films

-1 mol sm
grown at 1 Vs in 3 A H_ SO, at 45°C is independent of the initial film

2774
thicknesses for starting values greater than 4 nm. A similar result
was observed by Gurina et al. (30) for the cathodic dissolution of
Ti02 films in acidic peroxide solutions.

The dissolution rate of the oxide was observed to increase as
the critical breakdown region of the film was approached. Since this
region appears to begin when there is still approximately 1.2 nm of
the film still intact, it was not posisble to determine a linear

thinning rate for filmg with initial film thickness less than 3.0 nm

before this critical region was entered.

Table 4.7 Thinning rate of film grown to various anodic limits at

1vs™! in 3 mol dm > H.SO. at 45°C.

2774

Anodic. limit Initial thickness/nm Thinning rate
(V vs Hg/HgZSO4) (Assuming A.R = 2.5 nmv*l) (uC cm_2s_l)

0.0 2.40 Rapid breakdown

6.5 3.65 1.20

1.0 4.90 1.16

1.5 6.15 1.26

2.0 7.40 1.26

2.5 8.65 1.24

3.0 9.90 1.14
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The results presented so far in this section have mainly been
for anodic oxide films grown at high sweep rates (1 Vs_l). If this
rate is reduced, the reformation cyclic voltammogram is observed to
change, (cf. Fig. 4.29 and 4.32), with the reformation plateau current
being lower than the original growth plateau current level. A
possible explanation for this result is that because the slowly grown
films thin at a much slower rate than their rapidly formed counterparts,
they remain at open-~circuit for a longer period of time. This may
allow a change in structure to occur, leading to a reduction in the

#

. , . : V4
size of either the free energy of activation of oxide growth, AG 7,

or the half-jump distance, a.

The fall in the plateau current could alternatively be interpreted
as evidence for the occurrence of a disproportionation reaction at
the metal/oxide interface, as this would require less charge to restore

the film back to its original state, for example

-4¢e”

Ti (o) > Ti(iv) (Growth) 4.9
Ti(o) + 3Ti(iv) —> 4Ti(iii)

(Disproportionation) 4.10
Ti(iii) =5 Ti(iv) (Reformation) 4.11

Despite the effect on the reformation plateau currents, plots
of reformation charge vs time at open-circuit could still be constructed
for films grown at slow sweep rates. Table 4.8 summarises the effect
of the initial growth rate of the anodic oxide films on their thinning
rates at open-circuit. Figure 4.33 shows that the dependence on

growth rate of the thinning rate, k can be represented by the

bl
empirical relationship

kK a v 4.12
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Table 4.8 Growth rate dependence of the open-circuit thinning rate,

for films grown in 3 mol dm-—3 H2504 to 2.0 V vs Hg/HgZSO4
at 45°C.
-1 ) . L -1 -2
Growth rate/Vs Open~circuit thinning rate/pC s cm
1.0 1.24
0.1 0.78
0.03 0.55
0.01 0.35
0.001 0.15

The effect on the thinning rate of changing the media in which
the oxide films were left at open-~circuit was investigated by growing
a series of identical oxide films at 1 Vs_l in 3 mol dm*3 HZSO4 at
room temperature. The anodised electrode was then placed in different
media at 45°C for a set period of time before being reformed in the
sulphuric acid again. The reformation charges needed to repair the

films are given in table 4.9.

If the breakdown mechanism of the anodic oxide films involves
primarily the metal/oxide interface, changing the open~circuit media
should have little influence on its rate. However, table 4.9 indicates
clearly a strong dependence of the open-circuit thinning rate on the
composition at the oxide/solution interface, suggesting that this is
where the breakdown mechanism occurs. If the oxide films are simply
dissolving, then table 4.9 could be seen as a table of the solubility
of TiO2 in the various solutions. It is also apparent that the
anion of the open-circuit solutions plays an important role in the
thinning of the oxide films, as solutions of similar pH have quite

..3 -
different thinning rates (cf. 3 mol dm HC1l and 3 mol dm 3 HC104).
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Effect on the thinning rate of varying the open-circuit

media for films grown at 1 Vs to 2.0 V vs Hg/ngsO in

4

3 mol dm-3 H2SO4 at room temperature.

Open~-circuilt media at 45°C

Reformation charge/open-circuit

time
- -1
uC cm 2 =
-3 -3
1 mol dm KOH + 1 mol dm H202 1.53
3 H3PO4 1.53
T v " KOH 1.51
3 H2SO4 1.15
3 v HC1 1.01
111 i
1 H2SO4 . 0.95
3 H2504+O.Ol mol dm K2C204 0.79
" n H .
1 2C2O4 . 0.74
i " H2SO4+ 1 mol dm NaHSO4 0.66
11) " - 3
3 H2SO4+O.1 mol dm K2C204 0.57
3 " HClO 0.54
0.25 2 4 0.48
0.05 " " 2C O 0.43
" 11 3
1 2 4+l mol dm K2SO4 0.16
0.02 2804 3 0.12
0.02 2 4+O 04 mol dm K2504 0.08
1 K2C 04 0.038
r - c{ 0.005

OH )(COOH)(CHz.COOH)2
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It was noted in section 4.2 that on the 2nd cycle of a
voltammogram the growth field may become large enough to allow further
oxide growth to occur as the anodic potential limit is approached,
even though no thinning of the film formed on the first cycle had
occurred. In addition, photocurrent experiments (section 4.4.5)
indicatea that the anodic oxide films can undergo an irreversible
structural change on heating. Therefore two blank reformation
experiments were carried out, in which the oxide films were placed
in a nitrogen atmosphere at 45°C for periods of 2% and 5 hours. In
each case a reformation charge of 0.05 mC cm~2 was measured. AS
this value was independent of the time spent at open-circuit it was
assumed that no degradation of the films was occurring in the nitrogen
atmosphere, and that the charge measured was solely due to additional
oxide growth. The thinning rates shown in table 4.9 have therefore

been corrected to take account of this extra charge.

4.5.3 Galvanostatic breakdown of oxide films

It was found that the time, Tp taken for-an oxide film to break-
down was reduced when a small cathodic current (v 5 pA cmaz) was applied
to the electrode instead of switching it to open~circuit. A

possible explanation for this result is as follows:

Under open-circuit conditions the oxide film dissolves according to
the reaction
+
48 4+

> .
2(s) l(aq) + 2H20 4.5

+3
p-
@]
3

If there is a critical film thickness, below which

Lf(crit)'
catastrophic breakdown of the film occurs, then the dissolution rate,

k, , can be expressed as

bl

Leint) 7 Prerit) 4.14

I
kw‘\
= &
o’
o

i = .
XLf(crit) kao 4.15

assuming Kk, is not a function of time, and where TO is the open-circuit

b
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breakdown time and Lf(int) is the initial film thickness, expressed

as the charge needed to origianlly form it.

If the applied cathodic current is assumed to reduce the
dioxide at the oxide/electrolyte interface, then the resultant soluble

Ti(iii) will rapidly dissolve;

+
- H
i — 1 7 3 .
Tloz(s) + e 3 T1203(S) + 2H20 4.16
Lens + N 3+ 3/
7T1203(s) + 3H —— Tl(aq) + 2H20 4.17

Equation 4.16 shows that this mechanism requires only a guarter of
the charge originally needed to grow the film, in order to totally

reduce it. Therefore equation 4.14 converts into

A = ' j , .
Lf(crit) kb T+ 4jext T 4.18
Thus
. Mbecrit) %
Jexe =7 T 4.19
41
. 1/ . . .
So a plot of oy VS ¢ ' should be a straight line with a slope of
Mg (crit) A K
Y and an intercept of i

Plots of this nature were constructed for films of various thickness
grown at 100 mVs~l in 3 mol deB sto4 at 65°C, and they are shown in
figure 4.34. BAlthough the resultant plots were indeed linear, the
thicker films gave rise to positive intercepts. Since these correspond

to negative values for k, it is clear that the interpretation is

b
inadequate.

The intercepts of the two thinnest films yielded a value for kb
of approximately 3.2 uC cm_2s_l, which is about the value that would

be expected from reformation experiments (section 4.5.2). The positive
intercepts of the thicker films can be explained if not all the

external current contributes towards the reduction of the oxide f£ilm,
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but is used up instead in side reactions such as hydrogen evolution
or the reduction of Ti(iv) ions already in solution.
. . . -1
From figure 4.4 a value for the anodising ratio of 6.9 mCV
was determined for films grown at 100 mVs‘l in 3 mol dm_3 H. SO, at

274

65°C. This value should therefore be the slope of a plot of ALf(crit)'
obtained from figure 4.35, against the anodic potential limit of

film growth, and the intercept of such a plot should yield a value for

Lf(crit)'

Bleerity = Pe(int) T Tf(erit) 4.20

Figure 4.35 shows that a plot of AL vs potential limit

f(crit)
is in fact curved, although a dashed line of the predicted slope has
been drawn through the first three points on the graph. The intercept
of this dashed line is at -0.75 V vs Hg/Hg2SO4. Assuming that growth
started at th§2Flade potential (-0.96 V vs Hg/Hg2SO4) a value for Lf(crit)
of 1.45 mC cm is obtained. This converts to 0.8 nm if the film is
assumed to have the same density as anatase (3.84 of cm_3(9)).
L . is in fact a measure of the average film thickness at the
flcrit)
critical breakdown point. However, the oxide film is unlikely to thin
at a constant rate over the whole surface. Therefore if the critical
breakdown occurs when only part of the film has thinned to the true
critical thickness (which may correspond to the exposure of the bare

metal), the average film thickness, L at this'point in time

flcrit)’
can be expected to increase as the initial film thickness increases.

This could explain the curvature seen in figure 4.35.

Evidence that the cathodic current reduced the oxide film at
the oxide/electrolyte interface rather than at the metal/oxide interface
came from ellipsometry, (section 4.6). This showed that the oxide
film thinned in the same way when a cathodic current was passed through

it as when it was left under normal open-circuit conditions.
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4.6 Elipsometry

The growth of anodic oxide films on titanium was followed by
ellipsometry, using the 632.8 nm line of a helium-neon laser. A
computer program (31) was used to generate a theoretical fit for
the results obtained, from which optical constants were determined
for the titanium metal substrate to be in the range of ns = 2.4-3.0
and ks = 3.0-3.3, and for the anodic oxide film nox = 2.0-2.4 and
kox = 0. The wide scatter in the values determined for the optical
constants was attributed to the difficulty in obtaining a reproducible
initial surface. The published literature values for the optical

constants of anodic oxide films on titanium also vary widely and the

above results are well within the range of values quoted (12,26,32-36).

Holland (25) has given values of the refractive indices of
evaporated anatase (n = 2.33) and rutile (n = 2.65) films and the
low values of nox obtained for the anodic oxide films therefore

suggest that they resemble the anatase form of the dioxide.

Figure 4.36 shows a typical delta-psi plot obtained for a 6.0 V
film grown at 100 mVs_1 in 3 mol dm“3 H2504. Also shown in the figure
is the best fit computer generated curve using n_ = 2.98, ks = 3.23
and nox = 2.2, from which an anodising ratio of 2.3 nm V_l was obtained.
This theoretical curve can be extended to show that an "egg" shape
curve would have resulted if the film thickness had been allowed to
increase without bound, with each lap of the "egg" corresponding
to approximately 150 nm of film growth (Fig. 4.37). It is interesting

to note that if a value of N, = 2.4 had been chosen a "broken egg"

shape curve would have resulted (Fig. 4.38).

When the electrode was held at the anodic potential limit, the
delta-psi plot was found to curve slightly towards the origin, and
on open-circuilting, the plot tracked back along a curve parallel to
the growth curve, suggesting that the oxide film was thinning (Fig.
4.39). This behaviour was also observed if a cathodic current was passed

through the oxide although now the delta-psi plot changed at a faster
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rate. This suggests that the film behaves in a similar way under these

two conditions (section 4.5.3). Unfortunately it was not possible
to follow the open-circuit behaviour of the anodic oxide films all the
way to the critical breakdown region, as hydrogen evolution and surface

roughness resulted in signal deterioration.

A computer calculation of the reverse curve showed that the
optical constants of the oxide film remained constant, whereas change
had occurred in the substrate's optical constants. This change is most
probably due to the formation of a suboxide layer between the metal
and the dioxide film. Figure 4.40 shows the results of a series of
computer calculations based on a four layer model for a 10 nm top film
with various thicknesses for the bottom film. It can be seen that only
a very thin- film (0.5 nm) is required to cause a shift in the delta-
psi plot, and that this shift increases with the thickness of the sub-
oxide layer. Unforutnately, the shift was not very sensitive to the
optical constants of the suboxide layer, so that ellipsometry could

not be used to identify the stoichiometry of this layer.

Figure 4.41 shows the delta-psi response obtained when the

potential-time curve shown in figure 4.42 is applied to a titanium

electrode;
1.0
1 5
1] A
A i
\ \
) ' '
- \ \
»
\'r ' I
5 .t \ 2
+ A
5! \ \
o AN N
N N
~ ~
~ SN
~ o / ~
\..
{
-1, 2 o
iima
FPic., 4.42 Potential-time orofile used to obhtain figure
. 3 £ '
4,41, Dasned lires refer to times st osen-

circuit.
It can be seen that when the potential is a»plied for the second time
(region ¢), the delta-psi »lot alrosc exactly retreces the onen-circuit
curve (curve b), which suggests that the suboxide layer remains intact
during the film's reformation. This suggests that titanium ions can
migrate freely through the suboxide, which is expected to be essentially

metallic. On reaching the anodic potential limit for the second time,
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the delta-psi plot again curved towards the origin, indicating further

growth of the suboxide layer.

The open=-circuit delta and psi values for a film grown at
1 Vs~l to 2.0 V vs Hg/HgZSO4 in 3 mol dm—3 H2804 at room temperature
were recorded over a period of 2.1 x 10 s, using a flow cell to over-
come the problem of bubbles forming on the electrodefs surface. This
data was then used to calculate the film thickness as a function
of the time at open-circuit. This resulted in a linear plot of Lf vs
time with a slope of 1.9 x lO_ll cm s'_1 (Fig. 4.43). A reformation

experiment was carried out at the same time, and it was found that

in bringing the oxide film back to 2.0 V vs Hg/Hg2504, 6.2 mC cm~2
of charge was passed (Fig. 4.44). This is equivalent to a thinning
rate of 1.6 x 10_ll cm s_l.

The discrepancy between the two thinning rates can be explained
with reference to figure 4.45. This shows a plot of the film thickness
measured by ellipsometry against potential during the original film
growth. The line a-b represents a region of 0.8 nm of oxide growth
which occurred after the anodic potential limit had been reached.

The charge passed to grow this part of the oxide is not included in
the area under the cyclic voltammogram, and it therefore represents
a correction term to be added to the thinning rate calculated from the

reformation experiment.

4.7 Open~circuit Impedance Measurements

The impedance of titanium oxide films at open-circuit has a
frequency dependence which is similar to that seen under potential
control {(cf. Fig. 4.10 and Fig. 4.46). It had been hoped to combine
impedance measurements with reformation experiments, so that plots
of impedance against film thickness could be obtained but unfortunately,
it was discovered that the impedance depended much more strongly on
the open-circuit potential of the oxide than it did on the film

thickness.
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The open-circuit potential of the anodic oxide films can be
lowered by passing a small cathodic current through them. Therefore
to demonstrate the strong potential dependence of the impedance,
a cathodic current of 6.7 pA cm‘_2 was passed through an oxide film for
25 minutes. The film was then returned to normal open-circuit
conditions for a further 25 minutes. Throughout this period the impedance
of the film at 100 Hz was recorded. Figures 4.47 and 4.48 show the
results obtained as a function of time and oxide potential respectively.
Clearly the impedance recovers once the cathodic current is removed,
but separate ellipsometry measurements showed that the oxide film should
have thinned from about 7.5 nm to 3.0 nm during the course of such
an experiment. From these observations it was concluded that the
a.c. response of the oxide films was due to the space-charge layer

rather than the whole film.

Pettinger et al. (10) showed that when the capacitance due ‘to
the Helmholtz layer, CH' is significant the Mott-Schottky equation

becomes

20¢
/a2 = = + 1/

ege N r2 C2
meas loliNe}

H

If the oxide film is assumed to be behaving as a simple capacitor then
the measured impedance, Zmeas , can be expressed as

= L
meas wcmeas 4.22

Hence equation 4.21 can be transformed into

2 A
Zmeas - 224 22 1/ 2.2
eee N W r ‘W C
[ o) H

Therefore it was possible to construct a "Mott-Schottky" plot from the
open-circuit impedance data shown in figure 4.48 (Fig. 4.49). From

the slope of this plot, using a value for er2 of 60, the donor density
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of the depletion region was calculated to be 5.7 x 1020 cm~3.

However, as this plot was constructed over a very small potential range,
this value can only be taken as a rough estimate. The base of the plot
is curved because A¢ 1s tending to zero, so that the measured
impedance becomes dominated by the Helmholtz capacitance, which is

potential independent.

Further evidence that the impedance of anodic oxide films at
open-circuit is dominated by the space~charge region is shown in figure
4.50. This is a plot of the impedance of a film, which was grown at

1 Vs_l to an anodic potential limit of 1.0 V vs Hg/Hg2SO which

4’

was held at a negative potential of -0.75 vs Hg/Hg2SO against the

4

film thickness, calculated from a series of reformation experiments

cérried out simultaneously with the impedance measurements. It can

be seen that the impedance remained virtually constant until the film

had thinned to a thickness of about 3.0 nm, before falling rapidly

as the film thickness decreased yet further. No data was produced for

film thicknesses less than 0.75 nm, as this thickness was found to

be relatively stable at the holding potential of -0.75 V vs Hq/HgZSO4.
Harrison and Williams (37) have presented impedance data for

thin anodic oxide films on titanium that were held at negative potentials.

Plots of impedance against time were given that also showed an initial

region of constant impedance before a rapid decrease. This was

interpreted as being the nucleation and growth of patches of reduced

oxide, as the authors believed that the film thickness was constant

throughout their experiment:. The present results show, however, that

impedance is not a suitable technique for following the open-circuit

behaviour of anodic oxide films on titanium which are in the region

of 3.0 - 10.0 nm thick. This is due to the high donor densities that

occur in these films, which produce a space charge region that dominates

the impedance response. Ellipsometry and reformation experiments, on

the other hand, give directly information about the thinning of the

oxide film.
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4.8 Modulated Electroreflectance

Modulated electrolyte electroreflectance (EER) spectra were
obtained from an anodic oxide film grown to 3.0 V vs Hg/Hg2SO4 for
both p and s polarised light (Fig. 4.51). There is a clear dependence
of the EER spectra on the polarisation of the incident light, with
the critical points moving to shorter wavelengths, when the polarisation
is changed from s to p. The critical points of the two spectra are

summarised in table 4.10.

Table 4.10 Critical points for EER spectra for an anodic oxide film
-1
grown to 3.0 V vs Hg/Hg2SO4 at 10 mvs ~. 100 mV peak-peak

modulation signal at 270 Hz. D.c. bias at anodic potential

limit.
Polarisation Low energy peak High energy peak Cross over
-3 -3 A
Energy/eV 10 AEE' Energy/ev 10 3—§B Enexrgy/ev
p 3.76 5.4 4.09 1.1 3.95
S 3.63 2.5 3.97 1.9 3.79

No spectral features were observed for wavelengths longer than
430 nm, and the spectra were found to be independent of the modulation
frequency between 27 Hz and 2.7 kHz. The remaining experiments in this
section were carried out using s-polarised light. This polarisation

was chosen as it had the highest intensity.
. : AR . .
The intensity of the Y signal was found to be linearly dependent
onn the size of the a.c. modulation, with figure 4.52 giving a value

AR - -
for dGr}évac of 2.55 x 10 2 \Y L for the low energy peak at 342 nm.

The dependence of the EER spectrum on the d.c. bias potential is
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illustrated in figure 4.53. Although no significant change occurs in
the position of the spectrum's critical points, the %§~signal was
observed to collapse as the d.c. bias was reduced. At a potential

of -0.37 V vs Hg/ngsoa, the signal vanished entirely. On reducing the
bias yet further, howe;er, the spectrum was observed to reform, but

it had now inverted.

Figure 4.54 shows the %? response obtained for a constant wave-
. -1

length (342 nm) with the d.c. bias potential being reduced at 5 mVs
The %;-signal was found to depend on the square root of the d.c. bias

for potentials greater than -0.37 V vs Hg/Hg2SO (Fig. 4.54b).

4"
The effect on the EER spectra of changing the film thickness was

investigated over a range of 5.0 to 22.5 nm (assuming A.R. = 2.5 nmv_l).

The results obtained are summarised in table 4.11. A dramatic change in the

shape of the EER spectrum occurred when the film thickness was increased

above 20 nm, with all three critical points moving to lower energy

values (Fig. 4.55). This possibly indicates a change in the structure

of the anodic oxide films.

Earlier electroreflectance measurements on rutile single crystals
(38,39) showed no correlation with the results obtained above on
anodic oxide films. Frova et al. (38) therefore suggested that the spectra
obtained from films greater than 30 nm thick were dominated by
electroabsorption effects (EA). The evidence put forward for this
idea was that the authors observed no light modulation in the energy
range where the absorption coefficient was greater than 5 x 105 cm_l
{approximately below 310 nm according to Fig. 4.20). This observation

can also be made from the spectra obtained from the somewhat thinner

films discussed in this thesis.

Bondeau et al. (40) have also suggested that interference effects
should be considered when interpreting the EER spectra obtained from

thin anodic oxide films.
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Table 4.11 Effect of changing the film thickness on the critical points

of the EER spectrum.

= anodic potential limit.

All films grown at 10 mVs—l

D.c.

bias

A.c. modulation = 100 mV pk-pk

at 270 Hz. An anodising ratio of 2.5 nm vV ~ has been assumed.
Film thick-| Polarisation Low energy peak High energy peak Crossover
ness/nm of incident
light Energy/ev lO"3 %? Energy/eVv lO~3 %? Energy/eV
5.0 5 3.66 1.1 4.06 0.7 3.82
7.5 s 3.61 1.9 3.95 1.5 3.75
10.0 S 3.63 2.5 3.97 1.9 3.79
12.5 S 3.63 3.3 3.95 2.3 3.76
15.0 s 3.59 4.4 3.83 3.4 3.66
17.5 s 3.53 5.4 3.73 4.1 3.61
20.0 s 3.35 4.5 3.53 4.5 3.40
22.5 s 3.17 2.4 3.52 2.4 3.30
5.0 o} 3.75 2.0 4.13 0.3 3.98
7.5 p 3.75 4.1 4.10 0.8 3.96
10.0 o 3.76 5.4 4.09 1.1 3.95
12.5 P 3.75 5.7 4.11 1.2 3.94
15.0 p 3.73 4.9 4.03 1.5 3.87
17.5 p 3.64 1.8 3.91 1.9 3.70
20.0 P - 1.3 3.82 2.9 3.59
22.5 D - 0.8 3.73 1.6 3.41
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A full interpretation of the EER spectra obtained from thin
anodic films would therefore be very complicated, and so this technique
cannot vet provide the structure information which can be obtained

from photocurrent spectroscopy and ellipsometry.

4.9 Hydrogen Penetration of Titanium Electrodes

After prolonged use at high temperature in strong acids,
changes in the cyclic voltammograms of the titanium electrodes were
observed. (Fig. 4.56). The most noticeable change was the appearance
of additional peaks, which on the second cycle resembled a redox
couple centred around the hydrogen evolution reaction (-0.64 V vs

Hg/Hg2804 ).

Similar peaks had been observed previously by Francis (41), who
concluded that oxidation and reduction of hydrogen in some form of
association with the titanium metal was the most likely cause of their
existence. The hydrogen was believed to enter the metal during

dissolution, the mechanism of which had earlier been reported as being

(42)
Ti fneausd Ti2+ + 2e
(s)
L2+ + .3+
T [
l(ads) + H > Tl(aq) + H(ads)
+ -

———n

H(ads) < H(aq)

Indeed Francis {41) showed that new titanium electrodes developed
the 'hydrogen redox couple' when left under conditions of open-circuit

dissolution for long periods of time (> 3 hours).

To investigate this phenomenon further, the tip of an 'old!'
electrode was cut off and placed in a secondary ion mass spectrometer
(SIMS). The results obtained were then compared to those of a 'new'’
titanium surface. (The SIMS spectrometer was operated by P. Chalker,

at AERE Harwell).
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The mass spectra obtained from the two samples were virtually
identical (cf. Figs. 4.57 and 4.58), with C, Na, Mg, Al and Si in
addition to a wide range of titanium clusters being detected. The
presence of Al and Si was attributed to the polishing procedure.

No hydrogen is recorded in these figures due to a calibration problem.
However, by tuning the spectrometer for hydrogen it was possible

to obtain depth profiles in both the samples.

The 'new' titanium sample showed a virtually homogeneous
hydrogen concentration in the metal after a couple of hundred nanometres
had been penetrated (Fig. 4.59). However, this concentration was
very close to the background level for hydrogen in the spectrometer,
indicating that no hydrogen was present in the bulk of the 'new'

titantium sample.

The depth profile for the 'old' titanium electrode (Fig. 4.60)
on the other hand, showed a large increase in the hydrogen concentra=-
tion compared with the 'new' sample. This concentration was observed
to decrease as the metal was penetrated, although even at a depth of

5 pum the hydrogen count was still way above the background level.

The spectrometer used for these experiments had an imaging
capacity, and this was used to look at the grain structure in the
two samples. In the 'old' sample an H+ image (Fig. 4.61la) showed the
hydrogen rich regions as bright needle-like structures. 1In addition
O+ (Fig. 4.61b) and Ti+ (Fig. 4.61lc) micrographs of the 'old’ sample‘
showed a resolvable grain structure. Conversely, the Ti+ image of
the 'new' sample appeared to be comparatively structureless (Fig. 4.62a)
and an H+ image (Fig. 4.62b) indicated anear homogeneous distribution
of hydrogen species across the 'new' samples surface, which is
consistent with a hydrogen concentration close to the spectrometer's

background level.

In order to examine the crystallinity of the two samples in
greater detail, they were transferred to a scanning electron microscope.

Grain sizes of up to 100 um were observed on both of the samples.
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A clear grain structure was observed on the 'old' specimen (Fig. 4.63a),
which on closer examination appeared to be platelets (Fig. 4.63b),

consistent with the formation of titanium hydride plates. In contrast,
the 'new' sample indicated a rougher surface without the characteristic

graln structure seen in the 'old' electrode (Fig. 4.64).

In conclusion, it is clear that prolonged use of titanium
in strong acid conditions results in the irreversible incorporation
of hydrogen atoms deep into the structure of the metal. This results

in a change in the grain structure of the metal, and possibly the

formation of titanium hydride.
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5.1 New information on the breakdown of TiOs films

Ellipsometry and reformation experiments have shown clearly
that the process which leads to the catastrophic open-circuit break-

down of the anodic oxide filmsis chemical dissolution:

+
H
Ti0 —> Ti(IV + 2H,0 .
2(s) ( )aq 2 5.1
This process was found to occur at a uniform rate, which in
turn was observed to increase with increasing growth rate and
temperature. In addition, the open-circuit dissolution rate was found
to be dependent on the nature and concentration of both the cation and

the anion in the open-circuit solution.

The open-circuit breakdown was observed to occur when there
was still an average film thickness of about 1.0 nm left on the
electrode surface, although some patches of the bare metal may have

been exposed to the acid electrolyte.

Application of small cathodic currents was found to increase
the rate of anodic oxide dissolution, probably by reducing the
dioxide at the oxide/electrolyte interface.

+

H .
5 > 4 T1203 + 3 H2O 5.2

However, it was observed that not all the applied current went
towards reduction of the dioxide film, as much of it may be lost in

side reactions such as hydrogen evolution.

Prolonged use of titanium in acidic environments was found
to lead to the metal being penetrated by hydrogen, and SiM$ showed that
this penetration occurredto a depth of several microns. SEM

photographs also indicated a change in the grain structure of the
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aged metal, which may have been the result of the formation of Tin,

5.2 New information on the properties of TiO, films

Photocurrent spectroscopy indicated that the indirect bandgap
of the anodic oxide films found on titanium was approximately 3.1 eV.
This is between the bandgaps of rutile (3.0 eV) and anatase (3.2 eV).
However, ellipsometry revealed optical constants for the anodic
oxide films that suggested that they resemble the anatase form of
TlO2.

The growth rate dependence of theopen-circuit dissolution rate
was believed to be due to a change in the cyrstallinity of the oxide
films. Recombination effects result in photocurrent spectroscopy
being very sensitive the crystal structure, and this technique
revealed that the crystallinity of the anodic oxide films increased
when the growth rate was decreased or the temperature was increased.
These results show that the increased stability of films grown at low
sweep rates is associated with the formation of a more perfect

polycrystalline oxide which dissolves more slowly at open-~circuit.

From the impedance measurements the permittivity of the oxide
films was found to be frequency dependent, with tandé being constant
between 10 Hz and 10 kHz. This is typical for valve metal anodic
oxides and is usually explained in terms of dielectric relaxation
phenomena. Mott-Schottky plots obtained from the titanium anodic
oxide films were found to be curved, indicating a spatial distribu-
tion of donors. This observation was explained by assuming the donors
to be titanium ions, which, as travelling to the oxide/electrolyte
interface during growth, became trapped in interstitial sites when

the growth field was reduced.

The spectral dependence of the absorption coefficient of the
thin anodic oxide films formed on titanium was obtained by combining
photocurrent and capacitance measurements for the wavelength range

250 - 409 nm.
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Ellipsometry measurements indicated that a thin suboxide layer
forms between the metal and the dioxide when the growth potential
is rgduced. However, identification of this laver by ellipsometry
was not possible due to a lack of sensitivity. It was hoped to
identify this suboxide layer using angle resolved Auger electron
spectroscopy on anodic oxide films grown on evaporated titanium films,
but unfortunately there was not enough time to complete these

experiments.

5.3 The effect of the Helmholtz layer on anodic oxide film growth

During the growth of thin anodic oxide films, the potential drop
across the Helmholtz layer is a significant proportion of the total
potential drop across the electrode/electrolyte interface. Theoretical
charge-time transients showed that the Helmholtz layer will cause
the growth of thin anodic oxide films on valve metals to deviate from
the inverse log law. This deviation arises because the Helmholtz
layer acts as if it were an initial film thickness of EOXLH/EH»
However, in practice it would be necessary to measure over se;eral

decades of time in order to observe the effects of the Helmholtz layer.

The effect of the Helmholtz layer on cyclic voltammetry experiments
is that it should again be equivalent to an initial film thickness of
onLH/eH Therefore the onset potential should be shifted in the
anodic direction, but the size of the plateau current should be
uneffected. In practice the detection of these effects is complicated
by the uncertainty concerning the eguilibrium potential at which

film growth becomes thermodynamically feasible.
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Appendix 1 A.C. Theory

A sinusoidal voltage may be expressed in the form,
E = AE sin {(wt) A.1.1

where AE is the maximum amplitude and w 1s the angular frequency

(2 mf). The resulting sinusoidal current in a linear circuit will have
an identical frequency, but a different amplitude and phase, depending

on the kind of electric components involved in the circuit. This current

can be represented by
i = Aisin (wt + 0) A.1.2

where § 1is the phase difference, which can be positive leading the

voltage, or negative, lagging the voltage.

If the sinusoidal voltage is applied across an ordinary resistor,

R, then Ohm's law will apply;

i o= E/R = %E»sin (wt) A.1.3

As there is no phase shift in this equation, 8 is zero, (Fig. A.1.1.)

The basic relationship for a capacitor is,

CE A.l.4

Q
i

where g is the charge on the plates, C is the capacitance and E is
the potential across the plates. The current is thus obtained by
differentiation,

dgq dE

YT a T Cax

So for a sinusoidal applied voltage
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i = wCAE cos (wt)

I

wCAE sin{wt + ﬂ/z) A.l1.6

Hence application of a sinusoidal voltage to a capacitor will give rise to
a sinusoidal current which has the same angular frequency as the perturbing

voltage, but “/2 out of phase with it (Fig. A.1.2)

The impedance, Z, of an electrical component is defined by Ohm's

law

For sinusoidal signals this can be defined as having a magnitude given by

and a phase angle, 8, corresponding to the phase difference between
the current and the voltage. Thus impedance becomes a vector quantity
and can be represented on an Argand diagram (Fig. A.l1l.3), with polar

5 B
coordinates ]Z[eJ or cartesian coordinates

Zooay = 12| cose A.1.9

i}

z, |z]3 sin® A.1.10
imag

where j =/ 1. The impedance is thus redefined as a complex number,

Z =2 + 2, A.l1.11
real imag
RE
8
iM
¥4 =" Re®+ Im®
B = tan“l(lm)

?ig. A.1.3 Representation of the
impedance of an electrical component
as a vector on an Argand diagram.
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It is easy to show, from equation A.1.3, A.1.9 and A.1.10 that the
impedance of a resistor is simply equal to its resistance, R, and from
equation A.l.6 that the impedance of the capacitor 1s given by the
reciprécal of the product of its capacitance multiplied by the angular
frequency, ~j/a)C. The negative sign is due to the practice of measuring

the voltage with respect to the current.

The impedance for a many component electrical circuit can be analysed

by applying the following rules:

1. Kirckhoff's laws of network analysis must be obeyed(l);
a) the total current through a parallel connection, is the sum
of all the individual currents driven through each part of
the connection by the applied voltage. That is to say that the

sum of the currents at any node must be zero.

b) the total voltage required to drive a current through a series
connection is the sum of the voltages needed to drive that current
through the individual elements of the connection. Thus, the
algebraic sum of the potential differences around any closed
part of a network is zero, this being a consequence of the law

of conservation of energy.

2. Ohm's law must be obeyed;

E = 17Z. A.l.2
3. Components in series add their impedances directly

7, = Zl + 22 + 23...,+ Zn A.1.3
4 Parallel components add their impedances reciprocally,

l/J _ l/Z + 1/22 + 1/23 +l/zn A.l.4
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Appendix 2

Mathematical treatment of the impedance of oxide films

In the case where the counter electrode and double layer impedance
are negligible compared to that of the oxide film, the following simple

equivalent circuit may be used,

—N— ¢ =

Fig. A.2.]1 Representation of the equivalent
circuit for an oxide film.

where RS is the solution resistance and Rox and COX are the leakage

resistance and the capacitance of the semiconductor film respectively.

The impedance of the parallel part of the circuit, Z! is given

1
by
1 1 .
/Z' — /R + ] (UC A.2.l
Oox oxX
Z' =R /{1 + 3R _wC ) A.2.2
fo}'e oX  OX
Multiplication by the complex conjugate gives
2
IR C
OoX.
7' = TS - 022‘ 2‘”2‘ A.2.3.
(L + RO w™C™ ) (1 + R_w™C” )
ox ox ox ox
- J + T
real imag

and after including: the solution resistance, the following is obtained,
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Z R + Z'! A.2.4
real S real

. Z! A.2.5
imag imag

it

The frequency response analyser gives results for both the real,
RE, and the imaginary, IM, parts of the impedance. Rox and Cox can be

calculated from this data in the following way;

R
OX

(1 + R2 w2C2 )
OoxX OX

_ijiw‘éox
iM = 575 A.2.7
(1 + R w C )
ox OxX
Eauation A.2.6. can be rearranged in two ways,
R
ox 2 2.2
=1 + R A.2.8
(RE - R ) ox Cox
(R - {RE - R ))
ox s 2 2 2
= W A.2.9
(RE -~ RS) ox oxcox

Substitution of A.2.8 into A.2.7 and squaring the resultant equation
gives rise to
2 2 22

IM™ = R _wC (RE - R )2 A.2.10
ox OX s

insertion of A.2.10 into A.2.8 gives,

w2 = (RE-R) (R_ - (RE - R_)) a.2.11
s ox S )

Rearrangement gives

2 2
IM™ + (RE-R
R = ( ( S) : A.2.12

oX
(RE = R_)
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After placing A.2.12 into A.2.9 and taking the square root,

2 2
I pu
- wC, (M° + (RE-R)”)

- A.2.13
(RE-R ) (Re = R )
S s
this expression can be rearranged to give
M
C = I A.2-l4

X 1M? 4 (RE-R_) 2

Values for Rox and Cox can be calculated by using equations A.2.13
and A. 2.14, together with a value for RS obtained from the high freqgquency

results where RE = Rs
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Appendix 3 Second Rank Tensors (2)

A scalar can be defined as a zero rank tensor and a vector
as a first rank tensor. Second rank tensors are square arrays (3 x 3

if in three-dimensional space) that tranform upon rotation according

v

to,

- ax’, ax ',
a1 _ :E: 1 ikl contravariant A.3.1

kI &% 9%

. jz: Bx'i ox"', K

B, = =~ B'1 mixed A.3.2

J k1 9% ij
c,., = C . ovariant .3.3.
ij KT 9'x, ax'j k1l c A.3.3

where unprimed variables refer to the original system, primed variables
to the new rotated system, superscripts to components of a contravariant
vector and subscripts to components of a covariant vector.

In cartesian coordinates,

9X. ax',
J 1

ax'. 9%,
i j

s0 there is no difference between contravariant and covariant trans-
formations, but for other coordinate systems the distinction between

them is usually real and must be observed.
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Appendix 4 Kramers~Kronig analysis (3)

The Kramers-Kronig dispersion relations between the real and

imaginary parts of the refractive index of a dispersive media can be

derived by considering either

i) the dependence of the phase and amplitude of the polarization
or the displacement upon the electric field, E, when this is a

function of t
iwt

or
the dependence of the phase and amplitude of the scattered upon

ii)
the corresponding quantities of the incident wave.

The relationships are integral equations and may be expressed

in the form of

-3
nl{w) - 1 = l/’n” P——.—n—‘g‘—m dw? A.4.2
w' (w'—w)
-
and

-]
e = 1/“'(1, nlw') =1, A.4.3
T w' ~w

-

where ¢ is the velocity of light, w' is used instead of @ to indicate

which parts should be integrated and P denotes that the Cauchy principle

part must be taken

w—a o
P lim
a —> ® f + J
0

wta

m

The Kramers-Kronig relationships are in fact purely mathematical

ones which can be obtained from the properties of continuous function

they have thus been used to describe other systems,

of a complex variable,
outside optics, such as electrochemical impedance (4).
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List of Symbols

Definition

Geometric area.

12)
Anodising ratio.

(1 - R

Half-jump distance for a barrier at the metal/oxide
interface.

- R
(1 Rl2) 23

Half-jump distance for a barrier within the bulk

Exp [-2aLf].

oxide.

Capacitance of the double layer.

Capacitance of the oxide film.

Geometric capacitance of the oxide film.
Space-charge capacitance of the oxide film.
Velocity of light in a vacuum (plane wave).
Standard potential.

Total field across the electrode.

Field across oxide film.

Field across the Helmholtz layer.

Electic vector for s-polarized light.
Electric vector for p-polarized light.
Energy of an electron.

Fermi energy level.

Energy level of the bottom of the conduction band.
Energy level of the top of the valence band.
Energy of the indirect bandgap.

Maximum amplitude of a sinusoidal voltage.
Modulus of the electronic charge,

Faraday's constant.

Fraction of donors which are ionised in the bulk of
the semiconductor, |
Activation energy.

Density of states.

Hamiltonian of an electron.

Perturbation in the Hamiltonian of an electron.



~214~

Symbol Definition

h Plank's constant.

+ h/ZW

o Intensity of incident light.

It Intensity of transmitted light.

Ia Intensity of light absorbed.

IX Intensity of light at the point x.

M Image component of the electrodes impedance.

i Current or /rf.

io Exchange current.

ipc Photocurrent from an oxide film.

ipd Photocurrent from a photodiode. N

JX flux of the ions x through the oxide.

3 Current density or J-1.

jo Exchange current density.

kb Dissolution rate of the oxide film.

Ky Rate constant for the injection of holes from
the semiconductor into the electrolyte.

K Boltzmann's constant.

k Extinction coefficient,

Lf Thickness of the oxide.

Lf(crit) Critical film thickness of the oxide film before
open-circuilt passive-active transition.

LH Width of the Helmholtz layer.

LS Schottky length.

jul Effective mass of an electron.

N Surface density of ions available to cross a potential
barrier.

ND Donor density in a semiconductor.

NS Density of ionised donors at low potentials.

Nt Density of ionised donors at high potentials.

NX Density of donors at the point x.

N Density of states in the conduction band.

NV Density of states in the valence band.

n Refractive index.

n Complex refractive index, n = n - ik.
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Definition

Concentration of oxidised species.

Momentum of an electron.

Partial press of oxygen.

Power of radiation incident on the electrode surface.
Parallel polarized light.

Charge on a capacitor.

Charge passed.

Real component of the electrodes impedance.
Coefficient of reflection at the surface i/j for
normal incident radiation.

Fresnel amplitude reflection coefficient at the
surface 1/3.

Overall complex reflection coefficient.
Roughness factor.

Perpendicular polarized light.

Absolute temperature.

Time.

Total potential drop across the electrode.
Potential drop across the oxide film.

Potential drop across the Helmholtz layer.

Molar volume of the oxide.

-eAd /KT.

Impedance.

Charge on a migrating ion.

Absorption coefficient for the media for a given
wavelength, A

Zea/KT,

Phase change produced by a single crossing of the
film by the wave. -

b/a

Phase difference between the p and s components of
an elliptically polarized wave.

Loss angle.

Phase of oscillation of a wave relative to a

reference.
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Definition

Permittivity of free space.

Relative permittivity of the oxide.

Relative permittivity of the Helwmholz layer.

Real part of the complex permittivity of the oxide.
Imaginary component of the complex permittivity of

the oxide.

Real part of the optical-frequency dielectric constant.
Imaginary component of the optica-frequency

dielectric constant.

Photocurrent conversion efficiency.

Phase angle.

2 -8-¢) +V (A -B -0)° + 4np

2B

Wavelength.
Electrochemical potential of x.

Potential scan rate.

Rp/gs.

Time electrode spends at open-circuit.

Time taken for an oxide film to breakdown.

Arc tan of the ratio of the p component to the s
component of an elliptically polarized wave.
Potential across the depletion layer.

Band bending arising from the space-charge.

Angular fequency.





