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Abstract: The calculation of the activation energy helps to understand and to identify the underlying
phenomenon of oxidation. We propose a new method without any a priori hypothesis on the
oxidation law, to retrieve the activation energy of partially and totally oxidized samples subject
to successive annealing. The method handles the uncertainties on the measurement of metal and
oxide thicknesses, at the beginning and at the end of the annealing process. The possible change
in oxidation law during annealing is included in the model. By using an adapted Particle Swarm
Optimization method to solve the inverse problem, we also calculate the time of final oxidation
during the last annealing. We apply the method to successive annealings of three samples with initial
nanometric layers of copper, at ambient pressure, in the open air. One, two and three successive laws
are recovered from experimental data. We found activation energy values about 105–108 kJ mol−1

at the beginning of the oxidation, 76–87 kJ mol−1 at the second step, and finally 47–59 kJ mol−1 in a
third step. We also show that the time evolution of copper and oxide thicknesses can also be retrieved
with their uncertainties.

Keywords: metallic thin films; activation energy; copper; copper oxide; oxidation law; Arrhenius
law; Particle Swarm Optimization method

1. Introduction

Copper and copper oxides are widely used for ultralarge-scale-integration devices
because of its remarkable electric conductivity [1]. They have a wide range of applications
in electronic devices like solar cells and sensors as well as in the field of catalysts, batteries,
taking advantage of the band gap energies of oxides (from 1.2 to 2.1 eV) [2–5]. Copper is
known to oxide even at room temperature. Copper oxides belong to transition metal oxides
that are an important classes of semiconductors. This oxidation could may be considered
as an advantage or as a problem in nano-science, as it strongly modifies the plasmonic
properties [6]. In addition, they have significantly different properties at the nanometer
length scale from their bulk materials [7,8]. Therefore, many studies focused on copper
oxidation for a better understanding of the mechanism governing this phenomenon, as
a function of temperature and pressure, especially for thin oxide layers. The activation
energy and the oxidation law deserve to be determined for thin copper films as it may help
to reveal the specificity of the mechanism of oxidation [9].

A careful discussion on the underlying phenomenons of copper oxidation (step edges
and surface structure) can be found in Refs. [10,11]. The lattice diffusion of copper ions at
the interface favors the formation of Cu2O phase whereas grain boundary diffusion favors
the formation of CuO phase. The diffusion of oxygen into the bulk and copper towards
the free surface occurs along the defects of oxide [12]. Under ambient air pressure and
below 520 K only Cu2O was found to be thermodynamically stable [7,13,14]. Ellipsometry
measurements revealed Cu2O oxidation layer in air, at 398 K [15]. The oxide film was
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mostly Cu2O, and CuO developed at 300 K [16], after several days at 373 K or at higher
temperature (above 600 K) [7,17] or by specific chemical process, deposition mode and
annealing [18–20]. In the present study, the annealing temperature is lower than 450 K [8].
Therefore, it is reasonable to assume a single oxide layer.

The objective is the calculation of the activation energy, from successive annealings
of the same initial sample, at ambient air pressure and at controlled temperature. The
classical methods used to calculate the activation energy from experiments are directly
based on the fitting of the oxidation rate using measurement of thicknesses, as a function of
the inverse of temperature, assuming a given oxidation law. The main drawbacks of the
classical method are following.

• The systematic measurement of thicknesses may be destructive, it is also subject to
uncertainties and is depending on the method of measurement [21].

• The choice of the fitting function is often based on preliminary hypothesis on the
oxidation mechanism [22–24].

• The detection of the possible change of oxidation law is based on visual inspection of
the change of slope of the oxidation rate.

• The fitting does not handle the uncertainties of measurement of oxide thicknesses.
• The time of the full oxidation of copper cannot be retrieved.

To overcome these drawbacks as much as possible, we propose a new method to
determine the activation energy. This method has the following properties:

• to prevent oxide and copper damage by excessive manipulations especially for thick-
nesses measurements, we suppose that the thicknesses are only measured only for both
the initial copper sample (after deposition) and the final sample (after full oxidation).
Therefore the intermediate thicknesses must be evaluated numerically.

• No a priori hypothesis is made on the oxidation law.
• The possible changes of the oxidation law during the successive annealings are nu-

merically detected and the oxidation time at which it occurs is calculated.
• The proposed method handles the uncertainties on the initial and final oxide thicknesses.
• The time at which the complete copper oxidation takes place can be retrieved.

To achieve these goals, we consider the activation energy as the solution of an inverse
problem instead of simply the result of a fitting of experimental data. Such inverse problem
resolution necessitates more numerical evaluations than a simple fitting of data to a given
model of oxidation.

This paper is organized as follow. Sections 2 and 3 presents the method of resolution
of the inverse problem and the considered models of oxidation. Section 4 gives insights on
the investigated experimental data. Section 5 gives the numerical results of the resolution of
the inverse problem from experimental data and proposes a discussion, before concluding.
The tuning of the numerical method used to solve the inverse problem, the experimental
techniques to elaborate the samples and the calculation of uncertainties on the activation
energy are given in Appendices A, B and C, respectively.

2. The Inverse Problem

The inverse problem consists in finding the unknowns in the model, to best fit the
experimental data. These unkwowns are inputs of a physical model. In the present
study, oxidation models that are solutions of the kinetic equation are under consideration.
These models relate annealing time and temperature, thickness of oxide or metal, and
the activation energy through the Arrhenius law [25]. From measured initial thicknesses
of metal and oxide, the successive ones are calculated iteratively, for each annealing of
the sample. The first thicknesses are subject to uncertainties. According to literature [1],
different physical phenomenons govern the oxidation, depending on the oxide thickness
(diffusion of oxygen and of metal ions, tunneling effect, electrostatic attraction, structure
and side effects of oxide. . . ). Therefore, in this study, we suppose that two or three different
oxidation laws can describe the full oxidation process, but we do not made any preliminary
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physical hypothesis underlying the oxidation phenomenon. The principle of the method is
the repeated realization of the same algorithm:

1. Random draw of initial thicknesses of copper and oxide in their uncertainty interval.
2. The direct calculation of the final thickness of copper and oxide from the model. The

model parameters are the time of complete oxidation (the complete oxidation of the
sample occurs during the last annealing of the sample.), the parameters of oxidation
laws (including the activation energies) and the annealing for which the oxidation
law changes.

3. The acceptable solution must verify that the final thicknesses of copper
(
m
(
hCu

end
))

and
oxide

(
m
(
hOx

end
))

belong to the interval of uncertainty of their measurement.

• If this condition is fulfilled, the parameter set is considered as possible and is
kept for further descriptive statistics analysis.

• If not, the parameters of the model are adjusted using the closeness of the copper
and oxide thicknesses to the interval of uncertainty of their measurement (the
solution quality).

The numerical solutions are acceptable only if the oxide thickness increases, the metal
one decreases. To solve the inverse problem, we define the following fitness function that
should be minimized:

F =


0 if hCu

end ∈ Im(hCu
end)

and hOx
end ∈ Im(hOx

end)√(
1 − hCu

end
m(hCu

end)

)2
+

(
1 − hOx

end
m(hOx

end)

)2
, elsewhere,

(1)

where the calculated final thicknesses of copper and oxide are hCu
end and hOx

end respectively,
the measured ones being m

(
hCu

end
)

and m
(
hOx

end
)
. The intervals of uncertainty of these

measurements are Im(hCu
end)

and Im(hOx
end)

. This definition of the fitness function prevents
artificial attraction of the solution to the mean value of the measured values.

The most flexible algorithms to solve this inverse problem are the metaheuristic
optimization methods [26]. We use the Particle Swarm Optimization method (PSO) [27].
We already successfully used this method to recover the materials and particle size in the
Lycurgus cup from colors in photographs [28] or thicknesses and optical properties of
bilayers of copper and oxide [8]. In this paper, we tune PSO to ensure the conditions of
iterative convergence of the algorithm (Appendix A).

3. Model for Oxidation

Experimentally, various oxidation laws were found (logarithmic (Log), inverse-logarithmic
(Ilg), quartic (Qua), cubic (Cub), parabolic (Par) and linear (Lin)) [29]. In this section, we
show that these oxidation laws are solutions of the kinetic law and we summarize the
underlying physical phenomenons for each of them.

The evolution of oxide thickness hOx as a function of oxidation time t is solution of the
following kinetic differential equations:

dhOx

dt
= k · g(t) · f (hOx), (2)

where k is a function of both the temperature T and the activation energy E and follows the
Arrhenius law [29]:

k = A exp
(
− E

RT

)
, (3)

with R = 8.314462 J·K−1·mol−1, the ideal gas constant and A is the pre-exponential factor
of the Arrhenius law. Integrations of both sides of the differential equation (Equation (2))
for annealing at temperature Ti between times ti and ti+1 can be written as:
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∫ hOx
i+1

hOx
i

dhOx

f (hOx)
= k(Ti, E).

∫ ti+1

ti

g(t)dt. (4)

We use the same model for the evolution of Copper thickness, but with decreasing values
(i.e., with opposite sign before k in Equation (4)).

3.1. The Right Hand of Equation (4)

For power laws in time t: g(t) = tnti , the solution of the right hand of Equation (4)
depends on the value of nti .

• For nti = −1, the solution involves logarithm of time:

∫ ti+1

ti

g(t)dt = ln(ti+1)− ln(ti). (5)

The logarithmic solution is not defined for t = 0 and does not verify the invariance by
time translation.

• For nti ̸= −1:

∫ ti+1

ti

g(t)dt =
(ti+1)

nti+1 − (ti)
nti+1

nti + 1
. (6)

3.2. The Left Hand of Equation (4)

For power laws in thickness h: f (hOx) = (hOx)nhi , the solution of the left hand of
Equation (4) depends on the value of nhi

.

• For nhi
= 1, the solution involves logarithm of thickness:

ln(hOx
i+1) = ln(hOx

i ) + k(Ti, E)
∫ ti+1

ti

g(t)dt. (7)

The logarithmic solution is not defined if copper is not oxidized. Indeed, it does not
verify the boundary conditions.

• For nhi
̸= 1, the solutions of the kinetic differential equation (Equation (2)) is:

(hOx
i+1)

1−nhi = (hOx
i )1−nhi + (1 − nhi

)k(Ti, E)
∫ ti+1

ti

g(t)dt. (8)

3.3. Combination of Solutions

The laws of oxidation found in literature involve integer values of nhi and nti.

• For nti = −1, we obtain the logarithmic oxidation (Log) and the inverse logarithmic
laws (Ilg), respectively.

– nhi
= 0:

hOx
i+1 = hOx

i + k(Ti, E) (ln(ti+1)− ln(ti)). (9)

This solution of the kinetic equation has been related to a physical model by
Cabrera and Mott [24]. The underlying phenomenon is the contact potential
difference between the metal and the adsorbed oxygen layer. The ion diffusion is
governed by the electric field produced by adsorbed oxygen on the oxide surface
and the metal surface. If f (hOx) is an exponential function, the condition of
validity of this formula is achieved if hOx << hr, where hr is a reference thickness
that can be deduced from the contact potential difference (hr being typically
10 nm–100 nm) [24]. The logarithmic oxidation law is therefore only valid for
thin oxide layers, at the beginning of the oxidation process. Uhlig underlined that
this oxidation law can be applied to oxide films greater than 4 nm [22]. Kusano
et al. found that activation energies are 35.9, 33.9, and 33.4 kJ mol−1 for Cu(100),
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Cu(110) and Cu(111), respectively (logarithmic oxidation law, oxide thicknesses
below 5 nm) [30]. For oxide thickness between 2 nm and 4–5 nm, the tunneling
effect of ions, was dominant and therefore, the logarithmic law was found [29].

– nhi
= 2:

1
hOx

i+1
=

1
hOx

i
− k(Ti, E) (ln(ti+1)− ln(ti)). (10)

Mott and Cabrera showed that for thin film, the migration velocity is proportional
to an exponential power of the field strength and the rate of escape of metal ions
into the oxide becomes controlling. The oxidation is governed by a strong electric
field due to contact potential difference between metal and adsorbed oxygen,
which enables the metal ions to move through the oxide layer [24]. In this case,
the inverse logarithmic equation is obtained [22,29]. The inverse logarithmic
rate is actually an approximation that is not an asymptotic solution of the rate
equation [29] but was found experimentally for copper [31].

• For nti = 0, power laws are obtained.

– nhi
= −3, the quartic oxidation law (Qua) is obtained:

(hOx
i+1)

4 = (hOx
i )4 + 4k(Ti, E) (ti+1 − ti). (11)

– nhi
= −2:

(hOx
i+1)

3 = (hOx
i )3 + 3k(Ti, E) (ti+1 − ti). (12)

The cubic law (Cub) is based on the Coulomb formula that is proportional to
1/hOx [24]. Therefore, the diffusion of ions through the oxide film is dominant.
Uhlig derived the cubic law from the density of negative charge in the oxide
layer fall off. The cubic law was found to fit the experimental data, after a
short growth following a logarithmic law [31]. In that reference, the activation
energy for copper oxidation was 116 kJ mol−1. For oxide thicknesses between
5 nm and 25 nm (cubic oxidation law), the activation energies are 95.1, 91.1, and
89.6 kJ mol−1 for Cu(100), Cu(110) and Cu(111), respectively [30].

– nhi
= −1:

(hOx
i+1)

2 = (hOx
i )2 + 2k(Ti, E) (ti+1 − ti). (13)

The parabolic law (Par) was introduced by Wagner [23] assuming that the oxida-
tion of metals was governed by the diffusion of ions and migration of electrons.
This model cannot be applied at low temperature of annealing (T < 700 K) [1].
Cabrera and Mott stated that this law is valid for sufficiently high temperature
and sufficiently thick film [24]. In this case, Copper or oxygen diffuses through
the oxide layer under a concentration gradient which is proportional to 1/h.
Ramirez et al. found a good agreement between experiments and the parabolic
oxidation law for oxide thicknesses beyond 10 nm [32]. In this case, they obtained
an activation energy of 33.1 kJ mol−1. For oxide thickness less than about 2 nm,
the tunneling effect of electrons, was dominant and therefore, the parabolic law
was found [29].

– nhi
= 0:

(hOx
i+1) = (hOx

i ) + k(Ti, E) (ti+1 − ti). (14)

For copper films about 50 nm thickness, Rauh et Wißmann found that linear
oxidation law (Lin) was a suitable one, even if they observed a tendency towards
parabolic behavior [33]. They explained this oxidation law by a competition
between the interface reaction and the volume diffusion.
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Despite physical background of the models, the resulting solutions are typically
fitting functions, as some of them verify neither the invariance by time translation nor
the boundary condition (hOx(t = 0) = 0). Moreover, some of them do not verify the
necessary condition of dimensional homogeneity [34] (the argument of logarithm functions
is not dimensionless [1]).

In the following, we consider that integer or non integer values of nhi
and nti are pos-

sible for the fitting of experimental data without any a priori assumption on the oxidation
law. Therefore, we propose two approaches to solve the inverse problem in order to recover
the activation energy (and therefore the possible oxidation law). The method is applied to
three samples that are successively annealed.

4. Materials: Copper Oxidation of the Same Sample

Three samples of respective target thicknesses tt = 10 nm, tt = 30 nm and tt = 50 nm
of Copper deposition are successively annealed at temperatures T. Appendix B gives
details on the sample preparation and on the measurement of initial and final thicknesses
of copper and oxide by Scanning Electron Microscopy, Multi Angle Incident spectroscopy,
Atomic Force Microscopy, Spectroscopic Ellipsometry and UV-Visible Spectroscopy. The
intermediate thicknesses are not measured to avoid possible destruction of the samples.
Figure 1 gives an overview of the annealing process for each investigated sample [8].
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Figure 1. Annealing temperature Ti (K) as a function of annealing time ti (min). The annealing time
is indicated above each pattern. The thickness of each sample at the beginning and at the end of the
annealing process are hOx

i and hOx
i+1, respectively. The initial white rectangle on the left corresponds

to the fabrication of the initial sample. The initial and the final thicknesses of oxide (after 8 successive
annealing) are measured: m(h1) and m(h9) (see Appendix B). The full oxidation t f o may occur before
t9 (t f o ∈ [0; t9]).

We consider hOx
1 = h(0) and hOx

9 = hOx(t f o) that are the initial (before annealing)
and the final oxide thicknesses (Copper is fully oxidized). These values are measured and
subject to uncertainty (Table A1 of Appendix B). Full oxidation of copper occurs at t f o ≤ t9

(hCu = 0 for t ∈ [t f o; t9]). For any oxidation law with the Arrhenius model (Equation (3)),
and for a given value of hOx

1 , randomly chosen within the intervals of uncertainties of mea-
surement (Appendix B), we evaluate numerically the successive intermediate thicknesses
hOx

2..9 (Equation (8)). If hOx
9 lays within the interval of uncertainty of m

(
hOx

9
)

(Table A1 in
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Appendix B), then the oxidation law is considered as a solution of the inverse problem.
The fitness function F (Equation (1)) is written with hend = h9. To avoid artificial attrac-
tion toward the middle of uncertainty intervals, the value of the fitness function is set to
zero if the calculated thickness of copper and oxide lays in the interval of uncertainty of
their measurement.

We propose to investigate the classical laws (with integer powers of thickness and
time): linear, parabolic, cubic, logarithmic and inverse logarithmic laws in a first approach.
Then we will suppose two successive laws. Finally, we will fit the data with non integer
powers (two and three laws of oxidation). The domain of search are: [0; 200] for prefactors
(A), [0; t9] for the time of complete oxidation t f o and [0; 200] kJ mol−1 for the activation
energies (E).

5. Results and Discussion

The resolution of the inverse problem consists in retrieving unknowns parameters of
the model from experimental data (the measured initial and final thicknesses of copper
and oxide). In our case, the unknown parameters are the copper and oxide thicknesses for
each annealing step, the activation energy, the prefactor in the Arrhenius law (Equation (3)),
the oxidation laws, and the time at which the complete copper oxidation takes place. The
activation energy may depend on the oxide thickness, therefore, we propose four studies,
by increasing the degrees of freedom of the problem as following:

• In Section 5.1, we calculate the unknown parameters by considering a single oxida-
tion law for all annealing steps. In this case, the classical oxidation laws are tested
systematically (the powers in the oxidation law are integers).

• In Section 5.2, two oxidation laws are used and the time at which the change of
oxidation law occurs, is calculated.

• In Section 5.3, two oxidation laws are used and the time at which the change of
oxidation law occurs, as well as the powers in the oxidation laws, are computed.
In this case, the degree of freedom is increased as we no more consider only the
classical laws.

• In Section 5.4, three successive oxidation laws are considered, and the two time
values at which the oxidation laws change, are retrieved as well as the powers in the
oxidation laws.

5.1. Fit of Data with a Single Classical Law (Integer Powers)

If we suppose that the same physical phenomenon governs the whole oxidation
process, for all annealings of the same sample, a single oxidation law is used to fit the
data. Therefore, the unknowns of the problem are the powers nh and nt in the tested
solution of the kinetic differential equation (Equation (8)), the time of complete oxidation
t f o that occurs before the end of the last annealing, the activation energy E and the prefactor
A (Equation (3)). The 1000 realizations of the algorithm give a sample of acceptable
results, using random initial thicknesses in the interval of uncertainty of their measurement.
Therefore, the relative frequency P of occurrence can be calculated and the most probable
solutions can be deduced.

We also evaluate the activation energy (ELR) obtained from the classical method, that
consists in calculating the slope of the logarithm of oxidation rate as a function of 1/T, by
using linear regression. For the classical method, it is necessary to achieve the measurement
of the intermediate thicknesses and their uncertainties (given in [8]). To take into account
these uncertainties, we use the method described in Appendix C. That contrasts with the
new proposed method which only necessitate the measurement of the initial and final
thicknesses (the intermediate ones are numerically evaluated).

Table 1 gives the results and Figure 2 illustrates the activation energies found for the
three samples. The results from both the classical method (ELR) and the new method (E)
can be compared.
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Table 1. For each sample of initial target thickness of copper deposition tt, the recovered laws and
corresponding parameters: the activation energy E (kJ mol−1) and prefactor A in the Arrhenius law,
final time of oxidation t f o (min) by decreasing relative frequency P. The values (.) are the standard
deviation of the mean value. The activation energy ELR and uncertainties retrieved from classical
method (linear regression of the oxidation rate as a function of the inverse of temperature 1/T (see
Appendix C). The values (.) are the uncertainties on ELR (see Appendix C).

Law
Sample S1 (tt = 10 nm) Sample S2 (tt = 30 nm) Sample S3 (tt = 50 nm)

Parameters Parameters Parameters

Lin

E 46.8 (3.8) 42.7 (3.9) 41.2 (3.4)
A 103 (2) 99 (2) 99 (2)

t f o 456 (8) 459 (8) 457 (8)
P 0.31 0.40 0.44

ELR 20 (26) 15 (29) 14 (27)

Log

E 21.2 (3.1) 17.4 (2.9) 15.7 (2.8)
A 102 (2) 102 (2) 99 (2)

t f o 443 (8) 448 (8) 451 (8)
P 0.31 0.40 0.44

ELR 18.2 (4.5) 14.5 (4.2) 12.8 (4.2)

Par

E 40.4 (3.5) 32.6 (2.8) 29.5 (2.4)
A 94 (2) 86 (2) 87 (3)

t f o 458 (8) 408 (11) 406 (14)
P 0.29 0.19 0.11

ELR 13 (27) 2 (26) 0 (26)
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Figure 2. Activation energies (kJ mol−1) and their uncertainties (error bars) retrieved from our
method (x) and from classical method (o) for the three samples S1, S2 and S3 and the three oxidation
laws: Lin (blue), Log (red) and Par (cyan).

For the first sample (the initial thickness of copper deposition is tt = 10 nm), about
equal probabilities are found for the linear, the logarithmic and the parabolic oxidation
laws. For the second and third samples (tt = 30 nm and tt = 50 nm, respectively), similar
probabilities occur only for the linear and logarithmic oxidation laws. The other retrieved
parameters are of the same order of magnitude for the three samples and for the three
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oxidation laws, respectively. The values of the activation energies obtained from the
classical method (ELR) are smaller than those obtained from our method (E). The mean
value of the activation energy calculated with our method is in the interval of uncertainties
of the classical method. The uncertainty on ELR is about 10 times that of our method
(see Figure 2 and Table 1). Therefore, our method appears to be more efficient than the
classical one.

The calculated activation energies deserve to be compared to those obtained by other
authors. Depending on the conditions of Copper deposition, the pressure, the oxide
thickness and the structure of oxide (defects, crystalline phase. . . ), the value of the activation
energy was found in the range [14; 126] kJ mol−1 [1,22,24,32,35–38]. The value of activation
energy for linear and logarithmic oxidation law are in agreement with that found from
the model of dominant surface reaction. A recent paper [36] has revisited the copper
oxidation law in Air at low temperatures (T < 373 K). The oxidation rate was measured
by isothermal thermogravimetric analysis and quartz crystal balance. The oxidation law
was found to be logarithmic after a short linear oxidation rate. The activation energy
E = 15.9 ± 2.5 kJ mol−1 is close to ours for this oxidation law. Kusano et al. [30] found
E = 35.9, 33.9 and 33.4 kJ mol−1 for Cu(100), Cu(110) and Cu(111) respectively. These
values are close to those obtained for the parabolic law. In this case, the main physical
phenomenons underlying the copper oxidation are the diffusion of Cu through a bulk
material and the copper grain boundary diffusion in copper oxide.

Let us underline that the measurement of intermediate thicknesses is not required for
our method (only the measurements of the initial and final thicknesses are necessary, with
their uncertainties). That contrasts with the classical method for which all the intermediate
thicknesses must be measured at the end of each annealing step.

Nevertheless, if only one oxidation law is considered, the equal probability of the
possible laws does not allow to conclude on the law governing the oxidation. This suggests
that a single law is not sufficient to describe the whole oxidation process. Moreover, Kusano
et al., demonstrated that the oxidation law, and therefore the activation energy, depend on
the thickness of oxide: the logarithmic law was obtained for oxide thickness under 5 nm,
cubic behavior in the range 5–25 nm (E ∈ [33.4; 35.9] kJ mol−1) and parabolic behavior over
25 nm (E ∈ [89.6; 95.1] kJ mol−1). In the following, we assume two successive oxidation
laws as an alternative, the physical phenomenon governing the oxidation at the beginning
of annealing being different from the further ones [1].

5.2. Fit of Data with Two Successive Classical Laws (Integer Powers)

Let us consider successive annealing of the same copper sample. According to the
results in the above mentioned reference [1], we suppose that two successive oxidation
laws a and b are possible, when the oxide thickness increases. The annealing for which
the oxidation law changes is denoted ia−b. In this case, the unknowns in the model are the
powers (nha, nhb) in the solution of the kinetic differential equations (Equation (8)), the time
of complete oxidation t f o that occurs before the end of the last annealing, the activation
energies (Ea, Eb) and the prefactors (Aa, Ab) (Equation (3)).

Two successive laws of oxidation (the oxidation law changes at annealing step ia−b) are
considered without any a priori hypothesis on the physical phenomenon. Therefore, we test
all the oxidations laws retrieved from literature. The domain of search is {−3; . . . ;+3} for
the integer powers of thickness in oxidation law (nha, nhb) and {−1; 0} for both powers of
time (nta, ntb) (see Section 3). We test all combinations of the laws of the first oxidation and
the second law (6 × 6 cases), for any ia−b, from 1000 random draw of the first thicknesses
of copper and oxide, in their interval of uncertainties. The result is acceptable if the fitness
function F (Equation (1)) is equal to 0. Table 2 gives the most probable oxidation laws with
the mean values and the standard deviation of the mean of each unknown values.

The probability P is about the same for the four solutions of each sample (P ≈ 0.18− 0.25).
Among the 36 combinations of the 6 oxidation laws (Log, Ilg, Qua, Cub, Par, Lin), only
logarithmic and linear ones are the most probable oxidation laws. The index ia−b of
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the change of law corresponds to the fourth or fifth annealing. Consequently, we may
conclude that the first oxidations obey to a different phenomenon from that for the further
annealings. Nevertheless, the probabilities do not able to choose between the linear and
the logarithmic oxidation laws, in the two zones. For each couple of oxidation laws,
the activation energies varies roughly from 58 to 81 kJ mol−1 for the first oxidation law
and from 56 to 81 for the second one. Even if these values are close to those found in
Refs. [1,15,30,37,38], the uncertainties on the measurement of thickness produce equivalent
solutions in terms of probabilities. The consequence is that the activation energies cannot
be deduced. The possible reason of the dispersion activation energies is that the oxidation
cannot be attributed to a single phenomenon. Therefore, the search of non integer powers
in the solutions of the kinetic equation in Section 3 could be an alternative.

Table 2. For each sample of initial target thickness of copper deposition tt, the recovered laws and
corresponding parameters: activation energies (Ea, Eb) (kJ mol−1) and prefactors (Aa, Ab), index of
the annealing for which the oxidation law changes (ia−b), the time of full oxidation t f o (min) and the
relative frequency of occurrence of the solution, P. We only indicate the values of P that are greater
than 0.1 and we sort solutions by decreasing values of P. The values (.) are the standard deviation of
the mean value.

Sample S1 (tt = 10 nm) Sample S2 (tt = 30 nm) Sample S3 (tt = 50 nm)
Law Parameters Law Parameters Law Parameters

Ea Lin
80.79 (0.68)

Lin
71.84 (0.68)

Lin
68.23 (0.66)

Aa 101.87 (0.73) 99.80 (0.71) 101.42 (0.70)
ia−b 4.50 (0.02) 4.50 (0.02) 4.50 (0.02)
Eb Lin

80.35 (0.61)
Log

64.77 (0.77)
Log

64.31 (0.77)
Ab 101.85 (0.73) 100.32 (0.71) 99.20 (0.70)
t f o 457.0 (3.3) 451.9 (3.2) 451.4 (3.2)
P 0.18 0.24 0.25

Ea Lin
74.72 (0.66)

Lin
78.60 (0.70)

Lin
76.71 (0.69)

Aa 100.65 (0.73) 98.99 (0.72) 98.82 (0.71)
ia−b 4.50 (0.02) 4.50 (0.02) 4.50 (0.02)
Eb Log

67.09 (0.75)
Lin

77.72 (0.63)
Lin

74.52 (0.62)
Ab 101.11 (0.74) 100.95 (0.72) 100.14 (0.70)
t f o 455.5 (3.3) 450.7 (3.2) 448.8 (3.2)
P 0.18 0.24 0.25

Ea Log
70.95 (0.78)

Log
69.61 (0.80)

Log
69.13 (0.79)

Aa 102.32 (0.73) 100.00 (0.70) 100.55 (0.69)
ia−b 4.50 (0.02) 4.50 (0.02) 4.50 (0.02)
Eb Lin

77.40 (0.60)
Lin

72.48 (0.60)
Lin

70.25 (0.60)
Ab 101.50 (0.74) 101.11 (0.72) 100.31 (0.69)
t f o 458.3 (3.3) 454.8 (3.2) 457.0 (3.1)
P 0.18 0.18 0.18

Ea Log
64.84 (0.77)

Log
60.13 (0.77)

Log
59.40 (0.76)

Aa 101.13 (0.73) 100.58 (0.71) 101.04 (0.70)
ia−b 4.50 (0.02) 4.50 (0.02) 4.50 (0.02)
Eb Log

63.59 (0.75)
Log

61.01 (0.76)
Log

57.01 (0.74)
Ab 101.02 (0.73) 99.88 (0.72) 101.25 (0.69)
t f o 459.1 (3.3) 448.5 (3.2) 450.7 (3.2)
P 0.18 0.18 0.18
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5.3. Fit of Data with Two Successive Laws (Non Integer Powers)

The domain of search are [−3;+3] for the non integer powers of thickness in oxidation
law (nha, nhb), and [−1;+1] for the powers of time (nta, ntb). Thousand realizations of the
same algorithm are achieved with initial random draw of the initial thicknesses of copper
and oxide in their uncertainty intervals of measurement. Table 3 shows the mean values
and the standard deviation of the unknowns of the model.

Table 3. For each sample of initial target thickness of copper deposition tt, the corresponding
parameters: mean value E and standard deviation of the mean value (.) of the first and second
retrieved activation energies (kJ mol−1), power nh of thicknesses, prefactor A of both oxidation laws,
ia−b index of sample for which the oxidation law changes, final time of oxidation t f o (min), over
1000 realizations of algorithm for each ia−b from 2 to 8. The target thicknesses of Copper deposition
for each investigated sample. The index of the change annealing for which the oxidation law changes
is ia−b. For i < ia−b the first oxidation law is valid, with Ea as activation energy. For i ≥ ia−b the
second oxidation law takes over, with activation energy Eb.

Sample S1 (tt = 10 nm) Sample S2 (tt = 30 nm) Sample S3 (tt = 50 nm)

Ea 95.4 (1.5) 101.4 (1.6) 101.6 (1.7)
Aa 99.6 (1.6) 101.6 (1.6) 98.3 (1.7)
nha 0.05 (0.04) −0.00 (0.04) 0.12 (0.05)
nta −0.51 (0.01) −0.50 (0.01) −0.51 (0.01)
ia−b 2 (0) 2 (0) 2 (0)
Eb 55.1 (0.7) 45.8 (0.3) 44.6 (0.3)
Ab 101.4 (1.5) 98.5 (1.7) 100.8 (1.7)
nhb 0.31 (0.01) 0.23 (0.01) 0.24 (0.01)
ntb −0.49 (0.01) −0.50 (0.01) −0.50 (0.01)
t f o 449 (7) 457 (7) 460 (8)

The results show that two successive oxidation laws can describe the successive
annealing of each of these three investigated samples. The activation energy of the first
oxidation law is in [99.8; 103.3] kJ mol−1 for samples S2 and S3 and in [93.9; 96.9] kJ mol−1

for sample S1. The activation energy Ea is close to that found by Cabrera and Mott theory
of cation diffusion by electrostatic field [24] (107 kJ mol−1, and that in Ref. [30]. These
results are in agreement with those by Piippo et al. [39] and Fujita et al. [1] (grain boundary
diffusion). The annealing step for which the oxidation law changes is the same for the
three samples (ia−b = 2). The time of final oxidation is also about the same for the three
samples (t f o ∈ [442; 468] min). The activation energy of the second oxidation law is in
[44.3; 55.8] kJ mol−1: 50.5 kJ mol−1 was found by [1,39] (surface reaction step). The full
oxidation time increases with the initial sample thickness. The time of final oxidation also
is about the same (from 440 to 470 min). These results suggest that the method is robust.

The powers of time nt are close to −0.5 for the two laws for the three samples S1, S2
and S3. These results suggest that both polynomial and logarithmic laws are underlying
oxidation. For the first law of oxidation, the oxidation can be linear or logarithmic. For the
second law, the oxidation law may be logarithmic or inverse logarithmic. This result is in
agreement with those obtained assuming a single law obtained for thin films [30].

To select the oxidation laws that preserve the invariance by time translation, we also
apply the method with nta = ntb = 0, and the obtained results are shown in Table 4.

For the three samples, the prefactors are about 100, ia−b is equal to 2 or 3 and t f o lays
between 434 and 457 min. The values of nha and nhb are between 0 and 1, that suggests
laws that differ from the classical ones. We found about the same activation energy Ea
(Tables 3 and 4) as in Ref. [1,38] (99.3 kJ mol−1, 80 kJ mol−1 respectively). Such value is
compatible with the Cu diffusion through the bulk oxide. At our temperature conditions,
the oxidation was found to follow a logarithmic oxidation law that might be governed by
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the formation of CuO nuclei in the Cu2O host. The second activation energy, obtained for
thicker oxide layers, is about 52.7–56.7 kJ mol−1. These values are corresponding to the
surface oxidation step in Ref. [37].

Table 4. For each sample of initial target thickness of copper deposition tt, the corresponding
parameters: mean value E and standard deviation of the mean value (.) of the first and second
retrieved activation energies (kJ mol−1), power nh of thicknesses, prefactor A of both oxidation laws,
ia−b index of sample for which the oxidation law changes, final time of oxidation t f o (min), over
1000 realizations of algorithm for each ia−b from 1 to 8. The target thicknesses of Copper deposition
for each investigated sample. The index of oxidation law change is ia−b. For i < ia−b the first
oxidation law is valid, with Ea as activation energy. For i ≥ ia−b the second oxidation law takes over,
with activation energy Eb. The solutions verify the invariance by time translation (nta = ntb = 0).

Sample S1 (tt = 10 nm) Sample S2 (tt = 30 nm) Sample S3 (tt = 50 nm)

Ea 95.5 (1.3) 99.2 (1.3) 99.1 (1.4)
Aa 100.4 (1.4) 101.1 (1.4) 99.4 (1.4)
nha 0.23 (0.04) 0.24 (0.04) 0.24 (0.04)
ia−b 3 (0) 3 (0) 2 (0)
Eb 55.7 (0.6) 56.0 (0.7) 53.3 (0.6)
Ab 99.9 (1.4) 100.7 (1.4) 101.7 (1.4)
nhb 0.57 (0.01) 0.82 (0.01) 0.84 (0.01)
t f o 440 (6) 451 (6) 442 (6)

As a conclusion, the search of non integer powers in the solutions of the kinetic
equation appears to be efficient. The linear oxidation law appears to be dominant for the
first oxidations. However, these intermediate values of nh lead us to test the method for
three successive laws of oxidation [29,30].

5.4. Fit of Data with Three Successive Laws (Non Integer Powers)

For each sample of initial target thickness of copper deposition tt = 10, 30, 50 nm, we
retrieve the parameters of three successive laws of oxidation (Table 5).

The activation energy Ea is between 105.8 and 108.8 kJ mol−1. The recovering of inter-
vals of uncertainties suggests that a single activation energy around 105.8–108.8 kJ mol−1

is characteristic of this first oxidation step, that is little bit greater than Ea found with two
laws (Tables 3 and 4), but close to the value in Ref. [24] (Coulomb energy for moving
oxide to the surface) and given in Ref. [1] for grain boundary diffusion. For annealing
from ia−b = 2 to ib−c = 5, the activation energy Eb is between 76.7 and 86.9 kJ mol−1.
In Ref. [29], the activation energy was found about 79–88 kJ mol−1. The third activation
energy Ec ≈ 47.6 −−58.5 kJ mol−1. By comparing the present results obtained from three
successive laws of oxidation to those resulting from only two, we observe that the numer-
ical values of the two activation energies given in the previous section (94.2–100.5 and
52.7–56.7 kJ mol−1) are intermediate between the three ones obtained here.

The activation energy decreases as the oxide thickness is growing. This behavior could
be related to the grain structure of thick oxide, that may increase the possible migration of
oxygen through it. The decrease of the activation energy with increasing thickness of oxide
has been attributed to the granular structure of oxide. In this case, Lawless stated that the
material transport is no longer rate limiting. The phase boundary control leads to linear
oxidation law [29]. In Ref. [1], the grain boundary diffusion of Copper ions in oxide explain
activation energies of about 100 kJ mol−1. Moreover, the values we find for nh are close
to 0, between −1 and 0, and −2 and −1, for the three successive oxidation laws. These
results may explain that parabolic and cubic laws have been found in Ref. [1], by using the
classical method of linear regression.
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Table 5. For each sample of initial target thickness of copper deposition tt, the corresponding
parameters: mean value E and standard deviation of the mean value (.) of the first and second
retrieved activation energies (kJ mol−1), power nh of thicknesses, prefactor A of the three oxidation
laws, ia−b and ib−c indexes of annealing for which the oxidation law changes (and time of change:
ta−b and tb−c), final time of oxidation t f o (min), over 1000 realizations of algorithm for each ia−b
and ib−c from 2 to 8. The target thicknesses of Copper deposition for each investigated sample. The
solutions verify the invariance by time translation (nta = ntb = 0).

Sample S1 (tt = 10 nm) Sample S2 (tt = 30 nm) Sample S3 (tt = 50 nm)

Ea 108.0 (0.8) 108.0 (0.7) 106.5 (0.7)
Aa 103.0 (0.9) 103.3 (0.8) 103.2 (0.7)
nha 0.11 (0.03) 0.24 (0.02) 0.29 (0.02)
ia−b 2 (0) 2 (0) 2 (0)
ta−b 33 (1) 35 (1) 37 (1)
Eb 86.1 (0.8) 80.5 (0.8) 77.3 (0.7)
Ab 104.0 (0.9) 105.9 (0.8) 103.5 (0.7)
nhb −0.36 (0.03) −0.28 (0.02) −0.28 (0.02)
ib−c 5 (0) 5 (0) 5 (0)
tb−c 182 (3) 185 (3) 183 (2)
Ec 57.7 (0.8) 49.7 (0.8) 48.3 (0.7)
Ac 103.6 (0.9) 105.3 (0.8) 106.6 (0.7)
nhc −1.82 (0.01) −1.68 (0.01) −1.54 (0.01)
t f o 478 (4) 480 (4) 481 (3)

Figure 3 show the evolution of the retrieved copper and oxide thicknesses as a function
of time. The decreasing of copper thicknesses are counterbalanced by the increase of oxide
one. The final oxide thickness are 1.7, 1.9 and 1.7 times the initial copper ones, for samples
S1, S2 and S3, respectively. These ratios are of the same order as the spatial expansion of
crystalline oxide relatively to copper: 1.68–1.77 [21].
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Figure 3. Retrieved Copper (dashed line) and oxide (solid line) thicknesses and their uncertainties as
a function of time (logarithmic scale) for the three samples S1, S2 and S3.
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Only the initial and final thicknesses are measured by Scanning Electron Microscopy,
Multi Angle Incident spectroscopy, Atomic Force Microscopy, Spectroscopic Ellipsometry
(see Appendix B). To assess our method, we compare the retrieved intermediate oxide
thicknesses with those obtained from two different indirect measurement techniques (UV-
visible spectroscopy) that are not destructive (see Ref. [6], 9 measured oxide thicknesses
for each sample and [8], 6 data for each sample). Moreover, we verified that the ratio of
oxide to copper thickness corresponds well with the theoretical values given by crystallog-
raphy. Figures 4–6 show the three data sets for each of the three substrates (S1, S2 and S3)
respectively.

For the sample S1, at each oxidation time, we observe the overlap of the uncertainties
intervals (Figure 4). Therefore, the retrieved intermediate oxide thickness we found are
in agreement with the indirect measurements in Refs. [6,8]. The ratio of the last oxide
thickness to the copper initial one is in [1.1; 2.5] in coherence with the theoretical spatial
expansion of crystalline oxide relatively to copper (i.e., in [1.68; 1.77] [21]).

For the sample S2, our results are in agreement with those in Ref. [6] for the corre-
sponding oxidation times (Figure 5). Only the two last intervals of uncertainties are not
overlapping with those of the measurements in Ref. [8]. However, the ratio of the final oxide
thickness to the copper initial thickness (between 1.4 and 2.3) is closer to the theoretical
spatial expansion of crystalline oxide relatively to copper (between 1.68 and 1.77) than that
calculated from data in Ref. [8] (between 0.3 and 1.1).

For each oxidation step of sample S3, the intervals of uncertainties are overlapping
(Figure 6). Moreover, the ratio of the last oxide thickness to the copper initial one is between
1.44 and 1.89. The theoretical spatial expansion of crystalline oxide relatively to copper
being between 1.68–1.77 [21], we can conclude that the retrieved oxide thickness have
physical sense.
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Figure 4. Oxide thicknesses obtained by our method (blue ‘x’), by the method based on UV-Visible-
NIR Absorbance Fitting in Ref. [6] (red ‘o’) and in Ref. [8] (cyan ‘+’) as a function of time (logarithmic
scale) for the sample S1. The error bars are the intervals of uncertainties (standard deviations).
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Figure 5. Oxide thicknesses obtained by our method (blue ‘x’), by the method based on UV-Visible-
NIR Absorbance Fitting in Ref. [6] (red ‘o’) and in Ref. [8] (cyan ‘+’) as a function of time (logarithmic
scale) for the sample S2. The error bars are the intervals of uncertainties (standard deviations).
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Figure 6. Oxide thicknesses obtained by our method (blue ‘x’), by the method based on UV-Visible-
NIR Absorbance Fitting in Ref. [6] (red ‘o’) and in Ref. [8] (cyan ‘+’) as a function of time (logarithmic
scale) for the sample S3. The error bars are the intervals of uncertainties (standard deviations).

For the three samples, S1, S2 and S3, we obtain oxide thicknesses that are in agreement
with the measured ones in Refs. [6,8]. Moreover, our values of ratio of the final oxide
thickness to the initial copper one, are in agreement with those obtained from theoretical
calculations.
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6. Conclusions

The proposed method for calculating the activation energy is hypothesis free about
the oxidation law. The parameters of two and three successive laws of oxidation are
retrieved: the activation energies, the prefactors, the functions of thicknesses and time, and
the time of the end of oxidation, as well as the sample for which the oxidation law changes.
The resolution of the inverse problem permits to retrieve the thicknesses of copper and
oxide and their uncertainties as a function of time. The main advantages of our method are
following. No a priori knowledge on the physic law (or multiple successive laws) governing
the oxidation are required. Moreover, only the initial and final measurement of thicknesses
are necessary. The times at which the oxidation laws change and at which the complete
copper oxidation takes place, can be retrieved. We applied the method to three samples,
the results are consistent between the three samples, and therefore, the method appears to be
robust. We have shown that the activation energies found are in agreement with some found
in the literature (about 105–109 kJ mol−1 for the first oxidation law; 76–87 kJ mol−1 for the
second one, and 47–59 kJ mol−1 for the third one). The uncertainties on the measurement
of initial and final thickness explain the dispersion of these results.

These values are coherent with those deduced from the ratio of the spatial expansion
of crystalline oxide relatively to copper. Such a method is generic and could be applied
to any oxidation or solid state chemical reaction (metal and metal-oxyde layer). The
proposed method could also be used to improve the calculation of optical properties from
spectroscopic data [6].

Author Contributions: Conceptualization, D.B.; methodology, D.B. and T.G.; software, D.B.; valida-
tion, D.B. and T.G.; writing—original draft preparation, D.B.; writing—review and editing, D.B. and
T.G. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in the study are included in the
article, further inquiries can be directed to the corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations
The following abbreviations are used in this manuscript:

MDPI Multidisciplinary Digital Publishing Institute
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Qua Quartic oxidation law

Cub Cubic oxidation law

Par Parabolic oxidation law

Lin Linear oxidation law

Log Logarithmic law

Ilg Inverse logarithmic law

PSO Particle Swarm Optimization

Appendix A. Particle Swarm Optimization (PSO) Method

PSO is an iterative algorithm which goal is to find the parameter set (D unknowns of
the problem in the present case) that minimizes a fitness function F (Equation (1)). The N
decision parameters set xj+1 (the unknowns of the problem of optimization) are moving in
the bounded space of search at each iteration j according the following rule:
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(
vj+1

xj+1

)
=

(
ωj −ϕ1 − ϕ2

ωj 1 − ϕ1 − ϕ2

)
︸ ︷︷ ︸

Mj

(
vj

xj

)
+

(
ϕ1.pj + ϕ2.gj

ϕ1.pj + ϕ2.gj

)
, (A1)

where v is the translation vector of x in the space of search (also called velocity), ϕ1 = c1 · r1,
ϕ2 = c2 · r2, c1 and c2 are coefficients called cognitive and social weights respectively, r1
and r2 are random numbers following uniform law of probability in [0, 1], ωj is the inertia
weight, pj is the best position of each particle and gj the best one of all particles, both found
along the previous iterations. If vj and xj are such as xj+1 = xj + vj is exiting of the domain
of search, xj is randomly regenerated in the domain of search.

The determinant of Mj must be non zero: det(Mj) ̸= 0, therefore ω + ϕ1 + ϕ2 ̸= 0. The
matrix Mj is strictly diagonal dominant if the following relations are fulfilled:

{
|ωj| < |1 − ϕ1 − ϕ2|

|ϕ1 + ϕ2| < |ωj|
⇒ |ϕ1 + ϕ2| < |ωj| <

1
2

. (A2)

The possible update of pj raised a rewriting of Equation (A1) including this quantity in
vectors [40]. If we also consider the update of gj, we obtain:

vj+1

xj+1

pj+1

gj+1

 =


ωj −ϕ1 − ϕ2 ϕ1 ϕ2

ωj 1 − ϕ1 − ϕ2 ϕ1 ϕ2

M3,1
j M3,2

j M3,3
j M3,4

j

M4,1
j M4,2

j M4,3
j M4,4

j

.


vj

xj

pj

gj

. (A3)

Four cases occur depending on the possible update of pj and gj by xj leading to different
values of Mm,n

j . The convergence of iterative algorithm requires the spectral radius to be
lower than 1, and the conditions of convergence are:

Γ =

∣∣∣∣∣
√
(ω − α − 1)2 − 4x + ω − α + 1

2

∣∣∣∣∣ < 1, (A4)

where α = ϕ2 if pj is the only one to be updated, α = ϕ1 if gj is the only one to be updated,
α = ϕ1 + ϕ2 if neither pj or gj are updated. If both pj and gj are updated, the condition of
convergence is |ω| < 1. These four conditions must be fulfilled and are less restrictive than
the diagonal dominant one. We obtain the same condition as in Ref. [40] but now for ϕ1, ϕ2
and ϕ1 + ϕ2. We summarize the spectral radius conditions of convergence:

|ωj| < 1, (A5)

c1.r1 + c2.r2 < 2(1 + ωj). (A6)

If we handle the convergence of xj toward gj at the end of the evolutionary loop, we obtain
the necessary decrease of vj toward 0. Therefore ωj must tends toward 0 at the end of the
evolutionary loop. We chose a linear decrease of ωj as following:

ωj = 1 − j/ max(j), (A7)

where max(j) is one of the two stop criterion of the evolutionary loop, the second one
being an acceptable value of the fitness function. According to the convergence condition
(Equation (A6)), c1 and c2 are:

c1 = c2 = 1 + ωj. (A8)

Therefore, c1 and c2 are decreasing from 2 to 1 for j = 1 and max(j) = 300 respectively,
even if, for this choice, the condition of dominant diagonal is not verified.
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The initial parameters set and velocity are randomly generated in the space of search [41],
and a family of N = 30 parameters sets. The maximum number of iterations of the PSO
loop is set to 300 to accelerate the resolution of the inverse problem. If the fitness function
verifies F = 0, the second stop criterion is reached. At the end of the evolutionary loop, the
maximum of allowed iterations is reached or the value of fitness function (Equation (1)) is
smaller than 1%, the best solution is used as starting point for a gradient descent method,
to try to improve the solution.

Appendix B. Experiments: Sample Elaboration and Thicknesses Measurements

Appendix B.1. Sample Elaboration

The experimental data were obtained by Deniz Cakir [21]. Three copper samples are
progressively oxided under different annealing time and temperature. The target copper
thickness tt of each sample S1, S2 and S3 are 10, 30 and 50 nm respectively. The samples
are obtained from thermal evaporation and deposition on a glass substrate by using the
following process:

• Copper rod (purity of 99.999 %, purchased from Alfa Aesar), placed 18 cm below the
target substrate,

• Sublimation of the copper rod (120 A, 1 mPa), tungsten crucible, as a counter electrode,
• Fused silica substrates (optical grade, purchased from Neyco)
• Chemical cleaning in an acetone bath, with ultrasound for 5 min.
• Physical plasma cleaning (70 % O2/30 % N2) for 6 min.

Low annealing temperatures are chosen to produce mainly Cu2O [14,32,42–46] at ambient
pressure P = 1.013 kPa. The annealing procedure (thermal oxidation) was summarized in
Table A1 in Ref. [6] and in Figure 1.The successive annealing temperatures are below 470 K
and therefore pure cuprite (Cu2O) phase is probably obtained [36,47,48]. The complete
oxidation of the copper layer occurs during the last annealing. Therefore, t9 cannot be used
in calculations. However, m(h9), the last oxide thickness is used to tune the method.

The three samples are annealed height times.

Appendix B.2. Thicknesses Measurements

The initial thicknesses of copper and oxide, before annealing (m(h1)) and the last ones
(m(h9)), after the last annealing were measured using different measuring instruments.
Intermediate thicknesses are not measured. Indeed, the required cut of samples to get cross
sections for Scanning Electron Microscopy and Atomic Force Microscopy measurements, are
possibly destructive for the samples. The measurement instruments were: Multiple-Angle
Incident ellipsometry, Spectroscopic Ellipsometry and UV-visible spectroscopy. A bi-layer
Cu/Cu2O model was chosen with refractive index of 0.94530+ ı2.5997 and 3.1137+ ı0.2323
respectively for Cu and Cu2O for Multiple-Angle Incident ellipsometry and from Sopra data
for Spectroscopic Ellipsometry, ı being the pure imaginary complex number. We give the
interval of uncertainty for the measurement of the oxide thicknesses for each initial (before
annealing) and final (fully oxidized) samples S1, S2, and S3 in Table A1 [8]. The values of
measured thicknesses are strongly depending on the measurement method. Therefore, we
evaluate the uncertainties to cover all the measured values from different methods [8].
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Table A1. For each sample of initial target thickness tt of copper deposition, the corresponding
parameters: intervals of uncertainty of the measurement of copper and oxide thicknesses for the initial
samples (before annealing) and final sample (fully oxidized) from Ref. [8]. The target thicknesses of
the copper deposit for each sample were: tt = 10, 30 and 50 nm for samples S1, S2 and S3 respectively.

Measured Sample S1 Sample S2 Sample S3
Quantity [8] tt = 10 nm tt = 30 nm tt = 50 nm

m
(
hCu

1
)

[10; 12] [31; 35] [51; 55]
m
(
hOx

1
)

[0; 5] [0; 5] [0; 5]
m
(
hCu

9
)

[0; 2] [0; 2] [0; 2]
m
(
hOx

9
)

[10; 30] [42; 82] [74; 104]

Appendix C. Calculation of Uncertainty on the Calculation of the Activation Energy

The general expression of the activation energy as a function of the oxidation law,
solution of the kinetic equation, with the Arrhenius law is:

ELR = RTi

[
ln(A) + ln

(
G(ti+1)− G(ti)

F(hi+1)− F(hi)

)]
, (A9)

where F(h) and G(t) are the solutions of the kinetic equation (see Section 3). These func-
tions depend on the oxidation law. For example, with nh = 0, F(h) = h, and nt = −1,
G(t) = ln(t). With nt = 0, G(t) = t and we obtain solutions that verify the invariance by
time translation.

The classical method used to evaluate the activation energy relies on the use of the
least square linear fitting of the oxidation rate as a function of the inverse of temperature
(1/T):

−R ln
(

F(hi+1)− F(hi)

G(ti+1)− G(ti)

)
= ELR

1
Ti

− R ln(A). (A10)

The slope of the line relating the first term in Equation (A10) to 1/T is the activation energy.
A linear regression can be applied to all experimental data to retrieve the activation energy.
The uncertainty on the slope found by linear regression is the combination of standard
error of this coefficient SE(E) and the standard deviation σ(E) of the slope calculated using
1000 random generations of hi and hi+1 in their uncertainty intervals:

u(ELR) =
√

SE2(ELR) + σ2(ELR). (A11)
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