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A B S T R A C T

In this study we report on the growth of ZrO2 films upon the gradual thermal annealing of Zr in the temperature
range of 500–700 K. The thickness of the oxide was monitored by in-situ spectroscopic ellipsometry with
temporal and thickness resolutions of a few seconds and a few nanometers, respectively. A remarkable
feature of the process was that the growth of the oxide can be terminated immediately when decreasing the
temperature by a few K. This suggests that, in addition to the driving force, a built-in control adjusts the final
thickness determined only by the temperature in sync with the formation and growth of dense oxide films.
The derived phenomenological model includes the concept of a ‘depletion layer’ known from semiconductor
physics. The validity of the model and the pressure dependence of oxidation is discussed.
1. Introduction

The first of oxide growth models originate from Wagner’s assump-
tion that metal oxidation takes place by diffusion of charged particles
and is valid for thick film growth (𝑥 > 1 μm) at high temperatures [1].
By raising a linear diffusion equation, which incorporates the electric
field across semiconducting passive oxides, Wagner found that the
film growth is parabolic [2]. Cabrera and Mott developed another
approach where an electric field (Mott potential) controls the diffusion
of ionic point defects necessary for oxidation [3]. They suggested in
1949 that thin film growth was directly dependent on the migration
of interstitial cations where the rate limiting step is cation injection
at the metal/film interface. Cabrera and Mott’s solution for thin film
growth at low temperatures has an inverse logarithmic law of growth.
Afterwards, the oxidation kinetics of Cu thin films in the temperature
range of 100–300 ◦C for film thicknesses between 20 and 150 nm was
investigated and found to follow a linear rate law, which indicates that
the oxidation process is surface reaction controlled [4]. The oxidation
of thin films of other metals, e.g. Ni, Cr, Co, Al, and Si, typically exhibit
a parabolic growth rate for similar oxidation conditions, characteristic
for a diffusion-controlled oxidation process [5]. There have been nu-
merous studies conducted on Zr [6–8]. In many cases, these resulted
in the determination of material parameters, such as the diffusion
coefficient [9–11].
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Most studies deal with either the initial [12–14] or final [11,15]
stages of the Zr oxidation. The initial stage of oxidation starting from a
clean crystalline surface in ultra-high vacuum studied by a combination
of in-situ spectroscopic ellipsometry (SE) and X-ray photoelectron spec-
troscopy (XPS) is a well-defined and well-controlled process that allows
the in-depth understanding of the growth of the first few nanome-
ters [4,16–18]. The final stage [11] that leads to the peel-off [19] of the
layer has a significance for material degradation in the nuclear power
plant technology. The different stages of Zr oxidation have phenomeno-
logically been characterized by subsequent linear [12], parabolic [11]
and cubic phases terminated by a final linear phase [9] that may lead to
breakaway [19–21], depending on the alloy composition [11,15]. The
pioneers of Zr oxidation have been followed by many investigations
dominated by gravimetry [8,11,19] for the characterization of the
amount of growing oxide in the thickness range from a few micrometers
to hundreds of micrometers [10].

There were only a few studies, including our group [22,23] that
have dealt with the optical thickness measurements of the oxide, but
they mainly used ex-situ characterizations on thin films [24], with some
exceptions including measurements during electrochemistry [25,26].
Furthermore, all the above studies are on thicknesses up to a few
nanometers, or in the micrometer range. The range between a few
nanometers and a few hundred nanometers is unexplored, especially
using in-situ optical characterization. Ex-situ optical investigations are
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of significant importance for the development of optical models and
determination of optical constants [27,28]. Here we utilize the capabil-
ities of SE for the in-situ characterizations with thickness and temporal
resolutions in the range of nanometers and seconds, respectively. These
features allow the development and verification of an oxidation model
for the thickness range of a few hundred nanometers. We focus on an
alloy that is relevant in the nuclear power plant technology, and do
not discuss the composition-dependent oxidation properties [29–31].
The material we use in this study is sufficient for the demonstration of
the proposed oxidation model. A greater knowledge of the oxidation
process in this regime is of primary importance in many applications
including nuclear technology [19] and microelectronics [32].

2. Material and methods

2.1. Sample preparation

Zr plates in sizes of approximately 20 mm by 10 mm made of an
E125 alloy (2.45% Nb, 0.035% Fe and 0.069% O [33]) have been
prepared. The samples have been polished with diamond paste to such
an extent that only a few nanometers of residual oxide was observed
by ellipsometric spectra.

2.2. Annealing

The Zr samples were annealed in an isolated quartz tube shown in
Fig. 1A. Argon and Ar/O2 gas mixtures with O2 partial pressures of 0,
.25, 5 and 20% were flowed at atmospheric pressure. A ceramic plate
s mounted in the tube so that the surface of the samples placed on the
eramic plate coincides with the axis of the tube. This configuration
nables the ellipsometry measurement to be performed at any angles of
ncidence that is allowed by the equipment (45–90◦). The heat cell was
laced at the stage of the ellipsometer. The standard alignment proce-
ure can be performed also through the tube that makes an automatic
ample alignment possible. The measurement spot was focused to make
ure that the beam enters the tube perpendicular to its surface over the
hole spot which has a diameter of approximately 3 mm outside of the

ube, and a spot of approximately 0.3 mm × 1.0 mm on the surface of
he sample.

The plate can be heated up to 873 K. The precision of the tempera-
ure control is approximately 0.1 K. In this experiments the temperature
as increased at a rate of 10 K/min and it was kept at given tem-
eratures until a nearly saturated thickness was reached. Then the
emperature regulator was turned off for 30 s to drop the heat level.
y doing so the growth of the oxide layer immediately stops. These
xtra steps were added to support our assumptions about the kinetics
f layer growth. After that a new ramp up was started to the next
emperature. The thickness was determined by ellipsometry in real-time
uring annealing, to have a precise control of the annealing times.

.3. Measurement

The optical measurements were made by a Woollam M-2000DI
otating compensator spectroscopic ellipsometer at the angle of inci-
ence of 70◦ with temporal resolutions of a few seconds and thickness
esolution under 1 nm. 𝛹 and 𝛥 spectra were recorded and evaluated

real-time in every 10 s during annealing, where the complex reflection
coefficient is 𝜌 = |tan𝛹 |exp(𝑖𝛥). Typical spectra measured on a sample
oxidized at 700 K is shown in Fig. 1(B). Multiple-angle measurements
were made before annealing to help building a precise optical model
used during the real-time investigations. The measurement through
the tube makes no aberration of the SE spectra, which was verified
by the characterization of thermal oxide-covered reference Si wafers.
The 10 s cycle of data acquisition was selected to be large enough to
decrease noise, but small enough to precisely follow the changes during
measurement.
2

3. Theory

3.1. Model of oxidation

The concept of diffusion-controlled growth assumes the formation
of dense oxide films on the metal surface by diffusion of O- through
the oxide layer under the influence of a strong concentration gradient
around the interface. All the free oxygen atoms migrate to the oxide-
metal interface and react with the metal. The rate of this incorporation
process depends on the reaction rate coefficient of 𝑘𝑒𝑥𝑝. The initial
omponents (Zr+ cations and O- anions) of the reaction are practically

in equilibrium, and under a certain time the reaction provides the
final product (ZrO2). However, because the anions move to the metal
surface and take part in the reaction, they leave a positively charged
region behind. This process continues until the region has an electrical
charge large enough to repulse the cations to enter the vicinity of
the oxide-metal interface. Eventually, a state of equilibrium will occur
producing a ‘‘potential barrier’’ zone. Since no free anion can rest in a
potential barrier zone, the region becomes completely depleted, and the
oxidation process is stopped. This area is called the ‘‘depletion layer’’
known from semiconductor physics, and the thickness (𝑤) of the layer
is proportional to the square of the potential [34].

Based on the above considerations, several sufficient assumptions
should be made to create a reasonable model: (i) No diffusion of cations
and electrons in the oxide film are considered. (ii) The diffusion of
atomic oxygen in the oxide film happens via the vacancy and interstitial
mechanism. (iii) Dissociation and ionization mechanism of oxygen
molecules is not involved. (iv) The existence of a few nm oxide layer
is assumed, i.e., the oxide growth is considered to be in the form of an
additional layer.

In the initial equations, we take into account two observations by
ellipsometry. First, the growth process can be stopped by reducing
the temperature by a few degrees. This condition appears to be stable
according to the observations. It means that a given flux (𝐽 ) delivering
O- at a concentration of 𝑐 can provide anions in a quantity sufficient to
develop (presumably stoichiometric) oxide in a volume of 𝛥𝑉 during
he time 𝜏. This flux penetrates the previously formed oxide with
ractically no modification of the layer. Therefore, the dependence on
he oxide thickness at the O- inflow side (𝑥, Fig. 2) does not need to be
ssumed. If the flux 𝐽 (in units of mol/(nm2 s)) enters the cross section
f 𝐴 during a time period of 𝜏, the following equation holds:

𝐽𝐴 = 𝑐 𝛥𝑉 , (1)

here 𝛥𝑉 denotes the volume. During the oxidation process ZrO2 forms
ith a reaction rate coefficient of 𝑘𝑒𝑥𝑝 detected during the experiment,
nd an oxygen concentration of 𝑐0 = 9.13 ⋅ 10−19 mol/nm3. At this
oint, we can assume that the reaction proceeds according to the law of
rrhenius. Consequently, it has the form of 𝑘𝑒𝑥𝑝 = 𝑘0 exp(−𝐸𝑎∕(kB𝑇 )).
ere, kB and 𝐸𝑎 denote Boltzmann’s constant and the activation energy
f the process, respectively, and 𝑘𝑒𝑥𝑝 can be determined from the
xperiment:

𝑘𝑒𝑥𝑝 = 𝑐0𝛥𝑉 . (2)

ombining the two equations the flux takes the temperature dependent
orm of

= 𝐽0 exp
(

−
𝐸𝑎

kB𝑇

)

(3)

with

𝐽0 =
𝑘0
𝐴

⋅
𝑐
𝑐0

. (4)

The second observation from the heat treatment experiment is that
the thickening of the oxide continues at a new, higher temperature.
Thus, the oxide layer can be constructed gradually from practically
microscopically thin layers. We can suppose that there must be a

sudden change in the oxide concentration at the metal oxide transition.
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Fig. 1. (A) The heat cell constructed for multiple-angle SE measurements in controlled ambient and temperature. (B) Typical measured (solid lines) and fitted (dashed lines) SE
spectra on the sample oxidized at 700 K for 18000 s. The inset shows the optical model used for the evaluation of the SE spectra. The different components of the EMA layer
were determined from different stages of the oxidation: the initial native zirconium oxide (yellow), a B-spline-3 fitted after the third heat-step 618 K (light blue) and a B-Spline-4
fitted after the fourth-final 700 K step (dark blue).
Fig. 2. Schematic diagram of the kinetic model. The yellow curve shows the anion flux
(𝐽𝑑 ) as a function of depth. The 𝑥 = 0 position corresponds to the interface between
the oxide and the substrate.

According to Fick’s first law, the flux is proportional to the negative of
the concentration gradient at each point; this results practically in a
singular value of the anion flux. We specify an identical area, 𝐴, on
each plane of 𝑑𝑥 in Fig. 2, and we can calculate the number of oxygen
atoms that are added to the volume between the two planes during an
increment of time, d𝑡:

(𝐽𝑑 − 𝐽 )𝐴d𝑡 = 𝑐0𝐴d𝑥. (5)

Here, 𝐽𝑑 is considered to be the charge carrier transport, analogous to
that used in calculations for semiconductors. It depends on the mobility
(𝜇) and the electric field (𝐸):

𝐽𝑑 = 𝑐0𝑣𝑑 = 𝑐0𝜇𝐸, (6)

where the velocity of the anions is 𝑣𝑑 = 𝜇𝐸.
𝐸(𝑥) can be determined in a way similar to the physics of semi-

conductor p–n junctions (using the Boltzmann limit instead of the
Bose–Einstein statistics), assuming 𝑐(𝑥) = c0𝑥∕𝑤 at the metal-oxide
interface. In order to determine 𝐽𝑑 (𝑥), we are searching for 𝐸(𝑥), which
can be expressed as a function of the potential (𝑈):

𝐸 = −𝑒 𝜕𝑈
𝜕𝑥

, (7)

where 𝑒 denotes the elementary charge. Recalling the laws of statistical
mechanics, we can write the concentration of oxygen anions near the
𝑥 = 0 transition:
𝑐(𝑥)
c0

= exp
(

− 𝑒𝑈
kB𝑇

)

, (8)

𝑈 (𝑥) can be expressed as

−𝑒𝑈 = kB𝑇 ln
(

𝑐(𝑥)
c0

)

, (9)

the derivative of which is

𝑒 𝜕𝑈 = −
kB𝑇 . (10)
3

𝜕𝑥 𝑥
Substituting 𝐸 = −𝑒𝜕𝑈∕𝜕𝑥 into Eq. (6), 𝐽𝑑 can be expressed as

𝐽𝑑 = c0𝜇𝐸 = c0𝜇
kB𝑇
𝑥

=
c0𝐷
𝑥

= 𝐿
𝑥
. (11)

In this formalism 𝑣𝑑 = 𝜇kB𝑇 ∕𝑥 is the drift velocity, and 𝐷 = 𝜇kB𝑇
is the Stokes–Einstein formula for the Brownian motion. Also note that
kB𝑇 ∕𝑥 is the force (in N) applied to the anions by the electric field. The
mobility (𝜇), which is the inverse of the friction constant, is related
to the fluctuation of the velocity of the Brownian motion, being a
manifestation of the fluctuation–dissipation theorem [35]. The mobility
(𝜇) in the diffusion coefficient (𝐷) is a function of the temperature, and
here interstitial diffusion can also be taken into account if we arbitrarily
supplement it with the usual exponential formula:

𝐿 = c0𝜇 kB𝑇 exp
(

−
𝐸𝑑
kB𝑇

)

. (12)

Substituting the results into Eq. (4), taking into account the direction
of flow regarding the coordinate system of Fig. 2:
𝐿
𝑥

− 𝐽 = 𝐾 d𝑥
d𝑡 . (13)

Here, instead of concentration c0, we introduce a parameter 𝐾,
suggesting that in general cases it may be a nonstoichiometry value.
The integration of Eq. (13) from 0 to t results in

𝑡 = −𝑥𝐾
𝐽

− 𝐿𝐾
𝐽 2

ln
(

1 − 𝑥 𝐽
𝐿

)

. (14)

Eq. (14) describing the time dependence of oxide growth contains
an important statement; the numerous of the logarithm function can
only be interpreted in the range 0 and 𝑥 = 𝐿

𝐽 , which means that the
layer thickness approaches a 𝛿 value at a given temperature, where

𝛿 = 𝐿
𝐽
. (15)

Also the Eq. (14) can be simplified using a series expansion at 𝑥 ≃ 0 as
follows:

𝑡 = 𝐾
2𝐿

𝑥2, (16)

4. Results

4.1. Model of the optical measurements

To build proper SE models, the experience and result from previous
investigations [22,23] were utilized. The choice was settled on a one-
layer model, which was used with an effective medium approximation
(EMA) model for the surface layer, whereas the substrate was described
by Lorentz oscillators. In the EMA layer the dielectric function of
the surface layer (parameterized by the B-Spline model [36,37]) at
different stages of the oxidation were mixed: the initial native oxide,
a B-spline-3 fitted after the third 618 K heat-step and a B-Spline-4
fitted after the fourth-final 700 K step, as shown in Figs. 1(B) and 3.
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The gained refractive indices and few relevant Refs. [32,38–40] can
be also seen in Fig. 3. During oxidation only the thickness and the
volume fractions of the components were fitted, taking into account
the structure-dependent optical properties of the film [24,41,42]. The
surface roughness was neglected, which is in this case part of the layer,
possibly causing and offset in the layer thickness on the nm scale.
Compared to the thicknesses of the order of 100 nm, and due to the
fact that we were primarily looking for the dynamics of the thickness
change, this effect is expected to be negligible.

4.2. Analysis of the optical measurements

The kinetic curves of Figs. 4 and 5 described by Eq. (14) were fitted
using Eq. (15) and the following substitution:
𝐾
𝐽

= 𝛼, (17)

Using this notations, Eq. (13) takes the normalized form of
𝛿
𝑥
− 1 = 𝛼 d𝑥

d𝑡 . (18)

The Eq. (18) expresses that the oxide stops growing at the thickness
of 𝑥 = 𝛿. The 𝛼 parameter illustrates the reciprocal of the growth rate
of the oxide layer. The value of this and the 𝛿 thickness can be well
matched in the range of 300–600 K based on the measurement results:

𝛼 = 16.4 exp
(

0.96
kB

[ 1
𝑇

− 1
𝜃

]

)

(19)

n unit of s/nm, where 𝜃 = 666 K is included in the formula to remind
s of the range of validity of the formula,

= 0.47 𝑇 exp
(

−0.47
kB

[ 1
𝑇

− 1
𝜃

]

)

(20)

n unit of nm.
The oxidation process described by the equation takes place under

xtremely strictly defined conditions. It should first be mentioned that
he variable 𝑥 in the equation is only interpreted at positive values. It
gnores the processes (thus diffusion of metal ions) within the metal
urface. All this is consistent with the fact that our goal in this study is
o demonstrate the interpretation of the data measured by ellipsometry.

Second, we emphasize that the equation describes the process such
hat each O- anion incorporates into the solid oxide. This incorporation
akes place only at the metal oxide interface (𝑥 = 0). The fact that there
s always enough oxygen in atomic form is due to the thermodynamic
escription of the equilibrium of metal oxidation. The model assumes
hat the growth rate determined and measured by the reaction constant
𝑒𝑥𝑝 receives sufficient replenishment from the flux 𝐽 . If the drift
elocity 𝑣𝑑 is less than the growth rate, the growth of the oxide layer
ill be stopped. This experiment proves that with a small decrease in

emperature, the growth breaks off immediately.

. Discussion

The in-situ measurement demonstrated that the observed relation
f the oxide growth agrees well with our formulas in the temperature
ange of 300–600 K. Measurements taken up to 600 K can be fitted in
n acceptable accuracy, but the form of the growth profile recorded at
00 K is surprisingly different from the others. We are not aware of
uch a rapid, phase-transition-like change within a given system, so we
ry to provide the explanation with the model itself. To do this, we first
nterpret the flux 𝐽 as follows. By substituting 𝑥 = 𝛿∕2 into Eq. (18) we
btain

= 𝛼 d𝑥
d𝑡 , (21)

r using Eq. (17)

0 exp
(

−𝐸𝑎
)

= 𝐾 d𝑥 . (22)
4

kB𝑇 d𝑡
This means that 𝐽 is numerically equal to the incoming O- anion
flux that the layer absorbs when it reaches half of the predictable oxide
thickness (𝛿 — see the Eq. (20)). By studying Eq. (18), it becomes
clear that in the later phase of growth, the value of the absorbed
flux decreases to zero, where the oxidation process terminates. In the
earlier stage – when starting the annealing 𝐽𝑑 – must approach an
infinitely large (singular) value at 𝑥 = 0. It should be noted that the
approximation to describe the initiation of growth, 𝑥 ≈ 0, can be easily
calculated by omitting the value of 1 in Eq. (18), since its value is
negligible to 𝛿∕𝑥. According to Eq. (6) the flux 𝐽𝑑 = 𝑣𝑑c0 and the
roduct of 𝑣𝑑c0 must be near constant in the middle range of the
xide layer. Thus, the incoming flux demands 𝐽 of the oxidation at
emperature 𝑇 reaching a thickness of 𝑥 = 𝛿∕2 an essential feature of
he process.

Furthermore, consider how much flux 𝐽𝑜𝑥 produces depending on
he partial pressure of oxygen in the environment. Under our conditions
f temperature and pressure, oxygen behaves qualitatively like an ideal
as, thus a very rough estimation can be made of the particle flux 𝐽𝑜𝑥
eaching the surface of the oxide boundary is

𝑜𝑥 =
𝑝

2
√

3kB𝑇𝑚0
, (23)

here 𝑝 denotes the partial pressure in Pascal and 𝑚0 stands for the
ass of oxygen atoms (no dissociation was considered). It can be seen

rom the table that at normal pressure and low temperature the number
f available oxygen atoms exceeds 𝐽 , which determines the oxidation
rocess. The oxygen demand of the system can be characterized by a
ressure value 𝑝∗. This is determined from the equality of 𝐽 and 𝐾
isregarding all kinds of dissociation efficiencies and diffusion losses:

0 exp
(

−𝐸𝑎
kB𝑇

)

=
𝑝∗

2
√

3kB𝑇𝑚0
, (24)

It can be seen that as the temperature increases, the number of avail-
able oxygen atoms decreases. In contrast, the flux demand 𝐽 required
for oxidation increases exponentially. At least a thousand times 𝑝∗ is
equired to run the oxidation kinetics accordingly to the models. This
s the estimated value to satisfy the singular oxygen demand at the
eginning of the oxidation process. If this is not fulfilled, the growth
rofile describing the oxidation process will be distorted.

In the case where not enough anions are available, the value of
𝑑 could not increase many times of 𝐽 . It can be assumed that non-
toichiometric oxide can grow in the anion-deficient section; Eq. (13)
emains valid if 𝐾 < 𝑐0. We can also make a rough estimation that the
alue of 𝐾 increases linearly over a period of 𝛿∕𝑛 (𝑛 = 2, 3…) growth

until it reaches the value of 𝑐0. Substituting in Eq. (3), we get a third
degree expression at 𝑥 ≈ 0:
𝐿
𝑥

− 𝐽 = 𝑐0
𝑥
𝛿∕𝑛

d𝑥
d𝑡 . (25)

Integrating and returning to the normalized from of Eq. (18):

𝑡(3) = 𝑡(2) −
𝛼𝑛
𝛿
𝑥2 + 3

2
𝛼𝑛𝛿, 0 < 𝑥 < 𝛿

𝑛
. (26)

Approaching at 𝑥 ≈ 0:

𝑡(3) =
𝑛
3
𝛼
𝛿2

𝑥3. (27)

This cubic dependence (𝑡(2) and 𝑡(3) denote parabolic (Eq. (16)) and
cubic dependences, respectively) appears in the initial stage of heat
treatment at 700 K. When the growth reaches a stage such that 𝐽 < 𝐽𝑜𝑥,
a stoichiometric layer grows according to Eq. (14). All this can be
observed by the refractive index values (Figs. 5 and 6). It seems to
be proven that if the heat treatment persists for the time predictable
as 𝛼𝛿, in the second half of the annealing process the excess oxygen
could be involved in the oxidation of the zirconium excess in the non-
stoichiometric range. For the heat treatment at 700 K, Eq. (27) can
be fitted by choosing 𝑛 ≈ 500. This means that the thickness of the
transient layer is approximately 1 nm — thus, the change from Zr to
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Fig. 3. Refractive index, 𝑛, (A) and extinction coefficient, 𝑘, (B) (spectra plotted along the vertical axes) as a function of time during the oxidation. 𝑛 and 𝑘 spectra of the substrate
(Zr, (C) and (D)) and the layer (ZrO2, (E) and (F)) measured in frame of this study, together with a few relevant references from the literature [32,38–40].
Fig. 4. Steps of thickness increase as a function of time under the influence of the increasing temperature values.
fully stoichiometric dioxide is rather abrupt. Our approximation seems
to be absurd, but by treating the equations numerically we could get a
more realistic value. On the other hand, Eq. (26) describing the final
stage of the heat treatment process can be fitted with 𝑛 ≈ 0.15, which
can be considered as 𝑡 = 𝑡 identity — no transient layer is present.
5

(2) (3)
This is not the only pressure-dependent effect that can affect the

oxidation process. The pressure- and temperature-dependence can be

analyzed by considering the standard free energy (𝛥𝐺) with a term

corresponding to the so-called activity given in Ref. [43].
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Fig. 5. (A) Optical models at different stages (1–4) of the oxidation process. (B) Photographs of ≈2 cm × 2 cm E125 alloy samples to demonstrate the change of color due to the
different thicknesses of the oxides grown at various oxygen/argon ratios [23]. (C–F) Time versus thickness for different O2 concentrations at different temperatures, determined
from the optical model shown in (A). The solid dark-gray lines show the curves fitted using Eq. (14). In case of 700 K Eq. (26) was used instead.
Fig. 6. Arrhenius plots of 𝛼 (A) and 𝛿∕𝑇 (B). The yellow triangles belong to the temperature of 700 K, which is already outside of the defined 666 K upper limit defined, it can
be seen that they do not fit well on the fitted lines.
The condition of chemical equilibrium is that the sum of the chem-
ical potentials weighted by stoichiometric coefficients is zero. The
oxygen pressure at which the oxidation starts can be calculated or used
from the work of Ref. [44]. Based on the Ellingham diagram, about
𝑝 = 10−86 bar for 𝑝 was estimated at 𝑇 = 600 K.
6

The validity of the proposed model decreases with increasing thick-
nesses due to the vertical inhomogeneity of the oxide layer and the
fluctuations in 𝜇 (the region of increasing deviation of the experimental
and fitted curves in Fig. 5). Here, both the optical and the kinetic
models have to be changed, possibly involving numerical methods. In
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this region 𝜇 is not a single value anymore, but a spectrum and a
function of the depth.

6. Conclusions

A simple phenomenological model was developed that attempts
to relate the parameters of the transport properties of the atomic
oxygen (anions) to the results of kinetics measured by ellipsometry in a
thickness range (from a few nanometers to a few hundred nanometers)
that has not yet been studied in detail. We have shown that the kinetic
behavior can fenomenologically be described by the approach used for
the analysis of p–n junctions in semiconductor physics. The equations
postulate that the oxide thickness approaches a value determined by
temperature. The resulting oxide is stoichiometric when the growth
occurs in an oxygen-rich environment. Stoichiometry is temporarily
impaired in an oxygen-deficient environment, but if the heat treatment
time is long enough for 𝛼 ⋅ 𝛿, it becomes complete by the excess oxygen
present in the final stage of the process. The driving force introduced
into our phenomenological model based on ellipsometric measurements
determines the kinetics of growth in a consistent and concordant way.
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Appendix A. Constants used in the calculations

• kB = 8.62 ⋅ 10−5 eV/K, Boltzmann constant;
• 𝑐0 = 9.13 ⋅ 10−19 mol/nm3, O− concentration in ZrO2;
• 𝐾 = 𝑐0 in units of mol/nm3;
• 𝜃 = 666 K.

ppendix B. Temperature dependence of parameters

See Table B.1.

• 𝜇 = 2.07 ⋅ 103 exp
(

−1.44
kB

[

1
𝑇 − 1

𝜃

])

m/(N⋅ s), mobility;

• 𝐷 = 𝜇kB𝑇 = 2.86 𝑇 ⋅ 10−2 exp
(

−1.44
kB

[

1
𝑇 − 1

𝜃

])

nm2/s, diffusion
coefficient;

• 𝐽 = 5.56 ⋅ 10−20 exp
(

−0.96
kB

[

1
𝑇 − 1

𝜃

])

mol/nm2 s;

• 𝐿 = 2.61 𝑇 ⋅ 10−20 exp
(

−1.44
kB

[

1
𝑇 − 1

𝜃

])

mol/(nm s K);

• 𝛼 = K
J = 16.4 exp

(

0.96
kB

[

1
𝑇 − 1

𝜃

])

s/nm;

• 𝛿 = 𝐿
𝐽 = 0.47 𝑇 exp

(

−0.48
kB

[

1
𝑇 − 1

𝜃

])

nm.
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Table B.1
Calculated parameters of the kinetic curves at different temperatures. 𝑣drift is provided
for 𝑥 = 𝛿∕2.
𝑇 (K) 𝑝∗ (Pa) 𝛿 (nm) 𝑤 (nm) 𝐸 (V/nm) 𝑣drift (nm/s)

666 2.580 313 11.0 2.9 ⋅ 10−3 6.08 ⋅ 10−2

618 0.680 156 9.5 2.8 ⋅ 10−3 1.65 ⋅ 10−2

553 0.076 27 6.2 2.5 ⋅ 10−3 1.97 ⋅ 10−3

500 0.008 15 5.0 2.3 ⋅ 10−3 2.31 ⋅ 10−4
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