N

N

Recovering effective thicknesses and optical properties of
copper and copper oxide layers from absorbance
measurements
Dominique Barchiesi, Deniz Cakir, Thomas Grosges, Nicole Fréty, Eric

Anglaret

» To cite this version:

Dominique Barchiesi, Deniz Cakir, Thomas Grosges, Nicole Fréty, Eric Anglaret. Recovering effective

thicknesses and optical properties of copper and copper oxide layers from absorbance measurements.
Optical Materials, 2019, Optical Materials, 91, pp.138-146. 10.1016/j.optmat.2019.02.029 . hal-
02077581

HAL Id: hal-02077581
https://inria.hal.science/hal-02077581
Submitted on 22 Oct 2021

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial 4.0 International License


https://inria.hal.science/hal-02077581
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://hal.archives-ouvertes.fr

Version of Record: https://www.sciencedirect.com/science/article/pii/S0925346719301375
Manuscript_307¢903a36982¢33536cb56d484¢5254

Recovering effective thicknesses and optical properties of copper
and copper oxide layers from absorbance measurements

Dominique Barchiesi®*, Deniz Cakir®, Thomas Grosges?, Nicole Fréty®, Eric Anglaret

“Group for Automatic Mesh Generation and Advanced Methods (GAMMAS3) - Université de technologie de Troyes -
INRIA - CS 42060 - 10004 Troyes Cedex - France
bLaboratoire Charles Coulomb - UMR CNRS 5221 - Université de Montpellier - CC069 - Place Eugéne Bataillon -
F-34095 Montpellier Cedex 5 - France
¢Institut Charles Gerhardt - UMR CNRS 5253 - Université de Montpellier - CC1504 - Place Eugéne Bataillon -
F-34095 Montpellier Cedex 5 - France

Abstract

Nowadays, the recovering of both thicknesses and optical properties of nanometric multilayers
is still a challenge. We propose a method to recover the effective relative permittivities and the
thicknesses of copper/copper oxide layers, from absorbance spectra measured in the visible spec-
tra. The experimental data are fitted with a model of classical light-matter interaction and a com-
bination of two Drude-Lorentz laws to calculate the relative permittivities over the spectrum. The
Particle Swarm Optimization and the evolutionary methods are used for the least-square fitting. A
two steps study reveals that the relative permittivities of bulk cannot be used to fit adequately the
absorbance curves. However, a perturbation of these reference values improves their fitting. The
method is applied to the absorption spectra of a set of three copper samples that are progressively
oxidized by six successive heat treatments.

Keywords: Optical properties of multilayers, optical properties of films, Inverse problems,
Optical transmission coeflicients

PACS: 78.67.Pt, 78.20.-¢, 78.66.-w, 02.30.Zz, 78.20.Ci

1 1. Introduction

2 Recovering the thickness and the optical properties of deposited nanolayers is a current chal-

s lenge in nanotechnologies [1]. Knowing those physical quantities could help the physic of layer
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deposition and the related engineering. Indeed, multilayers are used in the fabrication of many
optical devices [1] and sensors [2] (e.g. based on SPR: Surface Plasmon Resonance [3, 4] and/or
SERS: Surface Enhanced Resonance Spectroscopy [5, 6]). These devices are used for molecular
detection, and optimized to get the highest sensitivity [7]. The joint measurement of thicknesses
and optical properties is an issue. With ellipsomety, the knowledge of the optical properties of ma-
terials is required to determine its thickness. Moreover, the roughness of nanolayers [8, 9, 10, 11]
and their structures [12] depend on the deposition method. The oxidation of metal nanolayers
cannot be neglected. The structure of copper and native copper oxide depends on the fabrica-
tion method [13, 14, 15, 16, 17]. The post-annealing of copper nanolayers induces copper oxida-
tion [18, 19, 20, 21], structural-changes and variations of the optical properties [22, 23]. Oxidation
is a complex phenomenon, which is temperature dependent [24, 25, 26] and the oxidation kinetics
can be found in Ref. [17]. Consequently, optical properties can significantly vary from sample to
sample and should be jointly determined with the thicknesses.

To address this problem, we propose here to evaluate the effective thicknesses and the effec-
tive optical properties of thin layers of copper from the fit of experimental curves of absorbance.
The model used for fitting is a Fresnel model of transmittance for the absorbance [27] and two
combinations of two Drude-Lorentz laws to describe the dispersion of either copper or copper ox-
ide [28]. The Particle Swarm optimization and the Evolutionary methods are also used for fitting
the experimental data.

The results could be used for further applications (SPR, spectroscopy, SERS...) and for com-
parison between the samples recovered, obtained from various fabrication techniques. The paper
is organized as follow. Section 2 is devoted to the sample preparation, the methods of characteri-
zation and to the presentation of the numerical methods. Section 3 shows the experimental data of
absorbance and the fit results, first assuming the bulk optical properties, and second considering
the relative permittivities of copper and of copper oxide as degrees of freedom, in addition to the

thicknesses. These results are discussed before concluding.
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Figure 1: (a) Presumed structure of copper/copper oxide bilayer. (b) schematic of the electromagnetic model of

interaction of light with the copper/copper oxide bilayer.

2. Materials and Methods

2.1. Sample preparation and first characterization

The copper nanolayers are deposited by thermal evaporation on fused silica substrates (optical
grade from Neyco). Prior to deposition, the substrates are cleaned in an acetone bath with ultra-
sounds for 5 minutes, and then plasma-treated in a 70% O, / 30% N, atmosphere for 6 minutes.
The copper wire of purity of 99,999%, bought from Alfa Aesar is placed 18 cm below the target
substrate. The sublimation of the Cu wire is achieved under 120 A, at 10~ mbar, using a tungsten
crucible as the counter-electrode. The target thicknesses (nominal thickness before oxidation) of
copper layers are #. = 10 nm, 30 nm and 50 nm. Figure 1 shows a schematic of the bilayer on
quartz substrate.

The actual thicknesses are determined by Atomic Force Microscopy (AXS Bruker used in tap-
ping mode using silicon nitride cantilevers with sharpened pyramidal tips, with a residual noise of
+0.5A), from the measurement of the average height of the substrate/layer steps, and by ellipsom-

etry (using a Nanofilm EP4 spectroscopic ellipsometer working at a fixed incident angle of 50°
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Target thickness 7. AFM ellipsometry

tc + to (nm) tc (nm) to (nm) fc +to (nm)

10 nm 11.0+3.0 11.0+£02 34+02 144+03
30 nm 31.0£5.0 387+13 37+02 424+13
50 nm 51.0+8.0 —— 5+09 ——

Table 1: AFM and ellipsometry characterization of the thicknesses of copper and copper oxide. The uncertainties for
AFM correspond to standard deviations of the thickness of the layers, while they are the standard deviation of the fit
parameters of the experimental data for ellipsometry. The uncertainty of ¢ + f¢ is calculated from uncertainties on #¢

and 7o by using the square root of the sum of square [29].

with several monochromatic incident radiations at 560, 660, 760, 860 and 960 nm), assuming a
bilayer of copper/copper oxide and the permittivities of bulk copper and copper oxide [30]. The
AFM and ellipsometry results are compared in Tab. 1, where #- and ¢, refer to the thicknesses of
copper and of copper oxide, respectively. The copper thickness of the 50 nm sample is too large
to be determined by ellipsometry because of its too high absorbance. Table 1 also gives the exper-
imental uncertainties on the measurements of thicknesses for both AFM and ellipsometry. Such
uncertainties are related to the roughness of the samples for AFM and to the fits of the data for
ellipsometry (about 15-27% for AFM and about 3-8% for ellipsometry). Discrepancies between
AFM and ellipsometry measurements of the thickness 7¢ + 7, can be observed. This suggests that
the use of the permittivities of bulk copper and copper oxide is not relevant for thin layers, as will
be demonstrated further in this work.

Copper thin films were annealed under air at atmospheric pressure. The annealing temperatures
were chosen to be low enough to preferentially form Cu,O. Based on literature [16, 18, 21, 31,
32], thin films were annealed in the range of 120-170°C. The samples were introduced in the
furnace previously heated at the annealing temperature and straightly removed after annealing
for cooling at room temperature. Annealing was performed progressively, for increasing times
T and temperatures 6 following the thermal treatment as detailed in Tab. 2. The evolution of
the oxidation was studied by UV-vis absorbance measurements for each annealing condition on

a Cary 5000 spectrometer over the spectral range 400-800 nm, using a beam diameter of 1 mm.

4
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Time T (min) Temperature 6 (°C)

0 0
102 120
190 120
240 130
600 130
900 170

Table 2: Annealing times and temperatures for the thermal treatments (annealing) of each sample of target thickness

10, 30, 50 nm.

Therefore, 18 absorption spectra are available for fitting by the model described in the following

subsection.

2.2. The model of absorbance

The absorbance A,,,(4y) is deduced from the transmittance of the sample, that is illuminated
in normal incidence by a linearly polarized plane wave, neglecting the scattering. Therefore, the
recovered thicknesses and optical properties are effective values. Figure 1 shows a sketch of the
possible material structure of a copper-copper oxide bilayer and a schematic of the plane multilayer
model. The bilayer model for the light-material interaction is based on the Fresnel coefficients in
normal incidence. The numerical calculation was described in Ref [33]. The calculation of the

absorbance is then deduced from the transmission coefficient #14:

an
ngp + I’LA)

2
A(w, Ic,to, €6, €c, €0, €4) = —log {|f14|

2
], )
1/

where ng = €, ? is the refractive index of the quartz substrate [34] and n4 = 1 is the optical index
of air. Both the measured data and the calculations are limited to the visible spectrum: the incident
wavelength of illumination A, belongs to [400; 800] nm. The relative permittivities €, €, and €g
are function of 1y. Optimization methods are used to fit the experimental absorbance curves by

the numerical model.
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2.3. The methods for fitting

The goal is to find the best inputs of the model that minimize the difference between the
measured data and the calculations. This problem belongs either to the curves fitting strategies
or to the inverse problem resolution. Here, the fitting function comes from a physical model and
therefore the goal is to solve the inverse problem. The recovered parameters of the model are
obtained from the minimum of the fitness function or objective function in optimization methods.
The fitness function is defined as the square root of the sum of the squared residuals (for each

angular frequency), divided by the number of measured values over the spectra (N,, = 401) :

Ny
3" [Measured(w;) — Calculated(w;)*
i=1

E;=\- N : )

The Drude-Lorentz laws are defined as functions of the angular frequency, therefore both
relative permittivity and absorbance curves are fitted as functions of the angular frequency w €
[2.35;4.71] x 10" rad/s. The relative error of fit (in %) is also of interest to visualize the quality

of fit over the spectrum:
Calculated(4;)

RE:(1;) =100|1 — ,
74 Measured(4;)

3)

where A; = 2nc/w;, with ¢ the speed of light in vacuum.

Among the numerous methods proposed to solve the inverse problem, the metaheuristic meth-
ods of optimization are of interest [29]. The basic Particle Swarm Optimization (PSO) is probably
one of the most simple to implement numerically. The PSO was successfully used to fit the re-
fractive index of metals [28] and to recover unknown geometrical and material parameters of
aluminum nanolayers and nanoparticles [35, 36]. Genetic algorithm (GA) has also been used to fit
experimental data [37, 38, 39]. All the inputs of the model (particle) are first randomly generated

in the domain of search before beginning the evolutionary loop.

e PSO : the input parameters are moved to another region of the domain of search along a
vector of translation which is a function of the best position of the particle, the best position

of the swarm and the previous translation vectors [40].
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e GA : the input parameters are varied by using recombination, mutation and selection opera-

tors.

The fitness function E; (Eq. 2) is evaluated for each new set of parameters. The best set of input
parameters of the model is obtained for the minimum of the fitness function. The evolutionary loop
ends if the stop criterion is reached (E; < 0.01) or if the number of iterations of the evolutionary
loop is equal to the maximum allowed (typically 10* or 2 x 10*). Hundred realizations of the same
algorithm help to test the stability of the method.

Both method give the same results in comparable calculation times and memory requirements,
for a wide range of tuning parameters of each method of optimization. These methods are used to
fit the bulk relative permittivities with combination of two Drude-Lorentz laws, and to solve the

inverse problem of absorbance.

2.4. Fitting the relative permittivities of bulk copper and bulk copper oxide

First, the optical properties of copper and copper oxide [30] are fitted by a combination of
two Drude-Lorentz laws of dispersion [28]. The choice of these reference data was based on a
pre-study using several data sets for the optical properties. We used a Monte-Carlo method [29]
to evaluate the influence of the propagation of uncertainties on experimental fits. The reference
data is the one that gave the best results. A combination of Drude and Drude-Lorentz laws was
also tested and gave worse results. Therefore, a single function (the combination of two Drude-
Lorentz laws) is able to describe the relative permittivities on the whole domain of investigated
wavelengths in the experimental data. The relative permittivity of each medium e(w) = (n + «)* is
the square of the complex refractive index, which depends on the angular frequency w. The fitting
function is:

Aw? Aw;

€(w) = €, — - . 4)
©Ww? —a)% + o  w? —w% + 1w

The least square distance between the measured reference and the fit is minimized by using the
same method as described in Ref [28]. The results are plotted in Figs 2-3. Table 3 gives the
recovered parameters (Eq. 4) of the fit of the relative permittivity of copper and copper oxide. We

use this first set of parameters as a starting point to fit the absorbance over the visible spectra.
7
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Figure 2: (a) Solid lines: real (gray) and imaginary (black) parts of the relative permittivity of copper from[19] . The
dashed lines shows the result of the fit with two Drude-Lorentz laws. (b) Relative error of fit (Eq. 3).
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Figure 3: (a) Solid lines: real (gray) and imaginary (black) parts of the relative permittivity of copper oxide from[30].
The dashed lines shows the result of the fit with two Drude-Lorentz laws. (b) Relative error of fit (Eq. 3).
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Copper Copper oxide
€wo 5.8511 5.3496
[ 3.0361x 107 8.8356x 10
w; 5.5572x 10" 42802 x 10"
Aw; 1.3395x10'® 29672 x 10"
I, 1.5255x 10" 1.2495x 10%
wr, 44831 x10Y 51533 x.10"
Aw, 5.6938 x 10" 59297 x 10'°

Table 3: Best parameters of Eq. 4 recovered from reference data of the relative permittivity of copper and copper

oxide [19].

3. Results and discussion

A first step consists in recovering the effective thicknesses of the copper and copper oxide
layers, assuming that the optical properties of the thin layers are those of the bulk materials. In
this case, two unknowns must be recovered: the effective thickness of copper and that of copper
oxide. The second step consists in relaxing the effective thicknesses values, as well as the optical
properties of the materials, in order to improve the fits of absorbance. In this case, the two effective
thicknesses and the 14 parameters must be recovered (7 for each of the 2-Drude-Lorentz laws, one

for each material).

3.1. First step: recovering of effective thicknesses assuming optical properties of bulk materials

First, we deduce the two effective thicknesses from the best fit of the absorbance curves, as-
suming the optical properties of bulk materials (Tab. 3 and Eq. 4). The recovered effective thick-
nesses of copper and copper oxide are shown in Tab. 4 (superscript “). For each group of samples
(target thicknesses 10, 30, 50 nm), the effective thickness of copper decreases (and that of oxide
increases) with increasing oxidation time 7. Nevertheless, the total effective thickness appears to
be larger than the thickness that is measured with AFM (Tab. 1). Note that the results are closer
to the ellipsometry measurements, especially for the 10 nm sample, which is not surprising since

bulk optical properties are used to calculate the thicknesses.

9



t. (nm), T (min) ~ E¢ ¢ (nm) 5, (nm) E? 2. (nm) 2 (nm) 72+ 1 (nm)
10,0 0.08 12 6 0.009 11.0(0.7) 4304 15.3 (0.8)
10, 102 0.1 9 10 0.009 10.3(0.5) 4.4(04) 14.7 (0.6)
10, 190 0.1 8 12 0.009 7.7 (0.6) 6.6 (0.6) 14.3 (0.8)
10, 240 0.04 0 20 0.008 6.9 (1.3) 7.7 (2.2) 14.6 (2.6)
10, 600 0.04 3 19 0.004 0.1(0.0) 13.7(0.1) 13.8 (0.1)
10, 900 0.04 3 20 0.004 0.1(0.1) 143(2.2) 14.4 (2.2)
30,0 0.2 38 6 0.02 3291.7) 4904 37.8 (1.7)
30, 102 0.1 34 10 0.02 30.8(1.6) 9.1(0.6) 39.9 (1.7)
30, 190 0.1 32 12 0.02 23.4(0.0) 11.1(0.0) 34.5 (0.6)
30, 240 0.2 24 26 0.03 159(1.8) 11.2(1.2) 27.1 (2.2)
30, 600 0.2 21 32 0.05 15.2(1.5) 14.0(0.9) 29.2 (1.7)
30, 900 0.07 0 63 0.02 94@1.0) 230014 324 (1.7)
50,0 0.3 63 18 0.04 532(1.7) 451.2) 57.7 (2.1)
50, 102 0.2 58 17 0.04 51.1(1.5) 13.8(1.6) 64.9 (2.2)
50, 190 0.2 56 19 0.05 50.5(1.6) 22.8(0.9) 73.3(1.8)
50, 240 0.1 48 27 0.04 332(1.4) 32.12.5) 65.3 (2.9)
50, 600 0.2 43 35 0.1 325(0.7) 40.2@3.8) 72.7 (3.9)
50, 900 0.08 0 108 0.009 0.9 (0.0) 101.7(0.0) 102.6(0.0)

Table 4: Sample (nominal thickness of copper i, oxidation time T), fitness function E, recovered effective thick-
nesses of copper #¢ and copper oxide 7. The superscripts ¢ and ” indicate the first step, where only the effective
thicknesses were fitted, and the second step where the effective thicknesses and optical properties of copper and cop-
per oxide were fitted, respectively. The standard deviations of the effective thicknesses is given for the second step

(between parentheses). They are lower than 1073 for the first step. The uncertainty of t’é + rf) is calculated from

uncertainties on tf, and tf) by using the square root of the sum of square [29].

10
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Figure 4: (a) Experimental absorbances (dashed lines) and best fits (solid lines) for the 6 samples #. = 10 nm. The

color of plots is lighter for further oxidation steps. (b) Relative error of fit (Eq. 3).

From recommandations in Ref. [29], we have selected the best solutions with a tolerance of
10% (i.e. those with values of the fitness function smaller than the best one time 1.1). The se-
lected elements that satisfy this tolerance are a family of good solutions that helps to evaluate
uncertainties on the recovered data.

The plots of the experimental absorbance and of their best fit are shown in Fig. 4-6. The posi-
tion of the minima of absorbance differs in experimental and fitted curves. Furthermore, the fitted
values of the thicknesses do not match with the AFM values. This confirms that the permittivities
of bulk materials are not suitable for the thin layers. Therefore, we propose a second step, for
which both the effective thicknesses and the effective relative permittivities are taken as variables
of the fitting function. We consider a possible variation of £10% for each parameter of the two

Drude-Lorentz law of dispersion.

3.2. Second step: recovering of effective thicknesses and optical properties by perturbation

We use the effective thicknesses obtained in the previous subsection (#{. and 7, in Tab. 4) as
starting point and we consider an interval of search defined as t’é € [max({z¢. — 10; 0}); tf’: + 10] nm.
Moreover, the boundaries of the interval of search for the fit of the relative permittivities are

calculated from the values in Tab. 3 £10%. The size of the space of search is increased by +20%

11
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Figure 5: (a) Experimental absorbances (dashed lines) and best fits (solid lines) for the 6 samples 7/, = 30 nm. The

color of plots is lighter for further oxidation steps. (b) Relative error of fit (Eq. 3).
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Figure 6: (a) Experimental absorbances (dashed lines) and best fits (solid lines) for the 6 samples #. = 50 nm. The

color of plots is lighter for further oxidation steps. (b) Relative error of fit (Eq. 3).
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Figure 7: (a) fit of absorbance (solid line) and experimental absorbance (dashed line) for the 6 samples #/. = 10 nm.

The color of plots is becoming lighter for further oxidation steps. (b) relative fit error of fit (Eq. 3).

if the method fails to give a value of the fitness function smaller than 0.1. The values of the fitness
function Eﬁ’c and thicknesses #* are given in Tab. 4. Typically, the uncertainties on the recovered
effective thicknesses is lower than +2 nm, excepted for the sample (50, 600) for which the value of
the objective function is 0.1. In this case, the space of search for the optical properties is probably
still too tight.

The experimental absorbances and the fits are shown in Figs. 7-9. The color of the curves
varies from black to gray as a function of the oxidation time 7. Therefore, the color of curves is
increasingly lighter when the residual effective thickness of copper decreases. Figures 10-11 show

the recovered effective relative permittivities for all investigated samples.

3.3. Discussion

For each of the 18 samples, a comparison of the values of the fitness function E% and E?
is shown in Tab. 4. The initial effective thicknesses of copper (I = 0 min), for each sample
(t7. = 10,30,50 nm), is closer to the AFM values (Tab. 1) than in the first step, and taking into
account the uncertainties, practically match for all samples (less than 2% discrepancy for 10 nm
sample, and within the uncertainties intervals for the 30 nm and 50 nm samples). This further

confirms that the permittivities of thin layers differ from those of bulk materials. For each sample,

13
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Figure 9: (a) fit of absorbance data (solid lines) and experimental absorbance (dashed lines) for the 6 samples #. =
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Figure 10: (a) Real part and (b) imaginary part of the recoveredfitted relative permittivity of copper. Dashed line:

relative permittivity of the bulk materials. The color of plots is lighter for further oxidation steps.

460 500 600 700 800 400 500 60 7 700 800

xo (nm) xo (nm)
(a) (b)

Figure 11: (a) Real part and (b) imaginary part of the recovered relative permittivity of copper oxide. Dashed line:

relative permittivity of the bulk materials. The color of plots is darker for further oxidation steps.
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the effective thickness of copper tg is globally decreasing with oxidation time, and that of oxide tf)
is increasing. From a metrological point of view, the uncertainties must be enlarged to calculate
confidence intervals. The confidence intervals are deduced from the uncertainties by enlarging by
a coefficient k = 2 in order to define a confidence level of 95% if the distribution of data follows a
gaussian law [29] (the confidence level would be only 67% with k = 1, therefore considering only
the standard deviation). The confidence intervals of the thickness of copper/copper oxide (z¢ + #)
measured by AFM, ellipsometry and fit of absorbance can be compared. The confidence inter-
vals for AFM measurements are respectively [5.0; 17.0] nm, [21.0;41.0] nm and [35.0; 67.0] nm
for the three samples. They are wider than those for ellipsometry and fit of absorbance mea-
surements due to the roughness of the sample. The corresponding values for fit of absorbance
(step 1, 18 nm, 44 nm, 81 nm) are greater than the upper boundary of the confidence intervals.
The confidence intervals of ellipsometry measurements is close to the upper boundary especially
for the 30 nm target thickness ([13.8; 15.0] nm, [39.8;45.0] nm). This behavior is coherent with
the results of step 1: the effective measured thicknesses of copper are larger than the real one,
due to both the roughness and the use of bulk permittivity. This global effect is confirmed by
the ellipsometry and fit of absorbance measurements (step 1) of effective thicknesses of copper
([10.6;11.4] nm, [36.1;41.3] nm vs 12 nm, 38 nm (and 63 nm)). On the other hand, the effective
thicknesses of copper oxide differs greatly for ellipsometry and fit of absorbance: [3.0;3.8] nm vs
6 nm, [3.3;4.1] nm vs 6 nm, and [3.2;6.8] nm vs 18 nm. This result reveals the high sensitivity of
the effective thicknesses of thin oxide layer, to the models of dispersion (Eq. 4). However, from
fit of absorbance (step 2), the recovered effective thicknesses are coherent with AFM measure-
ments: 12 +12 € [13.7;16.9] nm vs [5.0; 17.0] nm, /% + /%, € [34.4;41.2] nm vs [21.0;41.0] nm and
t’é + t’é € [53.5;61.9] nm vs [35.0;67.0] nm. Note that the same conclusion could be drawn for
confidence intervals at 67% (k = 1). The thicknesses of copper are offset downward for fit of ab-
sorbance (step 2), with reference to ellipsometry results. This reveals that the effective absorbance
of nanometric layers of copper is higher than that of bulk (Fig.11 (b)). The effective thicknesses of
very thin layers of oxide for fit of absorbance (step 2) are close to the ellipsometry ones excepted
for the sample with 30 nm target thickness, despite a high variation of recovered effective optical

properties (Fig. 11). This effect is due to the loss of sensitivity of the model to the oxide layer, the
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absorbance being mainly dependent of the thicker copper layer. This explains why the effective
thicknesses appear coherent between ellipsometry and fit of absorbance measurements, even if
their optical properties differ.

Figures 7-9 exhibit a better position of the minimum and shape of the fit than in Figs. 4-
6, which supports again that the fitted permittivities lead to a better description of the optical
properties than those of bulk materials. Figures 10-11 show a global behavior of the recovered
effective relative permittivities: when the effective thickness of materials decreases, the recovered
effective relative permittivities get away from the bulk values. However, copper presents a shift of
the maximum in the imaginary part of its effective relative permittivity. Its real (resp. imaginary)
part appears smaller (resp. larger) than that of the bulk as expected, excepted for the smaller
effective thicknesses. Therefore, the resolution of the inverse problem for the very thin layers of
copper and oxide gives a set of parameters for the effective refractive index, that are far from the
bulk values. Nevertheless, the structure of the materials in this case could make the model of plane
layer questionable. The shape of the recovered real and imaginary parts also differ from that of the
bulk. A global blue shift of the maximum of the imaginary part can be observed. A red shift of
the maxima of both real and imaginary parts for larger effective thicknesses relatively to the bulk
seems to be systematic for both materials. Even if the seven parameters of each Drude-Lorentz
laws can vary from the bulk values by £10% — 20%, inducing a possible variation of the relative
permittivity of more than 70% over the spectrum, the best fit remains close to the bulk dispersion

curve.

4. Conclusion

The main result of this paper is a first evidence of the possibility of using absorbance spectra for
recovering both the effective thicknesses and relative permittivities of a metal-oxide bilayer. The
application of the method to 18 samples shows that the results are coherent, and in fair agreement
with AFM measurements as revealed by the overlap of the confidence intervals. Results calculated
in step 1 of our method, assuming the optical properties of bulk materials as in ellipsometry, show
a similar global behavior: the effective thicknesses are greater than those measured by AFM, on

the contrary to the thicknesses obtained from step 2. The relative uncertainties of the thicknesses
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obtained from the fit of absorbance spectra (step 2) and from ellipsometry are of the same order of
magnitude. Moreover, the effective relative permittivities recovered significantly differ from the
bulk ones for nanometric thicknesses. Of course, the recovered thicknesses and optical properties
are effective values as in ellipsometry, assuming the flatness and the homogeneity of the bilayer.
The preliminary knowledge of material structure (porosity, crystallinity...) could help to improve
the choice of the model of interaction between light and matter. However, the method may be used
to characterize a multilayer and the recovered parameters, depending on the process of deposition

and annealing of the layers, which could be used to optimize setups.
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