
https://media.suub.uni-bremen.de 

Titel/Title: 

Autor*innen/Author(s): 

Veröffentlichungsversion/Published version: 

Publikationsform/Type of publication: 

Empfohlene Zitierung/Recommended citation: 

Verfügbar unter/Available at: 
(wenn vorhanden, bitte den DOI angeben/please provide the DOI if available) 

Zusätzliche Informationen/Additional information: 

Ingmar Bösing, Jorg Thöming, Fabio La Mantia

Modeling of electrochemical oxide film growth – impact of band-to-band 
tunneling

Postprint

Artikel/Aufsatz

Ingmar Bösing, Jorg Thöming, Fabio La Mantia (2022) Modeling of electrochemical oxide 
film growth – impact of band-to-band tunneling, Electrochimica Acta 406, 139848, DOI 
10.1016/j.electacta.2022.139848.

https://doi.org/10.1016/j.electacta.2022.139848

Accepted for publication in Electrochimica Acta. 
Corresponding author: 
Ingmar Bösing, Chemical Process Engineering Group (CVT), Bremen, University of Bremen, 
Germany 
ingmar.boesing@uni-bremen.de



Modeling of Electrochemical Oxide Film Growth 

– Impact of Band-to-Band Tunneling
Ingmar Bösing*1,3, Jorg Thöming1,3, Fabio La Mantia2,3 

1Chemical Process Engineering Group (CVT) 
2Energy storage and conversion systems 
3University of Bremen 

*corresponding author, ingmarboesing@uni-bremen.de

Leobener Strasse 6

28359 Bremen

Germany

Keywords: Passivity, metal oxides, modeling, Point Defect Model, Band-to-band tunneling 

Abstract The Point Defect Model (PDM) describes the corrosion resistance properties of oxide films based 

on interfacial reactions and defect transport, which are affected by the electric field inside the oxide film. The 

PDM assumes a constant electric field strength due to band-to-band tunneling (BTBT) of electrons and the 

separation of electrons and holes by high electric fields. In this manuscript we present a more complex expan-

sion of the common models to simulate steady state oxide films to test this assumption. The R-PDM was ex-

tended by including the transport of electrons and holes and BTBT. It could be shown that BTBT only occurs in 

very rare cases of narrow band gaps and high electric fields and the impact of electrons and holes does indeed 

lead to a buffering effect on the electric field, but does not lead to a constant electric field strength. Modeling 

the transport of electrons and holes on the oxide film allows to specifically estimate their potential impact on 

the film growth. Especially during modeling of oxide films with narrow band gap and/or electrochemical reac-

tions at the film/solution interface the electrons and holes needs to be included to the model. 

1. INTRODUCTION

The Point Defect Model (PDM) is developed in 1981 to describe oxide film growth by a 

set of interfacial reactions and transport processes [1]. Since the early beginnings the PDM 

has seen several changes and extensions to enable the description of oxide film growth on 

several metals [2]. Furthermore, it has been shown that the PDM fits experimental data very 

well, and can be used to extract kinetic parameters from impedance data [3–9]. 

Despite the extensive use of the model and the possibility of depicting experimental data 

via the model the PDM is still critically discussed. One of the main assumptions of the PDM 

– a constant electrical field strength independent of external potential inside the oxide – was

often a matter of debate [10–12]. Even though, the referenced literature did expand the PDM

to achieve a deeper insight into the behavior of the electrical field under potentiostatic con-

trol, the hypothesis of the PDM (buffering of the electric field by band-to-band tunneling [2]),
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was not included to the models. Thus, the hypothesis is not tested and the potential effect of 

BTBT on the modelled electric field distribution is not described until now. 

The simulated steady state behavior of oxide films, described by taking into account only 

defects and by excluding electrons and holes, has been extensively discussed in our previous 

publication [13]. It could be shown that the electric field distribution inside the oxide film 

depends on the external potential and on the position inside the film. Since, on the one hand, 

the electric field is affected by the charge carriers (oxygen and metal vacancies in the dis-

cussed case), as can be seen by the Poisson equation, but on the other hand does affect the 

transport and generation of the charge carriers (and thus the steady state film thickness), by 

its influence on the potential, a deep knowledge of possible effects on the electric field is 

important for the modeling of oxide films. 

As pointed out by Macdonald et al. the electric field can also be affected by electrons and 

holes [2], thus, their influence on the electric field needs to be discussed. As Macdonald et al. 

argued, high electric fields can lead to band bending, which enables band-to-band tunneling 

(BTBT) and thereby to a high amount of additional charge carriers (electrons in the conduc-

tion band and holes in the valence band). By the electric field inside the oxide film both 

charge carriers can be separated. This in turn might buffer the electric field at values between 

2-5 MV/cm, an effect that could lead to a potential independent electric field inside the oxide 

[2]. 

There are already some attempts to implement the impact of electrons and holes to the 

modeling of oxide films. In 2010 Bataillon et al. presented a comprehensive model for oxide 

film growth on iron, called The Diffusion Poisson Coupled Model, including the transport 

of electrons [14]. In contrast to the present study, they did not include the transport and 

generation of holes and the possibility of band-to-band tunneling. Furthermore, they used a 

different approach for the boundary conditions of their model, based on the differential ca-

pacitances of the interfaces. Couet et al. presented the coupled current charge compensation 

model in 2015 and successfully fitted it to experimental data [15]. The model does incorpo-

rate the transport of electrons but is based on several assumptions which are different from 

the presented study, among others a constant potential drop at the metal/film interface, no 

potential drop at the film/solution interface and no BTBT. In the same year, 2015, Momeni et 

al. introduced the mass-charge balance model. The influence of electrons is included by the 

Fermi-Levels and, among others, the driving force for the electrochemical reactions differs 

from the presented study [16]. 

The shown dependency of the electric field on the external potential in the previous study 

was derived from a model without considering the influence of the interactions of electrons 

and holes as well as the implications of energy levels on their transport and tunneling be-

havior. To analyze the effect of an inclusion of electrons and holes to modeling of oxide film 

growth and to test Macdonald’s et al. hypothesis that the separation of electrons and holes 
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shows a significant impact on the electric filed, we extend the model in this study by: 

• Thermal generation of electrons and holes 

• Recombination of electrons and holes 

• BTBT of electrons from the valence band to the conduction band to generate elec-

trons in the conduction band and holes in the valence band. 

• Transport of electrons in the conduction band and holes in the valence band. 

 

To test the impact of BTBT, we compare four different simulations, which are identical, with 

the exception of the behavior of electrons and holes.  

The oxides only differ in the presence of charge carriers, their concentration (defined by the 

band gap) and the possibility of BTBT. The additionally parameters describing the oxide 

growth are identical; in this way it is possible to isolate the impact of electrons and holes, 

and BTBT on the oxide film growth.  

We show that the case of possible BTBT can only be observed when the oxide film has very 

specific properties (thick oxide film with narrow band gap). In such cases, it does influence 

the electric field inside the oxide film and indeed has a buffering effect on the electric field. 

We also show that this effect does neither lead to a potential independent electric field nor 

to a uniform (space independent) electric field. 

2.   MODEL DESCRIPTION  

A detailed description of the interfacial reactions, the transport of crystal defects and the 

calculation of the electric field by the Poisson equation and its boundary conditions is given 

in our earlier publication [13]. For the given case of additional charge carriers – electrons in 

the conduction band and holes in the valence band – the Poisson equation needs to be ex-

tended by these charge carriers: 

 𝜕𝜕2𝜑𝜑𝜕𝜕𝑥𝑥2 =
𝜕𝜕𝐹𝐹E𝜕𝜕𝑥𝑥 = − 𝐹𝐹𝜀𝜀r𝜀𝜀0 ∑𝑧𝑧𝑖𝑖𝑐𝑐𝑖𝑖 (1) 

whereas in this case 𝑐𝑐𝑖𝑖 includes not only crystal defects – namely oxygen and metal vacancies 

– but also electrons and holes. Accordingly, 𝑧𝑧𝑖𝑖 is the charge of the species and 𝜀𝜀0 is the per-

mittivity of the vacuum 8.85×10-12 As/V/m, 𝜀𝜀r describes the relative permittivity. 

Further changes to the former model are described below. 

2.1 Description of Electrons and Holes Transport and Generation 

In addition to the transport of defects as described in our earlier publication, generation, 
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transport and boundary conditions of electrons and holes are an important concept for the 

modeling of the oxide film. It is assumed that the defects enter the oxide film as already 

charged defects. Thus, the number of electrons and holes is not directly affected by the num-

ber of defects as it can be expected in doped semiconductors. Of course, the number of de-

fects affects the electric field which in turn has an impact on the transport equations and thus 

the concentration of electrons.  

2.1.1 Transport equation 

Electrons and holes can be transported by drift due to the electric field and by diffusion 

due to concentration gradients [17]. Both can be calculated equivalent to the transport of 

defects inside the film, leading to: 

 𝐽𝐽𝑖𝑖 = −𝐷𝐷𝑖𝑖 𝜕𝜕𝑐𝑐𝑖𝑖𝜕𝜕𝑥𝑥 − 𝑧𝑧𝑖𝑖𝐹𝐹𝐷𝐷𝑖𝑖𝑅𝑅𝑅𝑅 𝜕𝜕𝜑𝜑𝜕𝜕𝑥𝑥 𝑐𝑐𝑖𝑖 (2) 

with the concentration of either electrons or holes 𝑐𝑐𝑖𝑖, the diffusion coefficient of the the ac-

cording charge carrier 𝐷𝐷𝑖𝑖, Faraday’s constant 𝐹𝐹, the universal gas constant 𝑅𝑅 and the univer-

sal temperature 𝑅𝑅. 

Additional to the transport of electrons and holes there will be thermal generation of elec-

trons and holes and recombination of both, which leads to annihilation of the charge carriers. 

The rate of generation and recombination 𝑟𝑟G can be described by [18]: 

 𝑟𝑟𝐺𝐺 =
𝑐𝑐e𝑐𝑐h − 𝑐𝑐𝑖𝑖,02𝜏𝜏R . (3) 

where the indexes e and h represent electrons and holes respectively and 𝑐𝑐𝑖𝑖,0 the concentra-

tion of intrinsic charge carriers. The conversation of mass is given for each species 𝑖𝑖 by: 

 𝜕𝜕𝑐𝑐𝑖𝑖𝜕𝜕𝜕𝜕 = −Δ𝐽𝐽𝑖𝑖 + 𝑟𝑟G. (4) 

 

Even though, it is well known that many material parameters in oxide films can be posi-

tion dependent,  for example due to impurities or high doping, which might affect the 

transport of the charge carriers [19], for the purpose of this publication these effects are ne-

glected. 

 

2.1.2 Boundary conditions 

2.1.2.1 Metal/film interface 

The fermi level of electrons at the metal side and at the film site of the metal/film boundary 

must be in equilibrium. Assuming that the metal/film interface is a metallic junction, the 

fermi level at the metal side of the boundary can be calculated by the standard potential of 

the electrons 𝜇𝜇e0 in the metal and the external potential 𝜑𝜑ext [17]: 
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 𝐸𝐸Fm = 𝜇𝜇e0 − 𝑒𝑒𝜑𝜑ext (5) 

Here 𝐸𝐸Fm is the fermi level of the electrons in the metal and 𝑒𝑒 the elementary charge. The 

concentration of electrons 𝑐𝑐e in the conduction band at the metal/film interface can be calcu-

lated by [18]: 

 𝑐𝑐e = 𝑁𝑁c exp �𝐸𝐸𝐹𝐹 − 𝐸𝐸𝑐𝑐𝑘𝑘𝐵𝐵𝑅𝑅 �  (6) 

with the density of states 𝑁𝑁c in the conduction band, the fermi level 𝐸𝐸F, the energy at the 

bottom edge of the conduction band 𝐸𝐸c, the Boltzmann constant 𝑘𝑘B and the universal tem-

perature 𝑅𝑅. Considering the equilibrium between fermi levels at the metal film interface 𝐸𝐸Fm = 𝐸𝐸Fm/f
 and  

 𝐸𝐸c = 𝐸𝐸c0 − 𝑒𝑒𝜑𝜑 (7) 

whereas 𝐸𝐸c0 is a fixed value, independent of electrical state and equal to the conduction 

band energy relative to vacuum. One can calculate the electrons' concentration at the metal 

film boundary as: 

 𝑐𝑐e = 𝑁𝑁c exp�𝜇𝜇𝑒𝑒0 − 𝐸𝐸𝑐𝑐0 + (𝜑𝜑 − 𝜑𝜑ext)𝑒𝑒𝑘𝑘𝐵𝐵𝑅𝑅 �, (8) 

whereas 𝜑𝜑 is the potential at the film side of the metal/film interface, or more precisely at the 

defect layer/film interface (compare [13] for a more detailed description of the potential dis-

tribution at the metal/film interface according to the R-PDM). It is debatable that electrons 

and holes can enter the defect layer, for numerical simplification the defect layer remains 

charge free in this study. The calculation of holes 𝑐𝑐h in the valence band at the metal/film 

interface can be done equivalent and leads to: 

 𝑐𝑐h = 𝑁𝑁v exp �𝐸𝐸𝑣𝑣0 − 𝜇𝜇𝑒𝑒0𝑘𝑘𝐵𝐵𝑅𝑅 � (9) 

with the energy at the top edge of the valence band relative to vacuum 𝐸𝐸v0 and the density of 

states of holes 𝑁𝑁v. 

2.1.2.2 Film/solution interface 

It is assumed that no electrochemical reaction is occurring at the film/solution interface. 

Thus, a no flux boundary condition applies at the film/solution interface for both, the elec-

trons and the holes. The transport by diffusion needs to be balanced by the transport by 

migration which leads to: 

 −𝐷𝐷𝑖𝑖 d𝑐𝑐𝑖𝑖
d𝑥𝑥 = 𝑧𝑧𝑖𝑖𝜇𝜇𝑖𝑖𝑐𝑐𝑖𝑖 d𝜑𝜑

d𝑥𝑥   (10) 

 

2.1.3 Band-to-band Tunneling 

Band-to-band tunneling (BTBT) can appear if the band bending of the conduction and the 
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valence band is high enough to enable tunneling of electrons from one band to another with-

out changing its energy. The mechanism of BTBT in contrast to thermal generation of elec-

trons and holes is schematically shown in Figure 1. Without an electric field the energy of 

the valence band (𝐸𝐸v) and the conduction band (𝐸𝐸c) are independent of position in the oxide. 

With an electric field the band energy changes in space and 𝐸𝐸v and 𝐸𝐸c can have the same 

energy at different positions in the oxide film. This enables the tunneling of an electron from 

the valence band to the conduction band without a change in energy. 

The rate of band-to-band tunneling 𝑟𝑟BTB can be described by [20,21]: 

 𝑟𝑟BTB = 𝐴𝐴 �𝐹𝐹E𝐹𝐹0�𝑃𝑃 exp �− 𝐵𝐵𝐹𝐹𝐸𝐸� (11) 

where 𝐹𝐹0 = 1 Vcm−1, 𝑃𝑃 = 2 for direct BTBT and 𝐴𝐴 and 𝐵𝐵 are the material specific Kane pa-

rameters and depend, among others, on the band gap, whereas a small band gap leads to a 

higher tunnel rate. It is important to note that in an infinite thick oxide film the smallest band 

bending will lead to BTBT, but in real oxide films with finite length a minimum electric field 

is needed to enable BTBT. The minimum electric field strength 𝐹𝐹Emin can be calculated taking 

into account the change of band energy 𝐸𝐸𝑖𝑖: 
 𝐸𝐸𝑖𝑖 = 𝐸𝐸𝑖𝑖0 − 𝑒𝑒𝜑𝜑 (12) 

where the index 𝑖𝑖 represents either 𝑐𝑐 for the conduction band or 𝑣𝑣 in case of the valence 

band, 𝑒𝑒 is the elementary charge and 𝐸𝐸𝑖𝑖0 is the band energy without an external potential. 

Thus, the change of band energy with space  d𝐸𝐸𝑖𝑖/d𝑥𝑥 can be calculated by: 

 d𝐸𝐸
d𝑥𝑥 = −𝑒𝑒 d𝜑𝜑

d𝑥𝑥 = −𝑒𝑒𝐹𝐹E (13) 

Since the band bending (change of band energy) over the length of the oxide film must be at 

least equal to the energy of the band gap leading to d𝐸𝐸/d𝑥𝑥 = 𝐸𝐸g/𝐿𝐿 , the minimum field 

strength can be calculated as: 

 𝐹𝐹Emin =
𝐸𝐸g𝐿𝐿𝑒𝑒. (14) 

For 𝐹𝐹Emin electron tunneling from one edge to the other edge of the oxide film is possible, 

the higher the field strength compared to 𝐹𝐹Emin the wider the interval in which BTBT is ena-

bled. A calculation of the 𝐹𝐹Emin  depending on the band gap and the oxide film thickness 

shows that BTBT is only possible for thick oxide films, because also small band bending can 

be enough to bring two points of the valence band and the conduction band to the same 

energy, or oxides with very narrow band gap (Figure 2). The calculation of the tunnel dis-

tance 𝑑𝑑T can be done equivalent and yields: 

 𝑑𝑑T =
𝐸𝐸g𝐹𝐹E𝑒𝑒 (15) 
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Figure 1: Schematic diagram of possible electrons and holes generation. 𝐸𝐸v: energy of the valance band 

at the top edge of the band, 𝐸𝐸c: energy of the conduction band at the lower edge. 𝑑𝑑T: tunnel distance. 

 

 

Figure 2: Minimum field strength to enable band-to-band tunneling from one edge of the film to an-

other depending on the film thickness and the band gap. 

2.2 Case study Parameters 

Additionally, to the parameters given in the previous publication on oxide film growth 

publication, the transport and generation/recombination of electrons must be described by 

several variables/constant, which are given in Table 1. 
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Table 1: Model parameters 

Symbol Model parameter Parameter  

value 

Parameter 

unit 𝑒𝑒 Elementary charge 1.602 × 10−19 C 𝑁𝑁𝐴𝐴 Avogadro constant 6.022 × 1023 1/mol 𝑁𝑁c Density of states in the conduction band 1 × 1020/𝑁𝑁A mol/cm3 𝑁𝑁v Density of states valence band 𝑁𝑁c mol/cm3 𝑘𝑘B Boltzmann constant 1.38 × 1023 J/K 𝜇𝜇e EC potential electron with respect to vacuum 2.0  eV 𝐸𝐸Fm Fermi level metal 𝜇𝜇e0 − 𝑒𝑒𝜑𝜑ext eV 𝐸𝐸c0 Energy band edge conduction band without ex-

ternal potential 

2.25 / 3.0 eV 

𝐸𝐸v0 Energy band edge valence band without external 

potential 

1.75 / 1. 0 eV 

𝜏𝜏R Recombination constant 3 × 105/𝑁𝑁A mols/cm3 𝐷𝐷e Diffusion coefficient electron 3.28 × 10−4 m2/s 𝐷𝐷h Diffusion coefficient holes 3.28 × 10−4 m2/s 𝐴𝐴 First Kane parameter for BTBT 1.4 × 1020/𝑁𝑁A mol/m³/s 𝐵𝐵 Second Kane parameter for BTBT 5 MV/cm 𝑧𝑧e Charge number electron −1  𝑧𝑧h Charge number hole 1  𝑟𝑟G Generation rate  1 × 10−10 mol/m³/s 

 

 

Figure 3: Oxide film thickness at steady state depending on the external potential calculated for four 

different cases: without inclusion of electrons, wide band gap (2 eV) and no BTBT, narrow band gap 

(0.5 eV) and no BTBT and narrow band gap (0.5 eV) and BTBT. 
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3.  INFLUENCE OF ELECTRONS AND HOLES ON STEADY STATE 

OXIDE FILM PROPERTIES  

The influence of electrons and holes on the behavior of oxide films strongly depends on 

the number of electrons in the conduction band and the number of holes in the valence band. 

The following calculations are separated in four different cases:  

1. An oxide film with a band gap of 2 eV, which is in the range of iron oxide [22], and 

thus does not tend to BTBT for field strengths of around 3 MV/cm and film thick-

nesses of around 5 nm.  

2. Artificial oxide films are calculated with narrower band gap of 0.5 eV with high 

BTBT (defined by a high value of Kanes parameter 𝐴𝐴)  

3. As before, but without BTBT.  

4. Base case without any inclusion of electrons and holes at all. 

The calculations are performed using Equations (1-10) from the previous manuscript [13] 

in combination with all equations listed above.  

Assuming a wide band gap and thus a low concentration of electrons (as can be seen from 

Equation 5) the influence of electrons and holes on the film thickness of oxide film is ne-

glectable (Figure 3). Due to a narrow band gap, or more precisely due to a smaller difference 𝐸𝐸F − 𝐸𝐸c  and 𝐸𝐸v − 𝐸𝐸F , the number of electrons and holes increases and their effect on the 

steady state film thickness becomes more pronounced. With additional BTBT the effect 
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Figure 4: Electric field strength for three different cases – wide band gap (2 eV), narrow band gap (0.5 

eV) without and with BTBT - depending on the external potential. a) Electric field strength calculated 

for an external potential of 0.5 V; b) 1.0 V; c) 1.5 V; d) Maximum electric field strength depending on 

the external potential. 

is even more visible. Due to increased BTBT with increasing field strength, the effect of a 

thicker steady state film thickness is more pronounced at higher external potentials. It should 

be noted that the effect of BTBT on the steady state film thickness (and on the additional 

oxide film behavior) strongly depends on the Kane parameters (and thus the rate of BTBT). 

In this case a high value for 𝐴𝐴 is chosen to clarify this effect. As discussed further in the man-

uscript, BTBT affects strongly the electric field distribution, by influencing the accumulation 

of charge at the metal/film and film/solution interfaces. This is due to the fact that the BTBT 

enhance the separation of charge in the film: it brings the electrons close to the metal/film 

interface and the holes close to the film/solution interface. So, while in the film the electric 

field is buffered, at its extreme it is enhanced.  

The electric field strength is a matter of debate in case of oxide film modeling [10,12,23]. 

It has been assumed the field strength will be buffered by BTBT and the separation of elec-

trons and holes [2]. There is indeed a buffering effect visible due to the influence of electrons 

and band-to-band tunneling (Figure 4). At a low external potential, the electric field is not 
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high enough to enable BTBT but the higher number of electrons, due to the narrow band 

gap, leads to a lowering of the electric field over a broad range of the oxide film. At the film 

solution interface, the electric field increases sharply due to the accumulation of holes (com-

pare below). Both cases with narrow band gap are similar (because no BTBT occurs) and 

differ slightly from the case with broad band gap (which is nearly identically to the case 

without electrons (not shown)) (Figure 4a). With increasing external potential from 1.0 V 

(Figure 4b) to 1.5 V (Figure 4c) the effect becomes more pronounced and is even reinforced 

by the BTBT. 

A comparison of the maximum electric field strength also shows the buffering effect of 

electrons and holes on the electric field (Figure 4d). Nevertheless, it is important to note that 

the effect neither leads to a potential independent electric field nor to a uniform space inde-

pendent electric field.  

The conentration of electrons and holes is affected by the electric field and by the 

possibility of BTBT (Figure 5). Due to the electric field the electrons are driven towards the 

metal/film interface and the holes are driven towards the film/solution interface. 

The Fermilevel of the metal in contact with the oxide film determines the electrons 

concentration at the boundary. If no tunnel current is possible, the electrons concentration 

decreases with distance to the metal/film interface (Figure 5a). The electric field drives the 

holes in the opposite direction. At the film/solution boundary a accumulation of holes is 

visible due to no flux from the oxide to the solution and the assumption of no electrochemical 

reaction (Figure 5b). Due to the assumption of no electrochemical reactions at the 

film/solution boundary (and thus the choice of boundary conditions) the total amount of 

holes in the oxide is drastically higher compared to the amount of electrons. The holes are 

only balanced by the recombination with the electrons (which is very low at the film/solution 

interface due to the transport by the electric field). The electrons, in turn, are also balanced 

by the fermi energy at the metal/film interface. Figure 5a and 5b show the case for a narrow 

band gap (0.5 eV), in case of the broader band gap (2 eV) the concentration profile is similar 

with lower total concentration of charge carriers (not shown). 

Enabling the possibility of BTBT increases the amount of electrons and leads to a new 

concentration profile (Figure 5c). The concentration at the metal/film interface is still dictated 

by the dirichlet boundary condition but a high flux of electrons from the valence band near 

the film/solution interface to the conduction band near the metal/film interface (compare 

Figure 1) leads to an accumulation of electrons. It is clearly visible at which point the 

electrons start to enter the conduction band by a steep increase of concentration. 

In case of the holes the generation of electrons in the conduction band near the metal/film 

interface causes a generation of holes in the valence band near the filmn/solution interface. 

This leads – in combination with the zero flux boundary condition – to an even increased 

concentration of holes. This accumulation can only be buffered by the very low concentration 
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of electrons due to the recombination mechanism. An oxidation reaction at this interface 

would be strongly enhanced by the flux of holes from the oxide to the solution and would 

lead to a lower holes concentration and buffer the effect of this charge accumulation and thus 

buffer the electric field at the film/solution interface. The strenght of this effect will strongly 

depend on the reaction rate of the electrochemical reaction consuming the holes from the 

oxide film. Assuming a reaction rate comparable to the reaction rates of vacancies production 

(10−8 mol/m-2s-1) the effect is negligible. Nevertheless, assuming an oxidation of the film itself 

by a reaction with the holes would eventually (under high enough potentials and thus high 

h+ concentrations) lead to transpassive breakdown of the film. Due to the enhanced rate of 

holes generation BTBT will increase the rate of electrochemical reactions at the film solution 

interface. 

 

Figure 5: Concentration of charge carriers over the normalized film length depending on the external 

potential. a) concentration of electrons (blue) and b) holes (red) without BTBT. c) electrons and d) 

holes concentration for enabled BTBT; 𝐸𝐸G = 0.5 eV in all cases. 
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Figure 6: Electron flux due to band-to-band tunneling depending on the external potential. The flux 

describes the flux of electrons to the conduction band from the valence band near the film/solution 

interface.  

 

 

 

 

Figure 7: Energy levels and Quasi Fermi Levels calculated for an external potential of 1.0 V; a) Band 

gap of 2 eV – no band-to-band tunneling; b) Band gap of 0.5 eV – band-to-band tunneling possible. 

The tunnel flux of electrons to the conduction band at position 𝑥𝑥 is determined by the 

electric field at position 𝑥𝑥 + 𝑑𝑑T, where 𝑑𝑑T is the tunnel distance (compare Figure 1). The elec-

tron flux due to band-to-band tunneling is very homogenous over a broad range at the be-

ginning due to the homogenous electric field strength (Figure 6). At higher external poten-

tials the interval of tunnel flux is enlarged due to a thicker film. In addition, the sharp in-

crease of the electric field at the film/solution interface causes a sharp increase of the flux of 

electrons when 𝑥𝑥 + 𝑑𝑑T is near the film/solution interface, which drops to zero when 𝑥𝑥 + 𝑑𝑑T >𝐿𝐿.  

The band energy and quasi fermi level calculated by the electrons via: 
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 𝐸𝐸Fe = 𝐸𝐸c + ln �𝑐𝑐e𝑁𝑁c� 𝑘𝑘B𝑅𝑅 (16) 

and by the holes calculated by: 

 𝐸𝐸Fh = 𝐸𝐸v − ln �𝑐𝑐h𝑁𝑁v� 𝑘𝑘B𝑅𝑅 (17) 

The energy of the band edges of the conduction band can be calculated by Equation 6 and 

the energy of the band edge of the valence band by 𝐸𝐸v = 𝐸𝐸v0 − 𝜑𝜑𝑒𝑒. 

The band energy and Quasi Femi Level for an external Potential of 1.0 V and a band gap of 

2 eV (and thus without BTBT) and with a narrow band gap of 0.5 eV and with BTBT is given 

in Figure 7a and Figure 7b, respectively. Due to the decreasing potential the energy of the 

conduction band edge (upper dashed black line) and the energy of the valence band edge 

(lower dashed black line) increase nearly linearly. Without BTBT the concentration of holes 

and electrons show a logarithmic distribution. Thus, the calculated quasi fermi level is con-

stant (Figure 7a).  If BTBT is enabled, the concentration of electrons and holes show a differ-

ent distribution. Thus, the quasi-fermi levels differ from each other and from the case with-

out BTBT (Figure 7b). 

4.  CONCLUSION  

The effect of electrons and holes on the modeling of steady state oxide films based on a 

refined PDM (R-PDM) has been calculated. It has been shown that the influence of these 

charge carriers can be neglected in case of broad band gaps and low concentrations of elec-

trons and holes if no electrochemical reaction is expected at the film solution interface.  

In case of narrow band gaps and higher charge carrier concentrations the effect of elec-

trons and holes must be considered to the calculation of oxide films. A high electrons’ and 

holes’ concentration can have a buffering effect on the electric field and influences the poten-

tial at the film/solution interface, which could - among others - influence electrochemical 

reactions at this interface.  

In contrast to previous assumptions the buffering effect does not lead to an independency 

of the electric field on the external potential. It can even lead to a lowering of the electric field 

with increasing potential over broad ranges of the oxide film but leads to a sharp increase of 

the electric field strength at the film/solution interface. This behavior strongly depends on 

the chosen parameters for the oxide film modeling.  

By our theoretical considerations on the transport and generation of electrons and holes 

as well as BTBT it could be shown, that the PDM assumption of a uniform, potential inde-

pendent electric field is not generally valid. For a more detailed description of oxide film 

growth a more complex model is necessary, considering the transport of charged species and 
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the Poisson equation. 

For the fitting of experimental EIS data to oxide film models it is important to add all 

mechanism that affect the oxide film behavior. Only on this way the fitted kinetic data will 

be a good reflection of reality and can be trusted for predictions on the oxide behavior. Es-

pecially, in case of electrochemical reactions at the film/solution interface, like film dissolu-

tion and breakdown, the inclusion of electrons and holes seems to be inevitable for a deeper 

understanding of the processes and a prediction of the corrosion behavior. 

A first step for the modeling of oxide films could be an assessment of the expected elec-

trons’ concentrations by the potential energy of the electrons, the fermi level of the metal and 

the band energy of the conduction band. Furthermore, the possibility of BTBT can be esti-

mated by the steady state film thickness and the band gap. If the band gap of the oxide is 

large, the impact of electrons and holes on the film growth will be negligible, due to their 

low concentration. In any case, even under such circumstances, as shown in part one of this 

publication [13], the model should include a calculation of the electric field by the Poisson 

equation because it can neither assumed as constant regarding the position inside the oxide, 

nor regarding the external potential, and it has a strong effect on the oxide film properties. 
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Table 1: Model parameters 

Symbol Model parameter Parameter  

value 

Parameter 

unit 𝑒𝑒 Elementary charge 1.602 × 10−19 C 𝑁𝑁𝐴𝐴 Avogadro constant 6.022 × 1023 1/mol 𝑁𝑁c Density of states in the conduction band 1 × 1020/𝑁𝑁A mol/cm3 𝑁𝑁v Density of states valence band 𝑁𝑁c mol/cm3 𝑘𝑘B Boltzmann constant 1.38 × 1023 J/K 𝜇𝜇e EC potential electron with respect to vacuum 2.0  eV 𝐸𝐸Fm Fermi level metal 𝜇𝜇e0 − 𝑒𝑒𝜑𝜑ext eV 𝐸𝐸c0 Energy band edge conduction band without ex-

ternal potential 

2.25 / 3.0 eV 

𝐸𝐸v0 Energy band edge valence band without external 

potential 

1.75 / 1. 0 eV 

𝜏𝜏R Recombination constant 3 × 105/𝑁𝑁A mols/cm3 𝐷𝐷e Diffusion coefficient electron 3.28 × 10−4 m2/s 𝐷𝐷h Diffusion coefficient holes 3.28 × 10−4 m2/s 𝐴𝐴 First Kane parameter for BTBT 1.4 × 1020/𝑁𝑁A mol/m³/s 𝐵𝐵 Second Kane parameter for BTBT 5 MV/cm 𝑧𝑧e Charge number electron −1  𝑧𝑧h Charge number hole 1  𝑟𝑟G Generation rate  1 × 10−10 mol/m³/s 

 

 

Figure 3: Oxide film thickness at steady state depending on the external potential calculated for four 

different cases: without inclusion of electrons, wide band gap (2 eV) and no BTBT, narrow band gap 

(0.5 eV) and no BTBT and narrow band gap (0.5 eV) and BTBT. 
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Figure 4: Electric field strength for three different cases – wide band gap (2 eV), narrow band gap (0.5 

eV) without and with BTBT - depending on the external potential. a) Electric field strength calculated 

for an external potential of 0.5 V; b) 1.0 V; c) 1.5 V; d) Maximum electric field strength depending on 

the external potential. 

is even more visible. Due to increased BTBT with increasing field strength, the effect of a 

thicker steady state film thickness is more pronounced at higher external potentials. It should 

be noted that the effect of BTBT on the steady state film thickness (and on the additional 

oxide film behavior) strongly depends on the Kane parameters (and thus the rate of BTBT). 

In this case a high value for 𝐴𝐴 is chosen to clarify this effect. As discussed further in the man-

uscript, BTBT affects strongly the electric field distribution, by influencing the accumulation 

of charge at the metal/film and film/solution interfaces. This is due to the fact that the BTBT 

enhance the separation of charge in the film: it brings the electrons close to the metal/film 

interface and the holes close to the film/solution interface. So, while in the film the electric 

field is buffered, at its extreme it is enhanced.  

The electric field strength is a matter of debate in case of oxide film modeling [10,12,23]. 

It has been assumed the field strength will be buffered by BTBT and the separation of elec-

trons and holes [2]. There is indeed a buffering effect visible due to the influence of electrons 

and band-to-band tunneling (Figure 4). At a low external potential, the electric field is not 
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Figure 6: Electron flux due to band-to-band tunneling depending on the external potential. The flux 

describes the flux of electrons to the conduction band from the valence band near the film/solution 

interface.  

 

 

 

 

Figure 7: Energy levels and Quasi Fermi Levels calculated for an external potential of 1.0 V; a) Band 

gap of 2 eV – no band-to-band tunneling; b) Band gap of 0.5 eV – band-to-band tunneling possible. 

The tunnel flux of electrons to the conduction band at position 𝑥𝑥 is determined by the 

electric field at position 𝑥𝑥 + 𝑑𝑑T, where 𝑑𝑑T is the tunnel distance (compare Figure 1). The elec-

tron flux due to band-to-band tunneling is very homogenous over a broad range at the be-

ginning due to the homogenous electric field strength (Figure 6). At higher external poten-

tials the interval of tunnel flux is enlarged due to a thicker film. In addition, the sharp in-

crease of the electric field at the film/solution interface causes a sharp increase of the flux of 

electrons when 𝑥𝑥 + 𝑑𝑑T is near the film/solution interface, which drops to zero when 𝑥𝑥 + 𝑑𝑑T >𝐿𝐿.  

The band energy and quasi fermi level calculated by the electrons via: 
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