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ABSTRACT

The anodic oxide film formed on vanadium in an electrolyte of acetic

acid, sodium borate, and a small quantity of water has been studied using

ellipsometric and electrical measurements. These studies indicate that

when a cathodic current is applied to a vanadium electrode upon which an

anodic oxide film has been grown conversion of the anodic oxide occurs, and

a new species or complex is formed on the electrode surface. Re-application

of an anodic current converts the film back to its original state. Both

the refractive index and the solubility of the cathodically converted film

differ from those of the anodic film. In particular, the cathodically

converted film is much less soluble in water than is the anodic film.

Ellipsometric data are consistent with a model in which the conversion of

the film begins at the oxide/electrolyte interface and proceeds toward the

metal.

The results of ellipsometric studies concerning the optical anisotropy

of the anodic oxide film on vanadium are also presented. These studies

indicate that the anodic oxide film on vanadium behaves optically as a

uniaxial negative material, both under a large applied electric field and

under zero applied electric field.

x



CHAPTER I

INTRODUCTION

Vanadium oxides have been the subject of much experimental and

theoretical work in recent years, primarily because of the semiconductor

in spite of this, themetal transition observed in some of these oxides.

in his review of anodic oxide films, noted that althoughattention.

the anodic film formed on vanadium dissolves readily in water, it might be

reported an electrolyte containing only a small amount of

4as well as Keil and Ludwigdium.
Arora and

made use of the ease of dissolution of the anodic film in a study

of the anodic sectioning of vanadium.
The study of the anodic oxidation of metals involves study of the

growth and physical properties of thin anodic oxide films formed on various

By studying many different metals, one hopes to find similaritiesmetals.
in the behavior of the films formed on these metals that will give insight

into the growth and properties of anodic oxide films in general. Any
unusual differences in the behavior of the films formed on different metals

]

studied the electrical behavior of the anodically formed film. 
Kelly5

possible to grow an anodic oxide on vanadium in a non-aqueous electrolyte.
2 Keil and Salomon

water which would allow the formation and growth of an anodic film on vana-
3In later work, Ellis, Hopper, and De Smet

anodically formed oxide of vanadium has received comparatively little 
v 1 Young,
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much information about the general properties of anodic oxide films as do

similarities in behavior.

Certain metals form anodic oxide films that exhibit similar

characteristic behavior. Predominant among these metals are the so-called

valve metals, for example, tantalum, niobium, zirconium, and tungsten. If

one of these metals is made the anode in an appropriate electrolyte, an

anodic oxide film is formed, and for a constant applied current the elec

trode potential is found to increase linearly in time until breakdown

occurs.

The

films generally show intense interference colors, and x-ray examination

reveals that the films are amorphous. The anodization of vanadium is simi

lar in many respects to that of these metals in that, after a short

transition time, the potential of the electrode shows a linear increase

with time and bright interference colors indicate that an anodic film is

being formed. In contrast to the above metals, the anodic oxide on vanadium

dissolves easily in water and thus in an electrolyte containing large

quantities of water.

In the course of studying the electrical behavior of the anodic film

on vanadium, it was discovered that if a current in the cathodic direction

applied to an existing anodic film, the dissolution rate of the filmwas

This discovery led to the conclusion that the anodicwas greatly reduced.

oxide film was somehow converted to a different form by applying a cathodic

While electrical data and dissolution experiments indicated thatcurrent.

The growth of these films is by ionic conduction; the electric 
field across the layer is extremely large, in excess of 10^ V/cm.

should also be of interest; the nature of these differences may yield as
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the physical properties of the anodic film were changed during the

conversion, these methods were inadequate for determining how the conversion
took place.

Ellipsometry provides

properties of thin films. Using an automatic ellipsometer, information

concerning the thickness and refractive index of the film may be obtained;

any changes in these quantities may be followed dynamically as these

changes occur.

film is not entirely new; Dell'Oca studied the conversion of silicon
7nitride to silicon dioxide, and Hopper and Ord examined the conversion of

nickel hydroxide films.

on niobium oxide films

have shown that the anodic film formed on these metals is optically

anisotropic under a large applied electric field.

This study is directed toward the .investigation of the properties of

the anodic oxide film on vanadium using ellipsometry. Its purpose is to

examine in detail the conversion process and the optical anisotropy of the

anodic oxide film on vanadium.

The use of ellipsometry to study the conversion of a thin 
6

a very useful technique for investigating the

g 
Ellipsometric studies by Cornish and Young on

9 tantalum oxide films and later by Yee and Young



CHAPTER II

EXPERIMENTAL

Experimental work in electrochemistry and work in the area of anodic

oxide films in particular has been beset with the problem of obtaining a
consistently reproducible set of data. All too often, comparison of data

obtained by different workers is found to be almost impossible because the

workers failed to specify precisely the manner in which the system under

study was prepared. Much of the time and effort spent in this work has

been directed towards obtaining a well characterized system that minimized

variations in the data. This section presents the methods and materials

used in this work.

The samples used in the experiments were 99.98% pure vanadium rods,

1/4 inch in diameter, obtained from Materials Research Corporation. The

The surface area of the sample was 1.27cylinder. In order to pro

vide a reflecting surface for ellipsometric measurements, a small flat area

was ground on the side of the cylindrical surface. The flat area was hand

polished using successively finer grades of lapping compound on a stainless

steel lap; the final mechanical polish was done with jeweler's rouge. The

similar to that described by Feller and Osterwald in such a manner that

4

rods were cut to a length of 0.70 cm and drilled along the axis of the
2 cm .

sample was then mounted between teflon washers in an electrode assembly
10
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the only metal exposed to the electrolyte was the vanadium. This method of

mounting the sample avoids the possible contamination of the electrolyte by

any material that might be used to coat the sample in order to electrically

insulate sections of the sample, since only glass, teflon, and the vanadium

itself are in contact with the electrolyte. The compression between the

teflon washers and the sample could be adjusted to eliminate any alternate

paths for current flow.

Two cells were used in this study; one cell was used for sample

preparation prior to an experiment and the other cell was used in the

actual experiments with the ellipsometer. The cell used for the optical

studies was an equilateral prism constructed from optical quality glass.

This shape insures that for an angle of incidence of 60°, the light beam is

incident normal to the entrance window of the cell and emerges normal to

the other cell window after reflection from the sample surface. Standard

coiled platinum wire cathode, platinum wire reference electrode, and a gas

The total volume of the cell was 90 ml. All experimentsdispersion tube.

were performed in ambient light and at room temperature.

and appears to be the only electrolyte that will sustain the forma

tion of a vanadium oxide film and allow thick oxide films to grow. It

should be noted that the anodic oxide formed on vanadium dissolves readily

in water and thus, to a lesser degree, in an electrolyte containing water.

The dissolution of the anodic film by the electrolyte is an undesirable

complication in the experiment, thus attempts were made to minimize the

dissolution.

electrolyte consisting of 19 gm NazB^O? • 10 H20, approximately 10 ml l^O,

After trying a number of mixtures, it was found that an

The electrolyte used was similar to that first reported by Keil and 
2 Salomon

taper joints were fitted to the top of .the cell for the sample assembly, a
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and enough acetic acid to make 1 liter of solution, gave the lowest

dissolution rate for the oxide without raising the resistivity of the

solution beyond acceptable limits. The resistivity of the electrolyte was

not so high as to influence the uniformity of thickness of the oxide film

over the electrode surface for the range of current densities used in this

work. The solution was bubbled with argon both prior to and during the

The index ofexperiments to expel any dissolved gases in the solution.

All optical measurements were carried out on films formed under

constant-current conditions.

Potential vs. time

All

potentials were measured relative to the platinum wire reference electrode

and are uncorrected for factors such as ohmic potential drop across the

Current densities given in this work were calculated byelectrolyte.

dividing the applied current by the macroscopic surface area of the sample.

laboratory and is based on a design described by Ord. Only the

mechanics of the ellipsometer are discussed in this section, the mathemati

cal detail of the theory of ellipsometry will be found in a later section

of this work.

The components of the ellipsometer are shown schematically in Pig. 1.

A Gian-Thompson prism, called the

polarizer, is mounted in a housing that can be rotated in .01° steps by a

To insure that the irradiance of the light emerging fromstepping motor.

The light source is a low-powered He-Ne laser fitted with Brewster windows 
o 

that operates at a wavelength of 6328 A.

refraction of the electrolyte was found to be 1.3707 at a wavelength of 

6328 A using an Abbe refractometer.

curves were recorded with a Hewlett-Packard Model 7004 x-y recorder.

The automatic ellipsometer used in this study was constructed in this
12,13

The electrical circuitry used for this is 
identical to that described by De Smet and Hopper.H
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Schematic diagram of the components of the ellipsometer; L,FIGURE 1.

laser light source; P, polarizer; C, compensator; W, optical
windows; S, sample; A, analyzer; PM, photomultiplier tube.
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the polarizer remains constant with the polarizer setting, a quarter-wave

plate is inserted between the laser and the polarizer. The fast axis of

the quarter-wave plate is oriented so that linearly polarized light emitted

from the laser is changed to circularly polarized light after passing

through the wave plate. The polarizer converts the circular polarization

state to a linear polarization state. The light emerging from the polar

izer is incident on a second quarter-wave plate called the compensator.

Light emerging from the compensator will be, in general, elliptically

polarized. The light then enters the cell normal to the cell window, and

is reflected from the surface of the sample before exiting the cell normal

to a second cell window. The light then, enters a second Gian-Thompson

prism, called the analyzer, which is used, in principle, to determine the

state of polarization of the light reflected from the sample. The analyzer

is also mounted in a housing so that it can be driven by a stepping motor in

.01° steps. The irradiance of the light after passing through the analyzer

is measured with a 1P21 photomultiplier tube.

In order to determine the optical properties of the sample under study

using ellipsometry, the polarization states of the light before and after

reflection from the sample must be determined. The state of polarization

of the light incident on the sample is determined from the orientation of

The simplest method of measuring thethe polarizer and the compensator.

polarization state of the light after reflection from the sample is to

attempt to find polarizer and compensator settings such that the reflected

The analyzer can then be oriented so that itlight is linearly polarized.

extinguishes the light, and this minimum in irradiance can be detected

using the photomultiplier tube.
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In practice, there always exist angular settings of the polarizer and

compensator such that the light reflected from the sample is linearly

polarized. We shall call the angle between the transmission axis of the

polarizer and the plane of incidence P, and the angle between the trans

mission axis of the analyzer and the plane of incidence A. Similarly, the

angle between the fast axis of the compensator and the plane of incidence

will be termed Q. These angles are measured counter-clockwise from the

plane of.incidence for an observer looking into the beam. The general

practice in ellipsometry is to fix the orientation of the compensator and

In the results presentedallow the polarizer and analyzer settings to vary.

in this study,

that light reflected from the sample was linearly polarized. The light can

then be extinguished by the analyzer. By determining the polarizer and

analyzer settings that yield an absolute minimum in irradiance for the light

incident on the photomultiplier tube, we have determined the polarization

states of the light before and after reflection from the sample. These

values of P and A are called the null settings for the ellipsometer.

We now turn to the method used experimentally to determine the null

As we have stated, the polarizer and analyzer can be rotated insettings.

0.01° steps using bi-directional stepping motors. The maximum speed of the

stepping motors is 500 steps/sec. The stepping motors are controlled by

digital circuitry that counts the number of pulses applied to translators

One pulse sent to the translator results

in a .01° change in P or A, To locate the null settings for the polarizer

and analyzer, the prisms are first set near their null positions. First

an orientation of the polarizer could always be found such

which, in turn, drive the motors.
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concentrating on the polarizer, pulses are applied to the translator which

drives the polarizer in a direction away from null (up or down) until a

preset output level from the photomultiplier tube circuitry is detected.

The magnitude of this output level from the circuitry associated with the

photomultiplier tube is proportional to the irradiance of the light incident

on the photomultiplier tube. When the preset level is detected, the motor

is reversed and driven in the opposite direction through the null position.

The number of steps necessary to reach the same output level on the other

side of the null is counted and the polarizer is then stepped back one-half

this number of steps. The same sequence then occurs for the analyzer. The

settings of the polarizer and analyzer at null are printed and a new search

sequence for a null is initiated. This method assumes that the shape of

the curve for the irradiance of the light incident on the photomultiplier

tube versus either P or A is symmetrical about the true null position for

discusses the predicted shape of the curve for the irradiance

of the light transmitted by the analyzer, I, versus either P or A. He

concludes that for A fixed at null, I versus P is symmetric about the null

position for the polarizer. Similarly, I versus A is symmetric about the

null position for the analyzer if the polarizer is set at null. These pre

dictions were verified experimentally by observing the output level from

the photomultiplier circuitry with an oscilloscope as the ellipsometer per

formed its nulling sequence.

The cell is placed on an x-y translation

the polarizer and analyzer.
a u 1* Archer

The optical components of the ellipsometer are aligned using a method 
described by McCrackin et al.^
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table that also allows for adjustment of the vertical position of the cell.

The cell and x-y table are fixed to a large rotary table that allows adjust

ment of the angle of incidence. Iris diaphragms placed between the cell

and the analyzer and also between the analyzer and the photomultiplier tube

insure that the sample is properly aligned and that no stray light reaches

the photomultiplier tube.

At the beginning of this section, we stressed the importance of proper

preparation of the system under study in obtaining reproducible data. To

minimize variations in the data, the following method of preparation of the

sample was used. After obtaining a surface free of visible scratches on the

sample by polishing with jeweler's rouge,- the sample was mounted in the

electrode assembly as described earlier. The sample was then electro-

This electropolish gave good specular

reflection from the flat surface of the- sample. The sample was then washed

in distilled water and wiped dry.

Prior to each experiment, the sample was anodically oxidized to a

potential of 50 volts, in a cell used only for this purpose. The sample was

removed and rinsed in distilled water to remove the oxide that was formed.

This procedure was repeated several times to insure reproducibility. The

sample was then transferred to the ellipsometer cell, and an oxide was

formed galvanostatically to a preset potential. The sample was held at this

If after 30 minutes this current was less than 120 pA/cin , thecurrent.

sample was removed and the oxide again was dissolved in distilled water. If

potential for some time to determine the combined leakage and dissolution
2

polished for approximately two minutes in a mixture of 75% ethanol and 25% 

sulfuric acid at room temperature.
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2the current was higher than 120 pA/cm , the sample was removed from the cell,

the compression between the teflon washers and the sample was increased, and

another attempt was made to measure the combined leakage and dissolution

current.

If the criteria for a well prepared sample were satisfied (i.e. good

specular reflection from the flat surface, low leakage and dissolution cur

rent), the sample was again removed from the cell and the film dissolved in

The sample was then placed in the ellipsometer and aligned for anwater.

angle of incidence of 60°. The null settings of the polarizer and analyzer

for the surface prior to growth of an oxide film were then determined.

Galvanostatic growth of the film was initiated and the P-A null settings as

well as the potential of the sample during growth were printed on a digital

In some experiments, potential versus time curves were recordedprinter.

on an x-y plotter as an indication of the behavior of the electrode under

different experimental conditions.



CHAPTER III

THEORY

When polarized light is reflected from a metal surface covered with a

thin film, the polarization state of the light is changed. This change in

polarization state of the light depends on several parameters including the

refractive indices of the film and substrate and the thickness of the film.

Even in the case of multiple films or optical anisotropy of the film class

ical electromagnetic theory can be used to predict the changes in the

polarization state of the light upon reflection. The algebraic complexity

of the problem increases for multiple layers or optical anisotropy of the

film, making the use of high speed computers almost essential for numerical

evaluation of the equations.

In this section we will indicate the general method of solution for the

problem of reflection of polarized light from a thin film-substrate combina-

First, we will develop equations relating the observed experimentaltion.

variables, P and A, to the optical constants of the system under study. The

reflected light by a 2x2 complex matrix known as the reflection matrix, and

express the observed variables, P and A, in terms of the elements of this

We then outline how we obtain the reflection matrix of a particularmatrix.

system in terms of the refractive index and thickness of the film and the

14

most convenient approach is to describe the optical effects of the system on
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refractive index of the substrate. Three particular cases will be treated:

a homogeneous, optically isotropic single layer on a substrate, two

isotropic, homogeneous thin films of different refractive indices on the

same substrate, and a uniaxial anisotropic film with the optic axis normal

to the surface of the film on an isotropic substrate. The first two cases

The problem of

uniaxial thin film (optic axis normal

Since the equations

involved in all three cases are known from the literature, only a brief

outline of the method of solution of these problems is presented here.

The Ellipsometer Equations

We seek now to develop equations that relate the experimental variables,

P and A, to the optical properties of the system under study. We first make

use of a method that allows one to determine the polarization state of the

light at any point in the ellipsometer. In this method, called the Jones

The influence of an optical component on the polarization

state of the light can be described by a 2x2 complex matrix. The Jones

vector for the light Incident on the optical component is multiplied by the

2x2 matrix representing that particular component to give the Jones vector

representing the polarization state of the light emerging from the optical

component.

Let us choose a right hand coordinate system defined by the direction

direction parallel to the plane of

reflection of polarized light from a

of propagation of the light beam, a

are classical problems and the equations for the components of the reflec-
17 18 tion matrix can be found in several texts on optics. ’

to the surface of the film) on an isotropic substrate in relation to
19 ellipsometry was first treated by den Engelsen.

calculus, a two element column vector represents the polarization state of
20 the light.
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development and using the Jones calculus represen

tation, the polarization state (normalized) of the light incident on the

surface under study is given by

cos(P)

= S(-Q) T S (Q) (1)

sin(P) ,

and E are the components of the incident electric field vector

of the polarizer; we have assumed that the light incident on the polarizer

is circularly polarized. T is the 2x2 Jones matrix which gives the change

in polarization state of the light caused by the compensator, referred to a

coordinate system along the fast and slow axis of the compensator. JS(Q)

and S^(-Q) are rotation matrices corresponding to rotation through an angle

Q and a counter-rotation through an angle Q respectively, Q being the

orientation of the compensator. Rotating the Jones vector representing the

polarization state of the light into a coordinate system along the fast and

slow axis of the compensator allows a simple representation for T; we then

rotate the resultant polarization state back into the p, s coordinate system.

Measurements performed in this laboratory indicate that the retardance

of our compensator is within a few hundredths of a degree of rr/2 and that

We shall therefore assumethe transmission ratio is essentially unity.

that the compensator behaves as an ideal quarter-wave plate. Under these

assumptions, Eq. (1) reduces to

incidence, and a direction perpendicular to the plane of incidence.
21 Following McCrackln s

Es,i

Ep,i “““ “s,i

parallel and perpendicular to the plane of incidence, P is the orientation

Ep,i
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cos(Q)

(2)
sin(Q) cos(P-Q) - i cos(Q) sin(P-Q)

After reflection from the sample, the polarization state of the light

is given by

0
(3)

are the parallel and perpendicular components of the electric

state of the p- and s-components of the light caused by the sample. The

off-diagonal terms of the reflection matrix are zero for an isotropic sam

ple as well as for an optically anisotropic sample of the specific type of

anisotropy considered in this work.

In order that the light may be extinguished by the analyzer, the light

reflected from the sample must be linearly polarized. This implies that

the phase of E must be equal, or that the ratio E must

be real.

sin(2Q).tan(2P-2Q) = (4)

Thus if the reflection matrix for the sample is known, Eq. (4) may be

solved for P giving the two solutions

_ Im(p)
Re(p)

RP

R s

E P,r

E s,r 0

: /e p,r s,r
) be zero.

E and E p,r s,r
field vector for the light reflected from the sample.

cos(P-Q) + i sln(Q) sin(P-Q)

Es,i

EP>1

E .s,i

EP,1

“ ’ P

light incident on the analyzer be linearly polarized becomes

: and Ep,r s,r
This is equivalent to requiring that Im(E: /Ep,r s,r

and using Eq. (2) and Eq. (3), the requirement that the

R and R are the P s
elements of the reflection matrix that express the change in polarization

Defining p = R /R , P s
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= -1/2 tan (F sin(2Q)) + Q (5)
and

(F sin(2Q))] + Q, (6)

where

F = Im(p)/Re(p) . (7)

If the light incident on the analyzer is linearly polarized, the

setting for the analyzer that will extinguish the reflected light is given

by

(8)

and E

We see that, in general, there are two distinct null settings for the

in the range 0 < P < 180. Correspondingly, there are

two settings for the analyzer at null obtained by substituting P and P 21
into Eq. (8). and A„, we find that there areCalling these two values A. 21

These are referred to as the2
Ideally, the zone differences for thesenull settings in different zones.

zones are given by

= 90° (9)

and

= 180°. (10)

Imperfections in the optical components, in particular the cell windows,

may influence the null settings for different values of P and A in such a

way that measurements taken in the two zones may not yield the ideal zone

differences given by Eqs. (9) and (10).

s,i)]>

two possible null pairs P ,

= 1/2 [it - tan P

polarizer P^ and

[-(R /R )(EP s I

+ A2

where the values for E . auu t, p,i s,i
value of P given by Eqs. (5) and (6).

A = tan

A1

A1

P2

: /e p,l :

P2

P1

"P1

and P2, A^.

can be obtained from Eq. (2) for each
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The Reflection Matrix

Thus far we have seen how to calculate the expected null settings of

the ellipsometer if the elements of the reflection matrix for the sample

under study are known. We now will briefly outline the method for calcu

lating the reflection matrix for the particular systems of interest in this

study.

Consider a plane electromagnetic wave incident on a smooth, abrupt,

Maxwell's equationssemi-infinite interface between two optical media.

have the form

(IDV>D = 0,

V-B = 0, (12)

VxE = (-l/c)3B/3t, (13)

VxH = (l/c)3D/3t + (4tr/c)J, (14)

where we have assumed that there are no free charges present. If the media

under consideration are assumed to be linear, homogeneous, and isotropic,

we have the constitutive relations

(15)B = P H,

(16)D = e E,

(17)J = a E.

We will assume the material to be non-magnetic, We also

will assume that monochromatic light is incident on the interface and con

sider plane wave solutions of the wave equation having a time dependence

exp(iwt) and Here s is a unit

vector normal to planes of constant phase, and n is the index of refraction

In general, n may be complexof the medium in which the wave is traveling.

a spatial dependence exp(-in (w/c) st).

i.e., p = 1.
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quantities.

tation given above.

Figure 2a illustrates schematically a situation in which a plane

onto

and

components parallel (p) and perpendicular (s) to the plane of incidence.

The cartesian co-ordinate system used is shown in the figure. The direc
tions of the normal to the planes of constant phase are shown by the

appropriate in Fig. 2a. Note that s is a unit vector, and is not related

the subscript s used to denote the component of the field in a directionto

normal to the plane of incidence. The angles of incidence and refraction

in the various media are to be denoted by 0

the angle of reflection. Although the notation used in Fig. 2a may seem

awkward, it is chosen so that the results may be easily extended to the case

a substrate as illustrated in Fig. 2b.

We wish to make use of the appropriate boundary conditions to obtain

an 1r
The treatment of this problem is found in many texts on optics.

Applying the boundary conditions that require the tangential components of

the electric and magnetic field to be continuous across the boundary between

the two media gives, for the p-component,

(18)R'P

expression for the ratio E^/E'. for the p- and s-components of the fields.
17,18

‘12 + r23 exP(-ilS2)

1 + r12 r23 exp^-iS 2>

of two layers on

and may be expressed in the form n = a - ib, where a and b are real

electromagnetic wave in incident from a medium of refractive index n^

refractive index n2-

a medium of refractive index covered by a material of thickness d2

The incident and reflected waves are resolved into

In this case, s no longer has the simple geometrical interpre-

0^, and 0^; where we have 

assumed that Snell's law holds and that the angle of incidence is equal to

E' r?
= -EiX = Es,r
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The refractive(a)FIGURE 2. Schematic of a single layer on a substrate.

and the refractive

The subscripts i, r, and t

denote the incident, reflected, and transmitted waves,

respectively. The subscripts p and s denote the directions

All ofparallel and perpendicular to the plane of incidence.

the media are assumed to be isotropic.

(b) Schematic of two layers on a substrate. The notation is

the same as in Fig. 2a with

is the refrac-2a.

tive index of the upper medium. All of the media are optically

isotropic.

and the thickness of the film is d£.

and refractive index n^ added-to Fig.

an additional layer of thickness

n0

index of the upper medium is n^.

index of the film is n^

The refractive index of the substrate is n^

dl
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where

(19)

and

(20)

Similarly, we have for the s-component

(21)
s,i

with

(22)

substrate.

We now extend these results to consider two overlying isotropic films,

as illustrated in Fig. 2b. The notation and assumptions made are the same

as above; here we seek an expression for the ratio E /E For the p-compo-i‘

nent we may write this ratio as

rP exp (-id )
(23)

1201 1'

with

(24)

has the form given by Eq. (20). as the

R' = s

R P

E' s,r
E' .

(u/c) cos0^ ,

We may interpret RP2

The expressions given above for R' and R' are the elements of the P s 
reflection matrix for the case of a single isotropic layer on an isotropic

rij =

rp = 
ij

n. j
nj

r12 + r23 exP(-i5 2^
1 + r®2 r®3 exp(-i«2)

cos0^ - n^ cos0 
cos0^ + n^

~ni

(u/c) COS02

dl

, P where r^

cos0.
COS0 .J

1
cosOj

d2

n^ cos0^ 
n^ cos0^

= 2 nx

2 n2

E
= -Pul =

E 4P.i
r01 + R12

1 + rni Ri9 exp (-id )

61

62
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reflection coefficient for the interface relating the electric field

But we have

already determined this reflection coefficient; it is the total reflection

coefficient R’ given by Eq. (18). Thus for the two layer case we have the

(25)

Similarly, for the s-component we have

01 (26)

(20) and (22), and R' and R' are defined

reflection matrix for the case of two optically isotropic layers on an
optically isotropic substrate.

Now let us consider the problem of determining the elements of the

reflection matrix for the case of a uniaxial film with its optic axis nor
mal to the surface of the film on an isotropic substrate. Figure 3 illus
trates the situation and summarizes the notation to be used. The numbers
on Fig. 3 are given as an aid in referring to each medium. Medium number 2
is assumed to be anisotropic (uniaxial) with the optic axis along the

z-direction. We assume that there are no free charges or currents present.

As before, we consider plane-wave solutions of the wave equation with a time

dependence exp(iwt) and Using
Maxwell's equations we find

(27)

P “ 
following relation:

RP

R s

a spatial dependence exp(-in (u/c) st).

where the r 's are given by Eqs.

by Eqs. (18) and (19).

2D = n (E - s(s•E)).

roi + % exP(-^i)
1 + r01 Rp “pM^)

p s
We now have an expression for the elements of the

r01 + RS

1 + r01 RS exp^-16!)

nrn2
incident on this interface to the reflected electric field.



25
If the medium under consideration is isotropic, then D and E are

related by Eq. (16). For a uniaxial material with the optic axis in the

z-direction, we can write the dielectric tensor in diagonal form so that

(28)= e 1

and the ordinary index of refraction

Without loss of generality,

we may take the s vectors to lie in the x-z plane. We denote the angles

between the appropriate s and the surface normal for the various media by

One can derive the following relations:

(29)

(30)

and

(31)= n3

are the refractive indices for s-polarization and

The p-polarizatlon of the light in medium 2 thus responds to a

and the s-polarization of light responds to a refractive

is thus analogous to the problem for a single isotropic layer, and we may

write

index n . o

_1
2 ng

_1
2 ’nQ

_1
2 nP

and n e

sin0 o

2 = no

where n s and n P 
p-polarization in medium 2 respectively.

refraction index nP
Treated independently, the problem for the p- or s-polarization

2 e = n . z e

sinO^,

E., 1

and 63.

sin 0

ne

We call nQ

Di

2. COS 0 ____ e
2 nQ

0 » e

nl sin0l = %

i = x, y, z,

e y
the extraordinary index of refraction.

with =

0,, 6 , 1’ o

= n sin©P e
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FIGURE 3. Schematic of a single uniaxial anisotropic film on an isotropic

substrate. The

subscripts p and s denote directions parallel and perpendicular

to the plane of incidence. The subscripts i, r, and t denote

the incident, reflected, and transmitted waves, respectively.

The refractive indices of the film-are:

tive index; ne> extraordinary refractive index. The optic axis

in the film is in the z-direction, normal to the surface of the

film. The refractive index of the surrounding medium is denoted

by nn, and the refractive index of the substrate is denoted by1
Both the substrate and the surrounding medium are opticallyn3.

isotropic.

The thickness of the film is denoted by d^.

n^, ordinary refrac-
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(32)

and
rp

(33)

where

(34)
and

(35)

' s are the reflection coefficients for the i-j interface. For

to

planes of constant phase sq, so that we have the ordinary Fresnel coef

ficients

(36)

and

(37)

In the case of p-polarization there is a complication due to the fact

The resolution of this problem is

After matching boundary conditions

for the p-polarization, we obtain

(38)cosB cos0

and
cosB cos6

(39)
3

RP

that EP
straight-forward but rather tedious.

R s

nP 
nP

6P

n°
nQ

6 s

- n ________ p. 
cos0' + nP

‘12 + r23 exP<~ilSp)
1 + r12 r23 exP(-i6p> ’

s
r23 "

rP =23

r12 =

rp =12

= 2n (w/c)d cos0 . e e

= 2n (w/c)d cos0 o o

r12 + r23 exP(-il5s)

1 + r12 r23 exP(-i6s)

is not perpendicular to s^.

The r. .

s-polarization, the electric vector is perpendicular to the normal

n^ cos0'
"3

n^ cos©^ - n° c0s®0 
n^ cos0^ + n^ cos®o

cos0 - n. cos6- o 3_3
cos6 + n_ cos0- o 3 3

cosB cos6^ - n^ cos6'
i + n^ cos6'

3
cosB cos0
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where we have introduced the parameters O' and B. These are given by

(40)

and

B = O' (41)

Equations (30) and (31) allow one to calculate n

(41). We can therefore express the elements of the reflection matrix for

this type of anisotropic film in terms of the quantities of interest,

It should be pointed out that the caseand d.1’
treated here, that is a uniaxial anisotropic thin film with its optic axis

perpendicular to the film surface, is the only problem in ellipsometry of

anisotropic thin films that can be treated in the simple manner presented.

In cases where the optic axis is not perpendicular to the film surface and

in cases where the film is biaxial the off-diagonal elements in the reflec-

The overall approach for any of the three cases treated in this section

is to assume that the angle of incidence, the thickness (es) , and the refrac

tive index (or indices) are known. From these, the values of R for

the expected null settings,speed computation.

The values for the thick-

e . e

Once 0 e

ness(es) of the layers and the refractive index (or indices) of the layer

and R s

2
Q1 % tan0 = —=— tan02 en

n , o n , e

and 0 .

P
the particular case of interest can be calculated, using a computer to

tion matrix given in Eq. (3) are not zero.

and 0^ given n^, n°, n^, 

is known, 0' and thus B may be found using Eqs. (40) and

namely n^, 0

Given values of R and R , 
P s

P and A, for the ellipsometer can be calculated.
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and substrate may then be varied in order to obtain calculated P-A values

In practice thethat most closely agree with the experimental results.

value of each parameter is adjusted in turn until there is an improvement

in the agreement between the calculated P-A values and the experimental P-A

This process is repeated until the root-mean-square differencevalues.

between the calculated values and the experimental values reaches the

estimated experimental error in the measurements.



CHAPTER IV

RESULTS

In this section we will present experimental results to establish

that, although the anodic film formed on vanadium is similar in many ways

to the anodic oxides formed on the so-called valve metals, the anodic film

on vanadium exhibits some rather unusual properties that are of particular

interest. Ellipsometric data will be presented to show that if a current

in the cathodic direction is applied to an anodically formed film, the

refractive index of the film changes. Upon again applying an anodic current,

the refractive index of the film gradually returns to its original value

A model will be pre

sented that accounts for this change in the physical properties of the film.

In addition, the results of simple experiments dealing with the dissolution

of the film are given to substantiate the conclusions drawn from the optical

measurements.

the anodic film formed on vanadium

is optically anisotropic when an electric field is applied to the layer.

Data are also presented to indicate that, perhaps unlike tantalum and nio

bium, the anodic film on vanadium exhibits a small optical anisotropy for

zero electric field.

31

Ellipsometric data will also be presented that indicates
8 9 that, similar to tantalum and niobium, ’

and growth of the film proceeds in a normal manner.
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Conversion of the Anodic Film

For the sake of clarity, it may be useful at this point to define

certain frequently occuring terms whose meaning may otherwise be ambiguous.

Although no attempt was made in this study to measure the chemical composi

tion of the films formed on vanadium under various experimental conditions,

it is reasonable to assume that the film formed under an applied constant

current in the anodic direction is a metal oxide of some determinable com

position. Thus the term anodic oxide will be used for the film formed under

these conditions. The term cathodic current refers to an applied conven

tional current flowing in the cell from the cathode to the vanadium elec

trode. the process that occurs when

a cathodic current is applied to an existing anodic oxide film, resulting

in a change in the physical properties of the original film. A converted

or cathodic film will mean the resultant film at the end of the conversion

process.

have studied the electrical behavior of the anodic

oxide on vanadium using the method of open circuit transients. Using a

Recent
24and McKintosh' indicate that the

oxide on vanadium is perhaps V„0 , but the exact composition of the anodic2 5
None of these workers has reported anyfilm is still open to question.

optical studies of the growth of the oxide, nor has any mention been made

of the behavior of the anodic film under an applied cathodic current.

Before the current was applied the

ellipsometric null settings gave the indicated starting point. As the film

We refer to the conversion process as

„ 4 , 3,4various workers

23 results reported by Arora and Kelly

Figure 4 shows the ellipsometric data for steady-state growth with an 
2 applied current density of 275 pA/cm .

method of chemical analysis combined with spectroscopic evidence, Keil and
22Salomon concluded that the anodic oxide on vanadium was V_0,.2 4
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Ellipsometric null settings for the growth ofFIGURE 4.
Open

circles, first loop; open squares, second loop.

an anodic oxide
2 film on vanadium at a current density of 275 pA/cm .
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the ellipsometric data traced out a curve in a clockwise direction.grew,

The null settings of the ellipsometer for the first loop of data are shown

in this figure as open circles. Since during the course of the experiment

the ellipsometer recorded more than 1200 data points for this loop, only

representative data points are plotted. The gap between the starting point

and the remainder of the data represents the transition region where oxide

growth was initiated; we did not attempt to record data in this region.

As growth proceeds, this first loop closes upon itself, approximately,

and a second loop, represented by a few squares in Fig. 4, is traced out.

The second loop does not exactly coincide with the first loop because during

growth the vanadium oxide film exhibits a small amount of optical anisotropy.

sion the effects of optical anisotropy are small. Thus these effects will

be ignored in the analysis of the growth and conversion process. The

optical anisotropy will be treated independently later in this study.

At this point it may be helpful to discuss the general method of

analysis of ellipsometric data. Given the values of P and A at null, the

equations relating the indices of refraction of the substrate and film to

the corresponding P-A values cannot be uniquely inverted to yield the refrac

tive indices. In fact, we are faced with the problem of determining essen

tially five unknowns (the real and imaginary parts of the index of

refraction for the substrate and the film and the film thickness) from only

two experimental quantities, P and A. A single P-A point will have many

combinations of the refractive indices and thickness that will satisfy the

Let us assume that the index of refraction of theellipsometer equations.
In this case, if data for a widefilm does not change as the film grows.

Compared to the wide range of P-A values obtained during growth and conver-
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range of thicknesses can be obtained, the resulting P-A curve will

correspond uniquely to a theoretical P-A curve for some particular values

of the refractive indices of the substrate and film. The size and shape of

the theoretical P-A curve are determined by the values of the refractive

indices of the substrate and film, with the various P-A points on the curve

being parameterized by the value of the thickness of the film. The problem

is then to determine the values of the refractive indices of the substrate

and film that yield a calculated P-A curve that most closely agrees with

the observed experimental curve.

In actual practice, selected experimental P-A values, along with

initial guesses for the refractive indices of the substrate and film can be

input into a computer program that calculates the theoretical P-A points

for these indices of refraction and also calculates the particular thick

possible to the experimental P-A points. The sum of the squares of the

deviations between experimental and calculated P-A values is taken as a

measure of the degree of fit between the experimental and calculated curve.

The program then varies each part of each refractive index in turn in such

a way as to minimize the sum of the squares of the deviations. The values

of the refractive indices of the film and the substrate are taken to be

those that give the smallest deviation between the experimental and calcu

lated P-A curve.

uniform film of refractive index 2.392 on a substrate of refractive index

Here i represents the complex number equal to the square4.346-3.7441.
The film thickness at each point of the P-A curve can be cal-root of -1.

culated. Figure 5 shows a plot of the calculated film thickness vs. the

nesses of the film that yield theoretical P-A points that are as close as

The data in Fig. 4 can be fit by a curve representing the growth of a
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Potential vs. thickness for the anodic oxidation of vanadiumFIGURE 5.

2at a current density of 275 pA/cm . Thicknesses were

calculated from the data in Fig. 4.
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electrode potential during film growth.

who obtained a value for the electric field of 3.2

using coulombmetric means to obtain the thickness of the layer.

Let us now turn our attention to what occurs when an anodically grown

film is subjected to an applied cathodic current. Figure 6 shows a typical

potential vs. time curve for a portion of the anodic growth, the cathodic

dium electrode. The portion of the curve labeled A-B represents anodic

oxidation.

traced out the section of the curve labeled C-D-E; the length of time neces

sary to reach point D depended on the thickness of the oxide at point B. At

point E the current was switched back to the anodic direction. We have

assumed that at point E the conversion was complete. With an anodic current

ditions being regained at point G and anodic oxidation again occurring along

This process of conversion and reconversion can be repeated a numberG-H.

of times using different values of the starting anodic potential (point B

in Fig. 6) and consequently different values of the thickness of the anodic

oxide when the conversion process was initiated.

The automatic ellipsometer was used to monitor optical changes of the

electrode which occurred during a conversion process. We first present

ellipsometric data for the points at which the conversion process was

initiated and the points at which the conversion process was complete for

conversions started at several different thicknesses. Note that the point

conversion, and subsequent anodic reconversion of a film formed on a vana-

For this applied cathodic current the potential-time curve

At point B the current was reversed so that the current density 
2 was -275 pA/cm .

The slope of this line gives a
x 1()6 V/cm for a currentvalue for the electric field in the film of 2.63

2 density of 275 pA/cm .
22Salomon

This is in reasonable agreement with Keil and
x 10^ V/cm

again flowing the potential traced out F-G-H, with steady-state growth con-
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Potential vs. time for a portion of the anodic oxidation (A-B),FIGURE 6.
the cahtodic conversion (B-C-D-E), and the anodic reconversion

At point
At point B the current

2 to -275 pA/cm .
2 E the current density was changed back to +275 pA/cm .

(E-F-G) of the film formed on vanadium.
2 density was changed from +275 pA/cm
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where the conversion was complete is not well determined by electrical data;

ellipsometer settings. Wien the changes in null settings of the ellipsom

eter became small (a few hundredths of a degree per null), conversion was

considered to be completed and the applied current was switched back to the

anodic direction.

Figure 7 shows the P and A null settings for the anodically formed film

just prior to the point at which the direction of the current was reversed

and the P-A null settings for the film at the end point of the conversion

The open symbols are the data points for the anodic film, and areprocess.

the P-A setting measured at points similar to point B in the potential-time

curve in Fig. 6. The closed symbols are the data points for the cathodically

converted film; they are the P-A settings that are obtained for the film at

points similar to E in Fig. 6. Open circles on the anodic P-A curve corres

pond to closed circles on the cathodic curve, etc. The points are numbered

in order of increasing film thickness; the conversion process begins on a

particular unprimed numbered point and ends at the point with the same

The entire collection of P-A points represent ellipsometricprimed number.

data obtained for a sequence of successive voltage-time curves similar to

those shown in Fig. 6.

The solid line through the open symbols in Fig. 7 is a theoretical

curve for the growth of a film with refractive index 2.392 on a substrate

of refractive index 4.346-3.7441, and the solid line through the closed

symbols is a curve representing a film with a constant refractive index

2.013-0.0461 and increasing thickness on the same substrate. The starting

These two lines fit the two sets of data pointspoint is also indicated.

Thus we conclude that the application of a cathodic current toquite well.

we determined the point where the conversion is complete in terms of the
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Ellipsometer null settings for points at which the cathodicFIGURE 7.

conversion process was initiated (open symbols) and points at

which the conversion process was complete (closed symbols) .

The solid lines represent calculated null settings for films

of refractive index 2.392 and 2.013-0.046i.
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a vanadium electrode covered by an anodic oxide film converts this film in

some manner from a film of refractive index 2.392 to a film of refractive

index 2.013-0.0461.

We can also determine the thickness of the film for each of the data

points in Fig. 7 using these refractive indices. The thickness at each

point was determined by finding the thickness for the point on the theoreti

cal P-A curve that was closest to the actual experimental point. For the

anodic points the index of the film used was 2.392 and for the cathodic

points the index of the film was 2.013-0.0461. The values of the thicknes

ses obtained in this manner are given in Table I. As can be seen from the

is approxi

mately constant independent of the thickness of the anodic oxide prior to

conversion.

of 0.012.

Thus far we have determined that the refractive index of the anodically

formed film changes in some manner when a cathodic current is applied. We

have also determined the end points for this conversion process for a num

ber of different thicknesses for the initial anodic oxide. We have not yet

said anything concerning the form of the experimental data in going from

the initial point to the end point of the conversion.

The entire conversion process was monitored using the ellipsometer for

each of the conversions whose starting and end points are shown in Fig. 7.

The agreement of the values of the conversion ratio over a wide range of

thicknesses indicates that the mechanics of the conversion process is essen

tially independent of the thickness of the layer. In order to determine

the mechanism of the conversion process, we must propose possible models for

I is .956 with a standard deviation aThe average value of Dc/D.

numbers in the table, the conversion ratio, defined as D /D , c a
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TABLE I
Calculated thicknesses for the points at which the conversion process was
initiated, D , and the points at which the conversion process was complete,a

The conversion numbers correspond to the numbers in Fig. 7.

3031 295 .973
2 498 483 .970
3 582 560 .962
4 646 622 .963

7575 724 .956
6 869 826 .950
7 957 900 .940

1040 9738 .936
10671138 .9389
1175 .943124610
1358 .962141211
1614 .958168412
1866 .963193813

.9631991206814

.956Average
Standard Deviation 0.012

Conversion 
Number

D . c

Conversion
Ratio
D /D c a

Anodic
Thickness

D (X) a

Cathodic
Thickness

D (A) c
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the process, examine the ellipsometric curves predicted by these models,

and compare these predicted curves with the actual experimental data.

There are several things that might happen to an anodic oxide film

when a cathodic current is applied to the film. The most obvious possibility

is that essentially nothing other than gas evolution takes place when a

cathodic current is applied. Although there is some gas evolution in the

later phase of the conversion of the anodic oxide on vanadium, the most

striking effect is the rather drastic change in the refractive index of the

film. Another possibility is that the anodic film is stripped from the

electrode upon applying a cathodic current, this process being in a sense

the reverse of the growth process. In the case of vanadium, the presence

of interference colors indicates that the film is not stripped from the

electrode by a cathodic current. A third possibility is that the cathodic

current causes a change in the stoichiometry or structure of the anodic

film, resulting in a different type of film. It is very difficult if not

impossible to determine accurately the stoichiometry of the film without

changing the environment under which the film was formed and thus possibly

changing the structure of the film. We therefore choose to concentrate on

models of the mechanism by which a film may change from one refractive index

to another and leave open the question of the details by which the change

in refractive index occurs.

Figure 8 shows, schematically, three possible models for the conversion

We have selected these models because we believe that they are theprocess.

three simplest hypotheses that might describe the manner in which the film

Led by the experimental results presentedchanges its refractive index.

thus far, we know that the three models must have some things in common.
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Schematic of three possible models that can describe theFIGURE 8.

to a film with a final refractive
and a final thickness D^.index n^

and initial thickness
conversion of a film with an initial refractive index n.i
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In each of the models an initial film of refractive index

is replaced by a film of refractive index The dif-

replaced by the final film of different refractive index. For the conver

sion process we use ni=2.392, nf=2.013-0.0461, and the appropriate thick

nesses are listed in Table I.

In the first model, labeled I in Fig. 8, we assume that the conversion

process begins at the oxide/electrolyte interface and proceeds inward toward

the metal. At any intermediate point during the conversion process there

and

The boundary between the two layers

is assumed to be sharp. The second model, labeled II, is similar to model I

except that here we assume that the conversion process begins at the metal/oxide

interface and proceeds outward. At an intermediate point during conversion

the film will consist of two layers, an inner layer of refractive index nf

In model III we assume that the

conversion occurs uniformly throughout the film and that the film remains

In addition, we assume that all changes in thehomogeneous at any instant.

film proceed in a linear manner; that is, the fractional changes in the real

and imaginary parts of the refractive index and the fractional change in

the thickness at any instant are the same. We can use each model, in turn,

to predict a P-A curve for the conversion process and compare the predicted

curve to the experimentally observed P-A curve.

It should be emphasized that the predicted ellipsometric curve for

each model will depend only on the thickness and index of refraction of the

initial film and the thickness and refractive index of the cathodically

an outer layer of refractive index n^.

n^ and thickness D^.

ferences in the three models are in the method by which the initial film is

n^ and thickness

and an outer layer of refractive index n^.

Di

are two layers on the electrode, an inner layer of refractive index n^
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converted film. These values have already been determined by finding the

theoretical curve that most closely approximates the data as shown in Fig. 7.

Using only the beginning and end points for the various conversions, we

determined the thickness and refractive indices for the initial and converted

films. For any one particular conversion these are the only input parameters

for the calculations based on the three models. There are no additional

adjustable parameters included in any of the models, so we are not curve

fitting to obtain the best fit to a single conversion process; we only seek

to determine if any of the models predict the experimental data adequately.

This

particular conversion begins at point number 5 on the anodic curve and ends

5' on the curve for the converted film in Fig. 7.at point number The

9 label the P-A data points that correspond to similarlyletters in Fig.

in the potential vs. time curve in Fig. 6.lettered points The conversion

B and is complete at point E.begins at point Not all points obtained

during the conversion process are shown, in particular the density of the

experimental points near point E is much greater than illustrated.

Also shown in the figure are the predicted curves for the proposed

models; the number under each curve corresponds to the number of the model

shown in Fig. 6. It is evident that in Fig. 9 model I seems to describe the

experimental data best. There is some deviation of the data points from

curve I in the upper right hand corner of the figure, but in this region

the experimental null settings were changing rapidly and the amount of time

required to determine a null becomes important. The ellipsometer was set

to null the polarizer first, then the analyzer. In this region, the time

Figure 9 shows the experimental data, plotted as open circles, for the 
o 

conversion of an anodic oxide film with an initial thickness of 757 A.
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Ellipsometer null settings, represented by open circles, recordedFIGURE 9.

Points

B, C, D, and E correspond to similarly labeled points in Fig. 6.

The lines represent calculated curves based on the three models

presented in Fig. 8.

for the conversion of an anodic film with an initial thickness 

of 757 A to a cathodic film with a thickness of 724 A.
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required to find a null for the polarizer is quite long compared to the

time required to null the analyzer. As a consequence, the P-A points in

the right hand region of the curve will have a higher value of A than the

actual null setting for the analyzer that would be found if polarizer and

analyzer could be nulled simultaneously. The net effect of compensating for

this lag in null times would be to lower the A values of the points on the

right hand side of Fig. 9 toward the curve predicted by model I.

In order to demonstrate that Fig. 9 does not represent an unusual set

of circumstances that only accidentally show agreement between the experi

ment and model I, we present three additional conversion curves in Figs. 10,

11, and 12. Again the experimental points are represented by open circles

and again the P-A curves for the three models are shown for comparison.

Figure 10 is the conversion beginning at the point numbered 10 in Fig. 7,

11 and 12 are the conversions for points numbered 12 and 13 ofand Figs.

Fig. 7 respectively. We see that in these cases model I also best accounts

for the experimental data. The agreement is surprisingly good considering

that the curves for the model are calculated using only the parameters

found for the starting point and the end point for the conversion process.

The agreement of model I with the data over a wide range of initial thick-

indicates that this is the correct model to describe the process.nesses

We have examined the conversion curves for several other initial thicknesses;

the behavior of these conversion curves is similar to those we have pre

sented here.

Thus far we have said little about the behavior of the film if an

Upon applicationanodic current is re-applied to a fully converted film.

of an anodic current at point E in Fig. 6, the potential vs. time curve



55

FIGURE 10.

as in Fig. 9.

Ellipsometer null setting for the conversion of an anodic 
o

film with an initial thickness of 1246 A to a cathodic film 
o

with a thickness of 1175 A. All other features are the same
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FIGURE 11.

Fig. 9.

o

with a thickness of 1614 A. 'Other features are the same as

Ellipsometer null settings for the conversion of an anodic 

film with an initial thickness of 1684 A to a cathodic film
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FIGURE 12.

Other features are the same as in
Fig. 9.

Ellipsometer null settings for the conversion of an anodic 
film with a thickness of 1938 A to

o 
thickness of 1866 A.

a cathodic film with a
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traces out the region F-G-H in that figure. In this region a reconversion

of the cathodic film back to the anodic film occurs, at least to the extent

that in region G-H the film is indistinguishable both optically and electri

cally from an anodically formed film. The ellipsometric data for a typical

reconversion are shown in Fig. 13, along with calculated curves based on

the three models presented previously. The solid curve through the data

points is not a calculated curve, but has been added

the sequence of data points. The curves based on the three models, repre

sented by dashed curves, are labeled with the appropriate model numbers.

The models used for reconversion differ from the conversion models in the

fact that here we are replacing an initial film of refractive index 2.013

-0.046i with a film of refractive index 2.392. The initial thickness for

the reconversion models was taken to be the thickness of the appropriate

cathodically converted film in Table I. The final thickness for the recon

verted layer was computed using the P-A point at which the reconversion

curve was returned to the curve for anodic growth. This thickness was

always found to be smaller than the thickness at which the process was initi-

6, the thickness of the layer at point G was always lessated; i.e. in Fig.

than the thickness at either point B or E.

Figure 14 shows another reconversion beginning at a different initial

As can be seen from Figs. 13 and 14, none of the models fits thethickness.

Therefore, the process of reconversionexperimental data particularly well.

must differ in some way from the process assumed in the models. Neverthe

less, if we must select one of these models as a first approximation to the

While model I does not alwaysactual process, we would choose model I.

give the best fit to the experimental data, it does always approximate the

as an aid in following
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FIGURE 13. Ellipsometer null settings, represented by open circles, for

Points E, F, G, and H correspond to

similarly labeled points in Fig. 6. The dashed lines repre

sent calculated curves based on the three models presented

in Fig. 8.

The thickness of the film at the end of the 
o 

reconversion is 912 A.

the conversion of a cathodic film with an initial thickness 

of 1175 A.
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FIGURE 14.

The thickness of

features are the same as in Fig. 13.

Ellipsometer null settings for the reconversion of a cathodic 
o 

film with an initial thickness of 1866 A.
o

the film at the end of the reconversion is 1421 A. • Other
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shape of the data.

direction of curvature as the experimental data.

Choosing model I as a reasonable first approximation to the actual

process is not completely meaningless. Let us recall that the anodic film

is much more soluble in water than the cathodically converted film. This

provides another method of distinguishing between the two types of film.

Let us examine the results of a few simple experiments in which the solu

bility is tested. We observe the solubility visually by noting whether the

interference color of the film changes, indicating that the film is being

dissolved.

Using Fig. 6 as a guide, if we open the circuit in the region A-B,

remove the sample from the cell, and place it in water the oxide is found

to dissolve completely in a matter of seconds. If, on the other hand, we

form a cathodic film in the region D-E, remove the sample from the cell,

and place it in water there is no apparent color change in the interference

color of the film over a period of a few minutes. This merely demonstrates

the degree of difference in the solubilities of the two types of film.

We can also perform slightly more complicated experiments. For

example, if an anodic film is formed and then a cathodic current is applied

for only a short time, the film does not change its interference color when

This is exactly what we would expect using our proposedplaced in water.

The cathodic current has caused the outermodel for the conversion process.

portion of the film to convert, and this outer film prevents the dissolution

of the inner anodic oxide that has not yet been converted.

Furthermore, if a film which has been cathodically converted is

subjected to an anodic current for a short time and then placed in water we

In Fig. 13 it is the only model that gives the same
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find that the interference color changes rapidly for a few seconds and then

stops changing, leaving some film on the surface. This is consistent with

a model in which the reconverted anodic oxide is formed on the outside and

the portion which is formed is dissolved away, leaving only the cathodic

film. In fact, the film can be removed from the surface in a controlled

manner by carefully controlling the amount of time that the anodic current

is applied to a cathodically converted film.

Finally, we believe that by applying a carefully controlled series of

anodic and cathodic currents to an anodically oxidized vanadium electrode,

a series of layers can be produced within the film. For example, if we

partially convert an anodic oxide by applying a cathodic current for a short

time and then reconvert part of the converted layer we would produce a film

that consisted of three layers: an anodic oxide next to the metal, a

cathodically converted layer on top of this, and another anodic oxide layer
on the outer surface of the film.
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Optical Anisotropy of the Anodic Oxide

When an electric field of sufficient magnitude is applied to a thin

dielectric film, the optical properties of the film may change. The

technique of ellipsometry makes it possible to measure separately a change

Ord,

in a study of the anodic oxidation of tantalum, niobium,

and tungsten found that upon increasing the applied electric field the

thickness of the anodic oxide film increased and the refractive index

decreased slightly. In their analysis they assumed that the film was opti-

Later work by Cornish and

on tantalum and also Yee and Young

applying a large electric field (on the order of 10 V/cm) , the anodic

oxide films on. these metals become optically anisotropic.

in a presumably amorphous oxide film. concluded that in

the case of tantalum and niobium, the films are optically isotropic under

If there is a large applied electric field the filmszero applied field.

have a preferred axis in the direction of the field, and one might expect

This was what Young et al.the films to become optically anisotropic.

found to be true for the anodic oxide films on tantalum and niobium. Cornish

also argue since the films are grown under an applied electric

field, and since the direction the ions travel during growth is also normal

to the surface of the film, some of the anisotropy of the same type might

Although they did not observe any aniso-exist even with no applied field.

tropy under zero field for tantalum, this does not eliminate the possibility

of observing a residual optical anisotropy in other systems.

on niobium has shown that upon
- --,6 X

„ 8and Young

cally isotropic under an applied electric field.
8 '9Young on tantalum and also Yee and Young

We begin by examining the possibility for optical anisotropy to exist 

v , , 8,9 Young et al.

in thickness and a change in refractive index of the thin film.
25Hopper, and Wang
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Before we present experimental data, let us examine the influence of

optical anisotropy on the ellipsometric data. We will also compare the

ellipsometric data calculated for an anisotropic film to data calculated

for the simultaneous growth of two layers of different refractive indices

in order to demonstrate that, unless certain conditions are met, it may not

be possible to resolve unambiguously the optical anisotropy of the layer.

For an angle of incidence of 60° and refractive indices in the range

an

We will refer to each repe-

The first loop corresponds to

For the angle of incidence used in this

study, the effects of an optically anisotropic layer on the experimental

data are found to be greatest in the regions of minimum and maximum pola

rizer settings. We therefore will concentrate on these regions in the

following discussion.

Figure 15 shows a typical P-A curve calculated for an optically

anisotropic, non-absorbing film of increasing thickness on an optically

We assume the film to be uniaxial, with the optic axisisotropic substrate.

normal to the surface of the film. The P-A curves in Fig. 15 were calcu

lated for a film with an ordinary refractive index 2.37 and an extraordinary

The

values of the refractive index were chosen merely to illustrate the general

Note that in contrast to the isotropicbehavior of the ellipsometric data.

non-absorbing film, the different loops for an increasingly thicker film do

not overlap each other but spiral toward increasing P values as the thickness

tition of the entire P-A curve as a loop.
o o

film thicknesses of about 0 A to 1500 A, -the second loop to film thick-
o o

nesses of 1500 A to 3000 A, etc.

found in this work, the P-A curve approximately repeats itself for 
o 

increase in film thicknesses of about 1500 A.

refractive index 2.30, on a substrate of refractive index 3.838-3.5601.
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FIGURE 15. Calculated ellipsometric P-A curve for a uniaxial anisotropic

film on an isotropic substrate. The optic axis is normal to

the surface of the film. The number on each curve denotes

The following values

for the refractive indices were used: ordinary refractive

index of the film, 2.37; extraordinary refractive index of

the film, 2.30; refractive index of the substrate, 3.838

-3.5601.

the number of the loop of the P-A curve.
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of the film increases. The numbers on the figure refer to each loop; loop

2 is the data for film thicknesses greater than those found in loop 1, etc.

The significant behavior shown here is that for a uniaxial negative film,

i.e. successive loops for thicker films are displaced toward

increasing values of the polarizer null setting.

Figure 16 shows the same region of' the P-A curve, but in this case we

have assumed that the film is uniaxial positive (n The value for

Fig. 16 the ordinary refractive index of the film is 2.30 and the extraordi

nary refractive index is 2.37. The numbers on Fig. 16 again refer to the

number of the loop, in order of increasing film thickness. In contrast to

Fig. 15, the successive loops corresponding to thicker films are displaced

toward successively lower values of P. Thus we conclude that a uniaxial

anisotropy will cause successive loops of the P-A curve to be displaced

parallel to the P axis and we are able -to distinguish between a uniaxial

positive film and a uniaxial negative film by noting the direction of dis

placement of successive loops as the film thickness is increased.

Figure 17 is presented to illustrate that caution must be used in

The P-A curves shown in Fig. 17 are calcu-evaluating ellipsometric data.

lated for the simultaneous growth of two optically isotropic layers of

refractive indices 2.30 and 2.37 on an isotropic substrate of refractive

The rate of growth of the two layers is assumed to beindex 3.838-3.5601.

equal, and the layer with refractive index 2.30 lies on top of the layer

The numbers in Fig. 17 refer to the number ofwith refractive index 2.37.

While the behavior of the P-Aloops in order of increasing film thickness.

at first glance to be quite similar to the P-A curve obtainedcurve seems

n , en >o

'o " neb

the refractive index of the substrate is the same as in Fig. 15, but in
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Calculated P-A curve for a film with ordinary refractiveFIGURE 16.

index 2.30 and extraordinary refractive index 2.37. All

other features are the same as Fig. 15.
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Calculated P-A points for the simultaneous growth of twoFIGURE 17.

The refractive index of the upper layerisotropic layers.

The refrac-is 2.30 and that of the lower layer is 2.37.
Open circles,tive index of the substrate is 3.838-3.5601.

first loop; closed circles, second loop; open squares,

third loop; closed squares, fourth loop.
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for a uniaxial negative film, note that in the case of simultaneous growth

of two isotropic layers, the P-A curves for the first and third loops

essentially coincide as do the P-A curves for the second and fourth loops.

In some particular cases, the simultaneous growth of two transparent films

may give a P-A curve that resembles the curve for a uniaxial film for the

first and second loops of the P-A curve; only by examining the data for the

third loop can we distinguish between the two possibilities. The general

behavior of the P-A curve for simultaneous growth of the two transparent

films is that successive loops wobble back and forth parallel to the P axis,

but the loops never show successive displacements in the same direction as

is found in the P-A curve for a uniaxial film.

We see from the above example, assuming we are constrained to

measurements taken at a single angle of incidence, that only if ellipsometric

data are taken over a sufficient range of film thicknesses can one distin

guish unambiguously between a uniaxial film and a film with two layers having

At least three loops of the P-Aslightly different refractive indices.

curve must be obtained in order to eliminate the possibility of the curves

being due to growth of two layers. Although it is possible to imagine a

combination of many layers, say eight or nine, with different refractive

indices that would give a P-A curve similar to that obtained for a uniaxial

film, the simpler model of an anisotropic film would be preferable to a

rather contrived model involving many layers with different refractive

indices.

would expect if the film is optically uniaxial with the optic axis perpen-

Figure 18 shows experimental datadicular to the surface of the film.

The above examples give us some idea of the shape of the P-A curve we
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FIGURE 18. Ellipsometer null settings in the region of minimum P values

a

current density of 394 uA/cm . The open circles are repre-

The number beside eachsentative experimental data points.

curve is the number of the loop, in order of increasing

film thickness. The solid lines are calculated curves for

a uniaxial negative film (optic axis normal to the surface

of the film) on an isotropic substrate. The values of the

refractive indices for the calculated curve are: ordinary

refractive index of the film, 2.349; extraordinary refractive

index of the film, 2.328; index of refraction of the sub

strate, 3.838-3.5601.

for the growth of an anodic oxide film on vanadium at 

„ , , 2
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an anodic film on vanadium at These data
were obtained using a different sample as well as a different cell than

those used in the conversion experiments. In order to perturb the state of

the electrode as little as possible, the current was neither reversed nor

interrupted during the course of the experiment. In Fig. 18, the experi

mental data points are given by the open circles. The solid lines in the

figure are the calculated P-A curves for growth of a uniaxial negative film

(optic axis normal to the surface of the film) on an isotropic substrate.

For the calculated curves, we used a value for the ordinary refractive index

value for the extraordinary refractive index of 2.328. The

refractive index of the substrate was taken to be 3.838-3.5601.

Figure 19 shows the experimental data in the region of maximum

polarizer null settings. The solid lines are again the calculated P-A

curves for the refractive indices given above. The number beside each curve

in Figs. 18 and 19 is the number of the loop, in order of increasing film

thickness.

The indices of refraction used to calculate the theoretical P-A curves

in Figs. 18 and 19 were found using a computer program similar to the one

described previously, but modified to perform the calculations for an aniso-

The theoretical curves fit the data quite well, but it appearstropic film.

tendency for the data to move off the calculated curve for

lower values of A, particularly in Fig. 19. We believe that this deviation

between experimental points and the calculated curve is due to a slight

Measurements taken in two zones for a filmanisotropy in the cell windows.

covered electrode with zero applied field indicate that the P-A points for

of 2.394 and a

that there is a

obtained in the region of the minimum polarizer null settings for growth of 

2 a current density of 394 )iA/cm .
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FIGURE 19. Ellipsometer null settings in the region of maximum.? values

for the growth of an anodic oxide film on vanadium. All

other features are the same as in Fig. 18.
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the two zones differ in a direction along the experimental curve for higher

values of A, but for lower values of A the values for P and A in the two

zones differ in a direction essentially normal to the experimental curve.

It has not been established that using the average P and A values for the

two zones is an accurate method of correcting for optical anisotropy of the

cell windows; in any case, zone averaging requires that the P-A values for

the two zones be taken for exactly the same film. It is not possible to do

this since the film dissolves if the applied electric field is removed and

grows if the field is maintained.

We conclude that the anodic oxide film on vanadium exhibits optical

The magnitude of the difference in

while Cornish and Young

oxide on tantalum.

The experimental data presented thus far have been for an anodic film

growing under a large applied electric field. Figures 20 and 21 show

experimental data taken using the same optical cell and the same sample as

The film was grown with an

At certain points in the P-A curve

the circuit was opened and the electric field across the layer was allowed

The open symbols in Figs. 20 and 21 are the P-A pointsto decay to zero.

obtained with an applied anodic current. The open circles are for the first

loop of the P-A curve, (be open squares are Lor the second loop, and the

The solid lines through the openopen triangles are for the third loop.

symbols in this figure are not a fit to the data, but are added as an aid

ordinary and extraordinary refractive indices, n0-ne> for vanadium is 0.021, 
g 

found this difference to be 0.0054 for the anodic

the ones used for the conversion experiments.
2 

applied current density of 394 pA/cm .

anisotropy (uniaxial negative) under a large applied electric field in a

8 9 way similar to tantalum and niobium. ’
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Ellipsometer null settings (open symbols) in theFIGURE 20.

vanadium at a current density of 394 pA/cm . The closed

symbols are the null settings obtained when the circuit was

opened (zero applied field). The open or closed circles

represent data for the first loop of the P-A curve; squares,

second loop; triangles, third loop.

region of

minimum P values for the growth of an anodic oxide film on
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riGURE 21. Ellipsometer null settings in the region of maximum P

values for the growth of an anodic film on vanadium.

Other features are the same as in Fig. 20.
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in following the shape of the curve. The closed symbols are the data points

obtained upon opening the circuit and allowing the field to decay to zero.

The closed circles are the open-circuit data points for the first loop of

the P-A growth curve, the closed squares are the open-circuit P-A values

obtained for the second loop of the growth curve, etc. After the circuit

had been open for some time, the anodic current was again applied and growth

of the film continued.

As the film grew, the ellipsometer recorded the data points represented

by the open symbols in Figs. 20 and 21. At selected points in the growth

of the film the circuit was opened, allowing the electric field across the

The first P-A point obtained after opening thelayer to decay to zero.

circuit was displaced from the P-A curve for growth, and the sequence of

data points given by the closed symbols was obtained as the film dissolved.

After the circuit had been open for a short time, the anodic current was

again applied; the data points returned to the curve corresponding to growth

of the anodic film. This procedure was repeated several times for each loop

The significant behavior shown in Figs. 20 and 21 is thatof the P-A curve.

the ellipsometric data obtained for zero applied electric field for different

loops of the P-A curve do not overlap.

observed by Young and his co-workers, and by Ord and Wang, for the

anodic oxides of tantalum and niobium under zero applied field. In the case

of vanadium, the ellipsometric data obtained for the film with no applied

electric field are shifted toward increasing P values on the second and

We conclude that the anodic film onthird loops of the P-A growth curve.

vanadium behaves as a uniaxial negative material, even under zero applied

field.

This is contrary to the behavior
268,9



CHAPTER V

DISCUSSION

A summary of the results presented in this study is now in order. We

have seen that simple experiments involving the dissolution rate of the

anodically formed film on vanadium indicate that the dissolution rate of

the anodic film is greatly reduced by application of a cathodic current to

Using ellipsometry, we found that applying a

cathodic current to an anodic film on vanadium resulted in a change in the

refractive index of the film. Thus we concluded that the anodically formed

film is converted in some manner by an applied cathodic current. If an

anodic current is again applied to a cathodically converted layer, the

layer gradually returns to a state that is indistinguishable from the anodic

film as determined by electrical and ellipsometric measurements. Detailed

examination of the ellipsometric data indicates that the anodic film formed

on vanadium is optically anisotropic, and that the film behaves as a uni

axial negative material with the optic axis normal to the surface of the

film, both under an applied electric field and under zero field.

The anodic oxide film formed on vanadium generally behaves in a manner

similar to tantalum, niobium, and other valve metals. Under constant

current growth conditions, the electrode potential shows a linear increase

The magnitude of the electric field in the layer for vanadium isin time.

89

an existing anodic film.
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V/cm for vanadium versus electric fields in excess of 4 x 10

V/cm for tantalum and niobium. The film formed on vanadium exhibits inter

ference colors, and the shape of the P-A curve for anodic growth is charac

teristic of a non-absorbing film.

The anodic oxide films formed on the typical valve metals do not

normally dissolve in most electrolytes. This is in marked contrast to the

anodic film on vanadium, which dissolves in a matter of seconds in water.

The solubility of the cathodically converted film is much less than that of

the anodic film; the cathodic film requires several hours to dissolve in

The dissolution of the anodic film presents a major experimentalwater.

The resolution of this problem requires a trade-off between anproblem.

electrolyte with a low dissolution rate and an electrolyte with a low resis-

Since the electrolyte used in this work is perhaps the only elec-tivity.

trolyte known that will allow the formation and growth of an anodic film on

vanadium to large thicknesses, it is difficult to determine the influence

of the chemistry of the electrolyte on the behavior of the system.

The most striking feature of the anodically formed film on vanadium is

that it may reversibly be converted to a film having different physical

The agreement of our modelproperties by application of a cathodic current.

for the conversion process with the experimental data established that the

conversion process begins at the oxide-electrolyte interface and proceeds

Due to the close agreement between the model andinward toward the metal.

believe that the boundary between the two films during conver

sion is in reality quite sharp.

somewhat less than the electric field found for most valve metals, being

the data, we
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Although we were not completely successful in modeling the reconversion

process, the indications are that the direction of reconversion of the

cathodic film is also from the oxide/electrolyte interface inward toward

the metal.

sion process seem to indicate that the reconversion process is rather com

plex; reconversion certainly cannot be completely explained in terms of the

simple models presented in this study. Addition of more layers to the

models or other such complications rapidly becomes self-defeating; increas

ing the number of parameters also increases the uncertainty in determining

the value of any one of them.

The observed anisotropy of the anodic film on vanadium under an applied

as well as observations made by

large applied electric field is not surprising, since the direction of the

applied field would give a preferred direction in the film. The details of

not clear at present.

The apparent small optical anisotropy of the anodic film on vanadium

under zero electric field has not been reported for any other anodic oxide

film.

If pores are indeed present, theywe must examine this possibility.

could conceivably introduce structural anisotropy and a resulting optical

anisotropy (form birefringence). Let us assume that the porous film struc

ture may be modeled by an assembly of thin cylindrical rods of index of

anodic film formed in an electrolyte that dissolved the film may contain

4 pores,

electric field is in agreement with similar observations made by Young and

8,9

how the applied electric field causes the observed form of anisotropy are

The presence of optical anisotropy in a thin film under a

Because it has been alleged (although not very convincingly) that an

his co-workers on tantalum and niobium,
26 Wang and Ord.

The kinks observed in the ellipsometric data for the reconver-



92

immersed in a medium of refractive index Such a structuren2.
17is optically anisotropic, and Born and Wolf give the following relation

for the difference in the ordinary and extraordinary refractive index for

such a structure:

(42)

and fIn this equation, f 21
by the rods and the medium respectively, and the equation is valid for

Regardless of whether we consider refractive index of the pores to< 1.

is positive, indicating that this assembly behaves as a uniaxialof

positive crystal.

applied electric field, gave ellipsometric curves that were consistent with

the interpretation that the film behaves as a uniaxial negative material.

Thus we believe that the observed optical anisotropy of the anodic film

cannot be due to pores in the layer. The experimental data does not elimi

nate the possibility of pores altogether, but the observed optical behavior

is definitely not explainable in terms of pores.

Although the numerical values of the refractive indices given in this

study lead to P-A curves that are in close agreement with the experimental

data, this does not necessarily imply that these values are the exact refrac

tive indices for the system under study. In each case we have constructed

a model, with certain assumptions stated for that model; for example, all

films are assumed to be uniform and homogeneous.

tain certain physical parameters, namely the refractive index and thickness

2 n e
2 n o 2 • 

nl

The anodic film on vanadium, both with and without an

Each of these models con-

refraction n^

are the fractions of the total volume occupied

fl

f2fl
+ f2

, 2 2t2("1 - n2)
2 (1 + f1) n2

be less than or greater than the refractive index of the medium, the value
2 2n - ne o



93

of the film, that presumably have some well-defined value. The values that

we have assigned to these parameters are those values that yield a calcu

lated P-A curve that agrees with the experimental P-A curve within reason

able limits. The success of our models in fitting the experimental data

depends on the validity of the assumptions made in constructing the model,

and we may argue from the consistency of the agreement of our models and

the data that the assumptions made are reasonably accurate. It is, however,

impossible to state the errors in the indices of refraction of the thick

ness of the film because there is no statistically valid criterion for

determining these errors. Instead, we choose to assign to the refractive

indices and thickness of the film those values that give a calculated P-A

curve which results in deviations from the experimentally observed curve

that are within the scatter of the data, which is at worst 0.5°. Giving

the refractive index of the film or substrate to four significant digits in

no way indicates that these values are accurate to this number of digits,

but it does indicate that differences in the index of refraction in the

fourth digit significantly affect the deviations between the calculated and

experimental curves.

This investigation into the conversion of the anodic oxide film on

Ellipsometry isvanadium is the first step in understanding this process.

perhaps the only method that allows one to monitor such a process on a thin

The next step should be to examinefilm as this process is taking place.

other metals with physical properties similar to vanadium to see if the

anodic oxides on these metals also can be converted by an applied cathodic

Knowledge of the stoichiometry of the anodic and cathodic layercurrent.
The discovery ofwould certainly be an aid in explaining the process.
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vanadium would shed light on the extent to which the chemistry of the sys

tem plays a role in the conversion process. Finally, since one can form a

multilayered structure consisting of films with different physical proper

ties simply by partially converting and reconverting an anodic film on

vanadium, it would be of particular interest to investigate the electrical

characteristics of such structures for possible use as electronic devices.

different electrolytes that would support the growth of an anodic film on
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