N

N

Determination of oxidized metals’ oxide layer thickness
from local extrema of reflectance spectra: theoretical
basis and application to anodized titanium
Renée Charriere, Quentin Cridling, Maxence Maillet, Mariapia Pedeferri,
David Delafosse

» To cite this version:

Renée Charriere, Quentin Cridling, Maxence Maillet, Mariapia Pedeferri, David Delafosse. Determi-
nation of oxidized metals’ oxide layer thickness from local extrema of reflectance spectra: theoretical
basis and application to anodized titanium. Measurement Science and Technology, 2020, 31 (12),
pp.125601. 10.1088/1361-6501/ab9cde . emse-04549396

HAL Id: emse-04549396
https://hal-emse.ccsd.cnrs.fr /emse-04549396

Submitted on 17 Apr 2024

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal-emse.ccsd.cnrs.fr/emse-04549396
https://hal.archives-ouvertes.fr

Determination of oxidized metals’ oxide layer
thickness from local extrema of reflectance spectra:
theoretical basis and application to anodized
titanium

Renée Charriére!, Quentin Cridling'?{, Maxence Maillet!,
MariaPia Pedeferri?, David Delafosse!+?

1Mines Saint-Etienne, Univ Lyon, CNRS, UMR 5307 LGF, Centre SMS, F -
42023 Saint-Etienne France

2Politecnico di Milano, Department of Chemistry, Materials and Chemical
Engineering “Giulio Natta”, Milan, Italy

E-mail: renee.charriere@emse.fr

Abstract. The present paper concerns the oxide layer thickness determination
of oxidized metals in the case where an optical interference phenomenon occurs
inside the oxide layer. The paper focuses on anodized titanium. It establishes
theoretical formula to compute the oxide layer thickness from the local extrema
positions of the material reflectance spectra. These formula take into account the
air/oxide and oxide/metal interfaces electromagnetic phase-shift and are valid for
TE, TM and non-polarized light, and for all incidence angles. By applying these
formula to simulated reflectance spectra with known oxide thicknesses, it shows
that neglecting the interfaces phase-shift is inappropriate to determine the oxide
thickness of samples with thin oxide thicknesses. When the interfaces phase-shift
is taken into account, a careful attention needs to be paid to the light polarization
for incidence angles close to the Brewster angle of the air/oxide interface. The
relative error on the oxide thickness determination is relatively good correlated
to the relative standard deviation characterizing the discrepancy of the oxide
thickness values obtained from different extrema positions. The typical behavior
with polarization and incidence angle of this standard deviation predicted by the
theoretical study is in agreement with the behavior observed for titanium samples.
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1. Introduction

Under certain conditions, when an oxide layer grows
on the top of a metal, an interference phenomenon
can occur inside the oxide layer. This is the case for
example for titanium, aluminum, cobalt, zirconium,
tantalum and niobium [1, 2, 3, 4, 5, 6, 7]. In this case,
the material reflectance spectrum exhibits minima and
maxima which positions can be linked to the oxide layer
thickness.

Even though this method is widely used for oxide
thickness determination, very few papers take into ac-
count the electromagnetic phase-shift which occurs at
the reflection on the air/oxide and oxide/metal inter-
faces when establishing the formula linking the posi-
tions of the local extrema to the oxide thickness. Ref-
erences [8, 9, 10, 11, 12, 13, 1, 14, 15] neglect this
phase-shift, whereas Fuhrman et al. [16] mention it
but don’t give a detailed calculation of its theoret-
ical value. Charlesby et al. [17] characterized an-
odized tantalum samples by taking into account the
electromagnetic phase-shift. They developed an orig-
inal method to determine experimentally at the same
time the variations of the oxide refractive index with
the wavelength, the oxide layer thickness, and the evo-
lution with wavelength of the oxide/metal electromag-
netic phase-shift. Winterbottom [18] gave theoretical
relationships between the reflectance spectra local ex-
trema positions and the oxide layer thickness taking
into account the oxide/metal electromagnetic phase-
shift. He also compared oxide thickness values esti-
mated with and without taking into account the ox-
ide/metal electromagnetic phase-shift for various ox-
ide/metal systems (CuyO/Cu, FesOs3/Fe, Al,O5/Al)
and showed that the thickness estimation error can
reach about 200% when the phase-shift is neglected.
Pliskin [19] established theoretical formulas of the elec-
tromagnetic phase-shift for Transverse Electric (TE)
and Transverse Magnetic (TM) electric field polar-
izations and computed phase-shift thickness correc-
tion charts for various systems as for example sili-
con dioxide (SiOz)/Aluminum, SiOg/Chromium, Alu-
mina/Germanium... with the refractive indexes of the
different materials extracted from the literature. For
example, if the reflectance measurement is done at
an incidence angle of 60° on an SiOy/Silver system,
the thickness correction can reach 39nm for TE po-
larization and 64nm for TM polarization. Note that
Charlesby et al. [17] don’t take into account a possible
influence of the light polarization on the electromag-
netic phase-shift. Also, the theoretical formulas given
by Winterbottom [18] are valid for normally incident
light where TE and TM polarized light cannot be dis-
tinguished.

The present paper focuses on anodized titanium,
that is titanium on which an oxide layer has been

made grown through an electrochemical process. The
paper establishes formulas giving the oxide thickness
from the reflectance spectra maxima and minima
positions for TE, TM and non-polarized light, for all
incidence angles. These formula take into account the
interfaces electromagnetic phase-shift. The validity
of these formulas is then checked and discussed
by applying them to simulated reflectance spectra
with known oxide thicknesses. The error on the
oxide thickness made when neglecting the interfaces
electromagnetic phase-shift is also presented. To check
if the conclusions deduced from the simulated spectra
are suitable for experimental data, the formula are
applied to reflectance spectra measured on anodized
titanium samples.

2. Theoretical basis for the calculation of the
oxide layer thickness from reflectance spectra
local extrema

This section will recall the theoretical background
of the interference phenomenon occurring inside the
oxide layer. It will then establish the formulas giving
the oxide thickness from the reflectance maxima and
minima positions. The material is here assumed as
a perfectly flat and homogeneous layer of titanium
dioxide (TiOz) with a refractive index nr;o, on
top of a semi-infinite perfectly flat and homogenous
titanium (Ti) substrate with a refractive index ng;.
The model presented in this section assumes that
the TiOg layer is non-absorbent: mnr;0, is thus
supposed to have a null imaginary part. In the
wavelength range [370nm 800nm] considered here,
anodically grown titanium dioxide indeed has a
refractive index imaginary part lower than 0.5 [20, 21].
The interference phenomenon occurring in anodized
titanium is described in figure 1. An electric field
is incident on the sample surface with a wave-
vector (propagation direction) Eo corresponding to an
incidence angle ;. The electric field directions Ef
and Eg M respectively for TE and TM polarizations
are also represented in figure 1. A part of this electric
field is reflected at the Air/TiOg interface and the rest
is refracted inside the oxide layer with an angle 6,.. This
refracted part is then reflected at the TiO/Ti interface
and is again split at the TiOy/Air interface. Multiple
reflections thus occur inside the oxide layer giving rise
to multiple rays emerging from the oxide layer. All
rays emerging from the oxide layer have a direction
0; relative to the sample surface perpendicular. The
origin of the reflectance spectra local extrema observed
for anodized titanium is the total phase-shift between
two successive rays. This total phase-shift doesn’t
depend on the considered rays and can be for example
calculated between rays I and II. As indicated in
figure 1 the electric fields corresponding to rays I and
11 have wave-vectors denoted respectively as EI and

EH and directions denoted respectively as E?E and
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Figure 1. Description of the interference phenomenon occurring
inside the oxide layer, with the various rays implied in the
phenomenon and the definitions of the different parameters used
in the equations: e, thickness of the oxide layer; 6;, incidence
angle; 0, refracted angle; §, geometrical optical path difference;
@%oz, phase-shift undergone by the electric field of polarization
P = TE or TM at the Air/TiO2 interface; ‘IJ%., phase-shift
undergone by the electric field of polarization P = T'E or TM at
the TiO2/Ti interface. EJTE, EJTM and k; denote respectively
the directions of the TE polarization electric field, the TM
polarization electric field and the electric field wave-vector for
the rays j = 0, I and II. The model material considered
here is a perfectly flat and homogeneous layer of TiOg with a
refractive index nr;o0, on top of a semi-infinite perfectly flat
and homogenous Ti substrate with a refractive index np;. All
rays emerging from the oxide layer have a direction 8; relative
to the sample surface perpendicular.

E?IE for TE polarization and EITM and EEM for TM

polarization. Note that k; = k;; as the rays emerging
from the oxide layer are all parallel to each other.
Assuming monochromatic plane waves for the electric
fields, the spatial variations of the different electric
fields involved in the total phase-shift calculation can
be written as:

E}f = HEgHﬁg exp (iE()”F)

5P P =P P )
Er =ri_s HEO HuI exp (zkz -r)

EY)
. _ . 276
Bfy =t arfath | B | s exp (ml 4 i%)
where 7 = zi, + yiu, + 2, with (4, d,,d,) the

orthonormal basis of the (z,y,z) coordinate system
defined in figure 1. A is the incident light wavelength. ¢
is the geometrical optical path difference represented in
figure 1. ||¥/]| designates the Euclidean norm of vector '.
P =TFE or TM denotes the electric field polarization.
ﬁf (j = 0,1 or II) are the unit vectors determining the
electric field directions. rf o, v 5 £ , and tI’ | are
the amplitude Fresnel coefficients (see chap. I of [22])
for an electromagnetic field respectively reflected at the
Air/TiOg interface, reflected at the TiO2/Ti interface,
transmitted from Air towards TiOs and transmitted
from TiO5 towards Air. These coefficients depend on
the incidence angle and, through nr;0, and nr;, on
the wavelength A\. Note that as EI = EI 7 we also have

~p __ P
Uy = Uyg-

The total phase-shift Ap? between rays I and I
is equal to:

Ap” —arg [Ef - (E7) | (2)
where arg(z) denotes the argument of the complex
number z. @ - (¥)" denotes the dot product between
vector # and the complex conjugate of vector v . If we
neglect a possible imaginary part of the TiOs refractive
index, the amplitude Fresnel coefficients tI_, and £’ ;
are positive real numbers, whereas r¥ , is a real
number which sign depends on the light polarization
and on the light incidence angle. In this case, when

developing the expression of the geometrical optical
path difference 6, Ap” can be written as:

p _ 4menrio, cos(0,)
h A

where ®F corresponds to the interfaces phase-shift for
polarized light. e is the thickness of the oxide layer.
We hayve:

Ay + oF (3)

(I)giOg = arg (7“{)72)

o, = arg (15 5)

of = (I)gi - ‘IJ%OQ with { . (4)
where @7, and ®F; are the phase-shifts undergone
by the electric field of polarization P = TE or TM
when reflected respectively at the Air/TiOy interface
and at the TiOy/Ti interface. Note that we have the

/ ) 2
relationship cos(6,) = /1 — (M) . nrio, depends

NTiOy

on the wavelength A, and so does 6,. As we neglect a
possible imaginary part for nr;o,, (I)%@ is equal to 0
or 7, depending on the light polarization and on the
light incidence angle.

For a local maximum of the reflectance spectrum,
we have a constructive interference. For a local
minimum, we have a destructive interference. We thus
have (see chap. VII of [22]):

for a maximum: Ap? =2mfr, mf e N*

(5)

1
for a minimum: Ap? =2mPr, mf e N+ 3

for P = TE or TM. We can thus deduce from the
minima and maxima positions the value of the oxide
thickness, if the TiOy and Ti refractive indexes are
known at the corresponding wavelengths:

for a position Apqe of a maximum:

)\maz

- Amaz [y P 7(1)19} P o N*
¢ 4dmnrio, cos(6r) [m T » M€

(6)

for a position A\;in of & minimum:

e = )\mzn
" 4mnrio, cos(6,)
for P=TFE or TM.
In the following, three different cases will be
considered: TE polarized light, TM polarized light
and non-polarized light. For non-polarized light,

X [2mp7r—'1>P], mPEN—&-%
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the thickness value is obtained as an average of the
thickness values obtained for TE and TM polarization.
For non-polarized light, the oxide thickness is thus
computed through the following formulas:

for a position Apqez of a maximum:
o — Amaz (mTE £ mTM g _ e
4dmnrio, cos(0r) 2

(mTE7mTM> c N*27
for a position A\,in of a minimum: (7)
o— Amin (mTE 4 mTM) — eTE ™M

- 4dmnr;io, cos(0y) 2

1\ 2
(mTE’ mTM) c <N + 5)
Note that the interference orders mT® and m™™ aren’t

necessary the same. It will be shown in the following
that in some cases, a given extremum position can be
a minimum for TE polarized light and a maximum for
TM polarized light, and vice versa.

When the interfaces phase-shift isn’t taken into
account, the formulas giving the oxide thickness from
the reflectance spectra local extrema don’t depend on
the light polarization and become:

for a position A4, of a maximum:

)\maa:

= X2 e N*
4drnrio, cos(0;) e m

e

for a position A.,;, of a minimum:

Amin X 2 e N+ L
e=————7—/——X2mn m =
4drnrio, cos(0,) 2

3. Samples preparation and characterization

3.1. Samples preparation

In section 2, an anodized titanium sample has been
modeled as a homogeneous oxide layer above a semi-
infinite titanium substrate. All interfaces are supposed
to be perfectly flat. To check if the theoretical
observations are valid for experimental samples, two
anodized titanium samples have been prepared with
two different roughness values.

The samples were cut out from a 1mm thick
ASTM Grade 2 titanium sheet. A simple polishing
with a SiC P300 grinding paper was first performed.
Then, a complete mechanical polishing has been
carried out, including diamond paste solutions from
6pm to 1pm and a final step using a grinding cloth
and an alumina solution with a particle size of 0.6 pm.
The first sample referred to as ‘Alumina’ isn’t further
polished. The second sample referred to as ‘Vibromet’
is then submitted to a vibratory polisher, Buehler
Vibromet2, with a 60mm colloidal solution. The
samples were anodized in a galvanostatic regime by
imposing a current density equal to 20mA cm~2. The

counter electrode is circular and made of activated
titanium. All experiments were performed in a 0.5 M
sulfuric acid electrolytic solution (H2SO4) at room
temperature. The cell potential increases gradually
during the anodizing process. When the potential
reaches 90V, the current is shut down and the sample
is removed from the bath. Figure 2 is a picture of
the two samples. The samples are colored because of
the interference phenomenon occuring inside the oxide
layer. The typical order of magnitude of the oxide layer
thickness for titanium anodized in similar conditions is
in about 170nm to 200 nm [2, 23], explaining the pink
color of the samples.

Figure 2. Picture of the Vibromet (left) and Alumina (right)
samples. The picture has been taken under diffuse halogen light,
with a camera having an automatic white balance.

3.2. Samples roughness characterizations

Roughness measurements have been carried out by a
non-contact white light interferometric optical system,
Bruker Nanoscope Wyko®) NT9100, before anodizing
to obtain the roughness of the titanium substrate, and
after anodizing for the roughness of the oxide layer.
The size of the measured area is 1.15mmx (.86 mm.
For each sample, nine roughness measurements have
been made. Table 1 presents the S, roughness
parameter [24] for the samples before and after
anodizing. The values correspond to the average
over the nine measurements with uncertainties equal
to the standard deviation over these measurements.
The anodizing process clearly modifies the sample
roughness, with a S, paramter increased by a factor
of about 3 for the Vibromet sample and by a factor of
about 2 for the Alumina sample.

Table 1. Samples S, roughness parameters before and after
anodizing. The values correspond to the average over nine
measurements with uncertainties equal to the standard deviation
over these measurements.

Roughness
before anodizing

Roughness

Sample name after anodizing

Vibromet
Alumina

15 + 1nm
59 £+ 2nm

48 + 1nm
130 &+ 6 nm
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3.8. Samples reflectance measurements

The reflectance measurements have been performed
with an in-plane goniometer (see figure 3). The
goniometer source is a Laser Driven Light Source
connected with a 100pm core diameter optical fiber
to an arm equipped with a lens with a 50 mm focal
length, a polarizer and a 10 mmx2 mm slit. The beam
incident on the sample is collimated. The detection
arm is equipped with a 2 inches diameter integrating
sphere connected with a 1mm core diameter optical
fiber to a CCD array spectrometer. The integrating
sphere is placed 7 cm far from the sample surface and
has an aperture of 0.5 inches. The goniometer is used
in a specular configuration, with the detection angle
and the incidence angle both equal to 6;.

N\,
OF
OF
LDLS Spectro
Sample
Figure 3. Optical layout of the goniometer used for the

reflectance mesurements. The goniometer source is a Laser
Driven Light Source (LDLS) connected with a 100pm core
diameter optical fiber (OF) to an arm equipped with a lens (L)
with a 50 mm focal length, a polarizer (P) and a 10 mmXx2mm
slit (S). The beam incident on the sample is collimated. The
detection arm is equipped with a 2 inches diameter integrating
sphere (IS) connected with a 1 mm core diameter optical fiber
(OF) to a CCD array spectrometer (spectro). The integrating
sphere is placed 7cm far from the sample surface and has an
aperture of 0.5 inches. The goniometer is used in a specular
configuration, with the detection angle and the incidence angle
both equal to 6;.

4. Results and discussion

4.1. Theoretical estimation of the accuracy of the
oxide thickness determination from the local extrema
positions

The formulas presented in section 2 have been applied
to simulated reflectance spectra with known oxide
thicknesses. The oxide thickness values extracted from
the local extrema positions have been compared to
the oxide thickness values put as parameters of the
simulations in order to estimate the accuracy of the
formulas. The reflectance spectra have been simulated
in the wavelength range [370 nm 800 nm] by using an
Abeles matrices formalism [25]. The model material
considered here is the same as on figure 1. The

titanium and oxide layer refractive indexes used in
the simulations are the followings (see figure 4): the
titanium refractive index is extracted from [26] and
the oxide layer refractive index is the refractive index
measured in [20] for the “quasi-amorphous” oxide layer
obtained in the case of titanium anodized in a 1 N
sulfuric acid electrolyte.

351
3L
25 ¥
x
[}
=]
£ 2t
o
=
g 15 real part of titanium refractive index
© imaginary part of titanium refractive index
14 . o
1r real part of oxide layer refractive index
= = =imaginary part of oxide layer refractive index
051

400 450 500 550 600 650 700 750 800
Wavelength (nm)

Figure 4. Titanium and oxide layer refractive indexes used
in the reflectance spectra simulations. The titanium refractive
index is extracted from [26] and the oxide layer refractive index is
the refractive index measured in [20] for the “quasi-amorphous”
oxide layer obtained in the case of titanium anodized in a 1 N
sulfuric acid electrolyte.

The oxide layer thickness of anodized titanium is
usually comprised from about ten to a few hundreds
nanometers [1, 2, 10, 13]. The reflectance spectra
have thus been computed for oxide thicknesses from
20nm to 200nm. The reflectance spectra have been
also computed for different incidence angles from 0°
to 80° and for TE, TM and non-polarized light. The
non-polarized reflectance spectrum is obtained as an
average of the TE and TM reflectance spectra. All
local extrema positions for all simulated spectra have
been extracted (see figure 5).

The number of local extrema depends on the oxide
thickness. It generally goes (in the wavelength range
[370 nm 800 nm])) from 1 for a 20 nm thick oxide layer
to 4 for a 200nm thick oxide layer. For incidence
angles above 70°, shifts of the local extrema positions
are observed for TM and non-polarized light, with
sometimes modifications of the extrema numbers. For
example, for TM polarized light and an oxide thickness
of 180nm, the reflectance spectra exhibit 3 local
extrema for all incidence angles besides 70° where
it exhibits 4 local extrema. Also, for non-polarized
light and an oxide thickness of 140 nm, the reflectance
spectra exhibit 3 local extrema for incidence angles
from 0° to 70° and 5 local extrema for an incidence
angle of 80°.

Then the oxide thicknesses have been computed,
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Figure 5. Extrema positions of the various reflectance

spectra of anodized titanium computed in the wavelength range
[370nm 800 nm] for incidence angles between 0° and 80° and
oxide thicknesses between 20 nm and 200 nm for (a) TE, (b) TM
and (c) non-polarized light. Note that for TM polarized light,
for oxide thicknesses below 60 nm, the reflectance spectra don’t
exhibit local extrema for incidence angles higher than 60°.

first with taking into account the interfaces phase-shift
through equations 6, 7 and then, when neglecting the
phase-shift though equation 8. Figure 6 represents
the different interference orders used to compute the
oxide thickness when the phase-shift is taken into
account, for TE, TM and non-polarized light. For

a minimum, the interference order is a half-integer.
For a maximum, the interference is an integer. The
interference orders increase with the oxide thickness,
starting with a value of 0.5 for a 20nm thick oxide
layer, up to 3 or 3.5 for a 200nm thick oxide layer.
For TM polarized light (as well as for mrys for non-
polarized light) and for incidence angles above 70°
a jump of 0.5 is observed in the interference orders.
When looking at the reflectance spectra, this jump
corresponds to switches from a mininum to a maximum
(or vice versa) for a same extremum position. This
phenomenon is due to an additional 7 phase-shift
which occurs at the reflection on the air/oxide interface
for incidence angles above about 70° : this will be
detailed and discussed later. When the phase-shift is
neglected (equation 8) the interference orders are the
same as previously for TE polarized light. For TM
polarized light, the interference orders are the same for
incidence angles below 70°. For incidence angles above
70°, the interference orders are lowered by 0.5, as the
additional air/oxide interface 7 phase-shift is not taken
into account. For non-polarized light, the interference
orders correspond to mrg.

The relative error E on the oxide thickness as been
computed, through the following formula:

E(%) — 100 x |eeval - esimu|’ (9)
€simu
where e.,4; is the oxide thickness evaluated from the
reflectance spectra local extrema and eg;, is the
oxide thickness value put in the reflectance spectra
simulations. When the reflectance spectra exhibit
more than one local extremum, e.,, iS an average
over the oxide thickness values obtained from all local
extrema positions. Figure 7 represents the relative
error E on the oxide thickness as a function of
the oxide thickness and the light incidence angle for
TE, TM and non-polarized light, when the phase-
shift is taken into account and when it is neglected.
When the phase-shift is neglected, for all polarization
states, a global decrease of the relative error with the
oxide thickness is observed. This is due to the fact
that the error made when neglecting the interfaces
phase-shift doesn’t depend on the interference order.
When comparing equations 6 and 8 or equations 7
and 8, the corrections terms linked to the interfaces
phase-shift are either —\..;®%/ (47nrio, cosb,) or
—Aewt (<I>TE + <I)TM) / (8mnrio, cosB,) with Ay the
local extremum position, which don’t depend on the
interference order. As observed on figure 6, the
extrema orders increase with the oxide thickness,
explaining the decrease of the relative error with
the oxide thickness. For TE polarized light, the
incidence angle doesn’t have a significant influence
on the relative error. For non-polarized light, and
particularly for TM polarized light, an increase of
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Figure 6. Interference orders corresponding to the local extrema positions presented in figure 5 and used to compute the oxide
thickness when taking into account the electromagnetic phase-shift (equations 6 and 7) for (a) TE, (b) TM and (c),(d) non-polarized
light. (¢) corresponds to the interference order mrg of equation 7 and (d) to mpay.

the relative error is observed at incidence angles
higher than 70°. Neglecting the interfaces phase-shift
isn’t adapted to characterize samples with thin oxide
thicknesses (the relative error is higher than 85 % for
a 20nm thick oxide layer for all polarization states).
Note that the smallest relative error is still of about
9%, obtained in the case of a 200 nm thick oxide layer
for all polarization states and incidence angles below
70°. When the phase-shift is taken into account, the
parameter which has the main influence on the relative
error is the incidence angle. The smallest relative error
variations are observed for TE polarized light. For TE
polarized light, the highest relative errors are obtained
for oxide thicknesses between 40 nm and 80 nm, with a
highest value of about 10 %. For other oxide thickness
values, the relative error lies between less than 1% to
about 3%. The highest relative error variations are
observed for TM polarized light. The relative error is
particularly high for an incidence angle of 70°, reaching
about 43% for an oxide thickness of 80nm. Note
that for an incidence angle of 80°, the relative error
is very lower than for 70°, with relative error values
lying between 1% and 3 %. The smallest relative error

values lie in the area defined by the oxide thickness
range [100nm 200nm| and the incidence angle range
[0° 60°], with variations between 1 % and 5 %. For non-
polarized light, the relative error is particularly high
for an incidence angle of 80°, with a maximum value
of 21 % for an oxide thickness of 40 nm. The smallest
relative error values lie in the area defined by the oxide
thickness range [100nm 200nm] and the incidence
angle range [0° 70°], with variations between 1% and
6 %. Taking into account the interfaces phase-shift
to compute the oxide thickness from the reflectance
spectra local extrema positions thus greatly improves
the oxide thickness estimation accuracy, particularly
for thin oxide layers. The best results are obtained in
the case of TE polarized light for all incidence angles,
whereas for TM and non-polarized light, high oxide
thickness estimation errors are observed for incidence
angles of respectively 70° and 80°.
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Figure 7. Relative error E on the oxide thickness computed through equation 9 as a function of the oxide thickness and the light
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into account; (a) and (b) for TE polarized light, (c¢) and (d) for TM polarized light, (e) and (f) for non-polarized light.

4.2. Correlation between oxide thickness
determination accuracy and discrepancy between
oxide thickness values from different extrema when
the phase-shift is taken into account

As observed on figure 5, for oxide thicknesses
higher than 60nm, the reflectance spectra exhibit
generally several local extrema in the wavelength
range [370nm 800 nm]. The discrepancy between the
oxide thickness values obtained from the different

extrema has been studied by computing the relative
bias corrected standard deviation og, defined with the
following formula:

R _\2
Z?:1 (e; —¢€)

evn,—1

where n, is the number of extrema of the considered

reflectance spectrum, e; is the oxide thickness obtained
from the extrema numbered 7 and € is the average oxide

or(%) = 100 x (10)
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thickness over all the local extrema of the considered
reflectance spectrum. When the reflectance spectrum
has only one extremum, we have o = 0. Figure 8
represents or as a function of the oxide thickness and
the light incidence angle for TE, TM and non-polarized
light, when the phase-shift is taken into account. As
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Figure 8. Relative standard deviation or over the different
oxide thickness values obtained from the different local extrema
of a reflectance spectrum computed through equation 10 for (a)
TE, (b) TM and (c) non-polarized light. When the reflectance
spectrum exhibits one local extremum or = 0.

for the relative error F, the smallest variations of o
are observed for TE polarized light. Also, for TM

and non-polarized light, the highest values of o are
observed respectively for incidence angles of 70° and
80°. The correlation coefficient between E and og,
calculated by regrouping all polarization states and by
omitting the cases where the reflectance spectra have
only one extremum, is 0.7. Knowing og gives thus a
relatively good estimation of the relative error on the
oxide thickness. or and E are linked by a regression
coefficient of about 0.9: og ~ 0.9F.

4.3. Origin of the high error on the oxide thickness
determination for TM and non-polarized light at high
incidence angles

As observed on figure 7, even when the interfaces
phase-shift is taken into account, high values of the
relative error E and the relative standard deviation
ogr are observed for TM and non-polarized light, for
incidence angles above 70°. To understand the origin of
this phenomenon, F and o have been represented for
incidence angles between 10° and 80°, with additional
points between 60° and 80° for an oxide thickness of
160 nm, for TE, TM and non-polarized light (see figure
9). The behavior of F and op starts clearly to depend
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Figure 9. (a) Relative error E and (b) relative standard

deviation o for an oxide thickness of 160 nm for incidence angles
between 10° and 80° for TE, TM and non-polarized light.
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on the polarization for incidence angles above 60°. The
lowest variations with the incidence angle as well as the
lowest values of E are observed for TE polarized light.
For TM polarized light, E exhibits a peak centered
at about 69°, whereas for non-polarized light, a global
increase of F with the incidence angle is observed above
an incidence angle of about 65°. For opr, almost the
same observations can be made, despite some slight
differences. For TE polarized light, o exhibits slightly
higher values than for TM polarized light at incidence
angles above 72°. For TM polarized light, og doesn’t
exhibit a peak as well marked as for F, but its highest
values are observed around the same incidence angles
as for E. Also, for non-polarized light, the increase of
or with the incidence angle is more “noisy”.

Figure 10 represents the reflectance spectra in
the case of an oxide thickness of 160 nm for incidence
angles between 60° and 80° for TE, TM and non-
polarized light. For TE polarized light, the reflectance
spectra keep the same shape for all incidence angles.
For TM polarized light, a shift of the local extrema
positions is observed, leading progressively to a switch
from a position corresponding to a minimum to a
position corresponding to a maximum (or vice-versa).
This phenomenon is due to an additional m phase-
shift which occurs at the reflection on the air/oxide
interface for incidence angles above the Brewster
angle of the air/oxide interface. The Brewster angle
corresponds to a cancellation of the TM polarized light
Fresnel reflectance coefficient of the air/oxide interface
(denoted 1™ in section 2). As the TiOg refractive
index is wavelength depend, the Brewster angle will
also be wavelength depend. As observed on figure 11,
for the TiO4 refractive index considered in the present
paper, in the wavelength range [370 nm 800 nm], the
air/TiO2 interface Brewster angle is between 68.5°
and 70.5°, decreasing with the wavelength. Close to
the Brewster angle, the TM polarized light reflectance
spectra local extrema positions are thus highly shifted
from the theoretical positions predicted by assuming
constructive or destructive interferences (equation 6).
This explains the high values of E' and o observed for
TM polarized light around an incidence angle of 69°
(see figure 9). For non-polarized light, a modification
of the shape of the reflectance spectra is also observed
when the incidence angle goes from 60° to 80°, with
shifts of the local extrema positions. As non-polarized
light reflectance spectra are averages of TE and TM
polarized light reflectance spectra, when an extremum
position corresponds to a mimimum for TE polarized
light and a maximum for TM polarized light (or vice-
versa), the extremum positions are totally shifted from
the theoretical prediction of equation 7. This is the
case for incidence angles above the air/TiO2 interface
Brewster angle, which explains the increase of F and
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Figure 10. Simulated reflectance spectra in the case of an oxide
thickness of 160 nm for incidence angles between 60° and 80° for
(a) TE, (b) TM and (c) non-polarized light.

o for incidence angles above 65° (see figure 9).
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Figure 11. Brewster angle vs wavelength for the air/TiO2

interface computed from the TiOg refractive index presented in
figure 4.

4.4. Application to anodized titanium samples

To check if the theoretical results presented previously
are valid for experimental samples, the TE, TM and
non-polarized reflectance spectra of the Alumina and
Vibromet samples (see figure 2) have been measured
with the in-plane goniometer described in figure 3. The
reflectance spectra have been measured for incidence
angles between 15° and 80° in the wavelength range
[370nm 800 nm]|. Figure 12 presents the experimental
reflectance spectra for the Alumina sample for TE, TM
and non-polarized light, for incidence angles between
60° and 80°, that is close to the air/TiOy interface
Brewster angle. The experimental spectra exhibit a
similar behavior as the simulated ones (see figure 10).
For TE polarized light, the reflectance spectra keep
the same shape for all incidence angles. For TM
polarized light, a shift of the local extrema positions
is observed, leading progressively to a switch from a
position corresponding to a minimum to a position
corresponding to a maximum (and vice-versa). For
non-polarized light, a modification of the shape of the
reflectance spectra is observed, accompanied by a shift
of the local extrema positions.

The extrema of these experimental spectra have
been extracted the same way as for the simulated
ones. Then, according to equations 7 and 6 taking
into account the phase-shift, the oxide layer thickness
has been computed for all extrema. The titanium
and oxide layer refractive indexes used to compute the
oxide layer thickness are the same as for the simulated
spectra. Note that the refractive indexes of the samples
are certainly different from these values, and this will
induce a bias on the absolute value of the oxide layer
thickness. The purpose here is not to obtain the
absolute value of the oxide layer thickness, but to check
if the observations made on the simulated spectra,
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Figure 12. Measured reflectance spectra of the Alumina sample
for incidence angles between 60° and 80° for (a) TE, (b) TM
and (c¢) non-polarized light. These spectra have been obtained
by smoothing the raw experimental spectra by a gaussian filter
with a 10nm window.

which are based on the simple model material of figure
1, are still valid for anodized titanium samples. Key
features of these observations are the variations of the
relative standard deviation o with the incidence angle
and the polarization (see figures 8 and 9(b)). or has
thus been computed from the experimental spectra for
the Alumina and the Vibromet samples. To reduce
the influence of the measurement noise on og, the
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raw experimental spectra have been smoothed by a
gaussian filter with a 10nm window. The results are
presented in figure 13.
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Figure 13. Relative standard deviation o g for (a) the Alumina
sample and (b) the Vibromet sample for incidence angles between
15° and 80° for TE, TM and non-polarized light.

The variations of or with the incidence angle
exhibit similar shapes for both samples, with similar
values. These values are basically twice higher than
the simulated values of figure 9(b). Experimental and
simulated data both have similar variations with the
incidence angle, despite a more noisy behavior for
experimental data. For incidence angles below 60°, or
has similar values for all polarizations. Whereas og
keeps low values for TE polarized light for incidence
angles above 60°, o exhibit a peak for TM polarized
light at 70°. For non-polarized light, or starts to
increase for incidence angles higher than about 70°.
The similar behavior of or with the incidence angle
for both experimental and simulated data confirms
that the conclusions deduced from the simulated data
are suitable for anodized titanium samples. It can
be noted that despite the S, roughness parameter of
the Alumina sample after anodizing is the same order
of magnitude as its oxide layer thickness, the model
used here, which assumes perfectly flat interfaces (see

figure 1), correctly predicts the behavior of o for this
sample.

5. Conclusion

The present paper concerns the oxide layer thickness
determination of oxidized metals in the case where
an optical interference phenomenon occurs inside the
oxide layer. The paper focuses on anodized titanium.
It establishes theoretical formula to compute the oxide
layer thickness from the local extrema positions of the
material reflectance spectra. These formula take into
account the electromagnetic phase-shift with occurs
at the reflection on the air/oxide and oxide/metal
interfaces and are valid for TE, TM and non-polarized
light, and for all incidence angles. By applying
these formula to simulated reflectance spectra with
known oxide thicknesses, it shows that neglecting the
interfaces phase-shift is inappropriate to determine the
oxide thickness of samples with thin oxide thicknesses
: the relative error is higher than about 30 % for oxide
thicknesses thinner than 60 nm. When the interfaces
phase-shift is taken into account, a careful attention
needs to be paid to the light polarization for incidence
angles close to the Brewster angle of the air/oxide
interface (typically for incidence angles higher than 60°
for the case studied here). Whereas the relative error
on the oxide thickness is always below 10% for TE
polarized light, it can reach 40% for TM polarized
light (incidence angle of 70° and oxide thickness of
80nm) and 20% for non-polarized light (incidence
angle of 80° and oxide thickness of 40 nm). The relative
error is relatively good correlated to the relative
standard deviation characterizing the discrepancy of
the oxide thickness values obtained from different
extrema positions. This relative standard deviation
has been computed for anodized titanium samples.
The behavior of the relative standard deviation with
polarization and incidence angle is similar to the
behavior predicted from the simulation, confirming
that the theoretical study is suitable for anodized
titanium.
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