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Classic Cabrera-Mott theory stipulates that the limited oxide-film growth results from electron

tunneling from the metal through the oxide film to adsorbed oxygen. This leads to an electric field

across the oxide film that assists ion migration for low-temperature oxide-film growth. Here, we

show that the field-driven oxide-film growth can be manipulated via the temperature and pressure of

oxidation. The magnitude of the self-generated electric field depends on the oxygen surface coverage

that exhibits a Langmuir isotherm behavior with changes in temperature and oxygen pressure. These

observations demonstrate the ability to tune an interfacial reaction via self-adaptation to its

environment. VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4764552]

Nearly all metals form a passivating oxide film in ambi-

ent conditions. This oxide film acts as a diffusion barrier to

protect the metal from further corrosion. Perhaps the most

utilized description of low-temperature passivating oxide

film formation is Cabrera-Mott theory.1,2 Since the growth of

the oxide film at low temperatures (e.g., room temperature)

is not thermally activated, Cabrera-Mott theory proposes that

ionic diffusion through the oxide film is driven by a self-

generated electric field across the oxide film. This electric

field results from electron tunneling between the Fermi level

of the parent metal and acceptor levels of chemisorbed oxy-

gen at the oxide surface. The self-generated electric field

reduces the energy barrier for ion migration through the ox-

ide film, leading to rapid initial oxidation rates at low tem-

perature. Since the tunneling current decreases exponentially

with increasing oxide film thickness, the oxidation essen-

tially stops at a limiting thickness.3,4

While Cabrera-Mott theory is widely employed to under-

stand oxide film formation at low temperatures, the validity of

the theory depends critically on the assumed Mott potential,

which is defined by the difference in the metal Fermi level and

the chemisorbed oxygen (O-) level, VM ¼ (U0 � UL)/e, where

U0 is the metal work function, UL is the energy difference

between the vacuum level and the O-level in the adsorbed ox-

ygen anion, and e is the elementary charge of an electron.

Consequently, an electric field –VM/X(t) is set up in the oxide,

where X(t) is oxide thickness at the oxidation time t. The elec-

tric field provides the driving force for ion migration by effec-

tively reducing the rate-limiting energy barrier and making

low-temperature oxide film growth possible.5–10 Such a field-

driven effect is quite general and critical in many interfacial

reactions such as catalysis, etching, corrosion, and thin film

processing at relatively low temperatures.11–14 A central issue

for the engineering of metal/oxide interfaces is understanding

the formation of the Mott potential and ion transport through

the oxide film. In this work, we present experimental confir-

mation of the existence of the Mott potential and show that

the magnitude of the Mott potential is tunable by controlling

the surface coverage of adsorbed oxygen. We demonstrate

that by changing the oxidation conditions (temperature and

oxygen gas pressure), the self-limiting growth behavior of an

oxide film can be manipulated thereby allowing control over

the passivation properties of the metal surface. Our results

also illustrate the more general feasibility of tuning interfa-

cial reactions via the Mott potential and its dependence on

reaction conditions.

Our experiments were carried out in an ultrahigh vac-

uum (UHV) chamber equipped with an x-ray photoelectron

spectroscopy SPECS Phoibos 100, MCD-5 analyzer, low-

energy electron diffraction (LEED), and an Ar-ion sputtering

gun. The Al(111) single crystal (1-mm thick disk of 8-mm

diameter) was purchased from Princeton Scientific Corp., cut

to within 0.1� to the (111) crystallographic orientation and

polished to a mirror finish. For the oxidation experiments at

temperatures lower than 25 �C, the sample was cooled by

liquid-nitrogen and maintained at �50 �C by counter heating

with a Lakeshore 331 temperature controller. The Al surface

was cleaned by cycles of Arþ bombardment at 25 �C and

annealing to 420 �C. Oxygen gas (purity¼ 99.9999%) was

introduced to the system through a variable pressure leak

valve and the sample was oxidized at a specific temperature

under a controlled oxygen pressure, pO2. The oxide film

thickness was measured with XPS by calculating the ratio of

integrated O 1s and Al 2p core level peak intensities for the

initial stages of the oxidation and using the attenuation of the

metallic Al(2p) peak in the oxide film for the later stages of

thicker continuous oxide film growth.5

The clean Al(111) surface was oxidized at three different

temperatures; �50 �C, 25 �C, and 100 �C. To obtain a clear

trend of the oxidation behavior, four oxygen gas pressures

were examined for each temperature; pO2¼ 1� 10�8, 10�7,

10�6, and 10�5 Torr. Fig. 1 shows the evolution of the oxide

film thickness measured as a function of oxidation time

extending up to approximately 5 h. For each oxygen pressure

and temperature, we observe an initial rapid increase of the
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oxide film thickness, followed by a drastic reduction in the

growth rate to the limited growth regime at long oxidation

times. These measurements reveal the surprising result that

oxidation is more rapid at lower temperature and that the self-

limiting thickness of the oxide film increases with decreasing

oxidation temperature. This is the case for all four oxygen gas

pressures explored. Extrapolating the data in Fig. 1 to about

250 min, we obtain the effective limiting oxide-film thickness

as the thickness reached when the oxide film growth rate is

less than 10�5 Å/s (i.e., less than � one “oxide” ML per

105 s). These results are summarized in Fig. 2, where we can

see that the limiting oxide-film thickness decreases with

increasing oxidation temperature for a constant pressure

while it increases with increasing oxygen gas pressure for a

constant oxidation temperature.

To further confirm such a temperature dependence of

the self-limiting oxide film growth, we examined the oxide

film growth kinetics by decreasing the oxidation temperature

from 100 �C to �50 �C. As shown in Fig. 3, the clean

Al(111) surface is first oxidized at pO2¼ 1� 10�8 Torr and

100 �C. After reaching a limiting oxide film thickness at that

pressure, a stepwise increase in oxygen pressure is applied.

Fig. 3 shows that additional oxide growth occurs and reaches

a new limiting thickness following establishment of the lim-

iting thickness at the lower pressure. By comparing the oxi-

dation of the freshly cleaned Al(111) surface (Fig. 1), we

note that similar limiting oxide-film thicknesses for the same

oxidation conditions are reached, irrespective of whether ox-

idation occurs on a clean Al surface or on the surface which

FIG. 1. Oxide film thickness as a function of

time for the oxidation of Al(111) at the tempera-

tures of �50 �C, 25 �C, and 100 �C, and four ox-

ygen pressures of (a) pO2¼ 1� 10�8 Torr, (b)

pO2¼ 1� 10�7 Torr, (c) pO2¼ 1� 10�6 Torr,

and (c) pO2¼ 1� 10�5 Torr. Superimposed on

the experimental data points are theoretically

computed curves based on the inverse logarith-

mic growth law of the Cabrera-Mott theory.

FIG. 2. Evolution of the limiting oxide-film thickness for the oxidation of

Al(111) at the temperatures of �50 �C, 25 �C, and 100 �C, and oxygen pres-

sures of pO2¼ 1� 10�8 Torr, 10�7 Torr, 10�6 Torr, and 10�5 Torr, respec-

tively. The self-limiting thickness is observed to decrease with increasing

the oxidation temperature for a constant oxygen pressure, while it increases

with increasing oxygen gas pressure for a fixed oxidation temperature.

FIG. 3. Oxide film thickness evolution as a function of oxidation time and

temperatures. The oxidation starts with a clean Al(111) surface at T¼ 100 �C
and pO2¼ 1� 10�8 Torr. A stepwise increase in oxygen gas pressure is

applied until a pressure of pO2¼ 1� 10�5 Torr. Then, the sample is cooled to

25 �C in pO2¼ 1� 10�5 Torr, additional oxide growth occurs and a new lim-

iting oxide-film thickness is observed. The sample is then cooled to �50 �C
in pO2¼ 1� 10�5 Torr, resulting in an increased limiting film thickness.
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is covered with a pre-existing oxide layer formed at a lower

pressure.

After the limiting thickness of the oxide film is reached

at pO2¼ 1� 10�5 Torr and 100 �C, the sample is cooled

down to 25 �C under vacuum and then oxidized at the same

pressure of pO2¼ 1� 10�5 Torr. Additional oxide growth

occurs on the pre-existing, limiting-thickness oxide film

grown at 100 �C, resulting in a larger limiting thickness at

25 �C. Once no further changes in oxide thickness are

detected, the sample temperature is then lowered to �50 �C,

while still maintaining the same oxygen pressure. Further ox-

ide film growth occurs and a new, larger limiting thickness is

observed again. The two new limiting oxide film thicknesses

obtained by cooling the sample to 25 �C and �50 �C are

nearly the same as the limiting thicknesses of the oxide films

formed from the oxidation of freshly cleaned Al surface at

the two temperatures in pO2¼ 1� 10�5 Torr. This further

demonstrates the important role of temperature in determin-

ing the limiting thickness of the oxide film at a constant oxy-

gen gas pressure.

The increase in the limiting oxide-film thickness with

decreasing oxidation temperature demonstrates that oxide

growth is apparently not a thermally activated process in the

temperature range explored here which would result in

thicker oxide films with increasing temperatures. But the

thermally activated oxide growth was observed for the oxi-

dation at 200 �C which results in a thicker limiting oxide-

film thickness than the lower temperatures, and this is in line

with other observations.15,16 The self-limiting behavior of

the oxide film growth, we observe for the temperature range

from �50 �C to 100 �C, is consistent with the Cabrera-Mott

model of the electric-field driven oxide growth, which pre-

dicts an inverse logarithmic growth law. The oxide films

formed from the oxidation of Al at these temperatures are

amorphous in nature,17–19 which is also confirmed by LEED

in our experiments. These amorphous oxide films exhibit a

deficiency of Al cations (as compared to c-Al2O3) and can be

described by a close packing of oxygen anions with the Al

cations distributed over the octahedral and tetrahedral inter-

stitial sites.20–23 The oxide film growth is thus limited by

ionic migration of cations under the influence of the electric

field E¼�VM/X(t) due to the Mott potential VM across the

oxide film and the rate of oxide growth follows,1,16

dXðtÞ
dt
¼ Xn� exp

�Uþ qaVM=XðtÞ
kT

� �
; (1)

where X(t) denotes the thickness of the oxide film at the oxi-

dation time t, X is the volume of oxide formed per ion, q the

charge on the migrating ions, a the interatomic jump dis-

tance, � attempt frequency for ion migration, k the Boltz-

mann constant, T the temperature, and U the diffusion

barrier for ion migration. Superimposed on the experimental

data points in Fig. 1 is the theoretically fitted growth curves

based on the inverse logarithm law given by Eq. (1) and the

values of X¼ 0.233 nm3,24 �¼ 1012 s�1,1,24,25 and q¼ 3e

(the elementary charge e¼ 1.6022� 10�19 C), which shows

that the Cabrera-Mott growth curves agree well with the

data.

The Mott potential VM and activation energy barrier U

can be evaluated from the curve fitting. Fig. 4(a) shows the

values of the Mott potential VM obtained from the fitting

with the experimental data. It can be seen that VM bears a

strong dependence on the oxidation temperature and oxygen

gas pressure, i.e., VM increases with decreasing oxidation

temperature for a constant oxygen pressure. We note that the

activation energy barrier U for ion diffusion is nearly con-

stant at U¼ 1.5 eV for the different temperatures and oxygen

pressures, suggesting a similar atomic structure in the amor-

phous oxide films. This is supported by similar integrated

Al/O peak intensity ratios of the oxide films formed at differ-

ent temperatures and oxygen pressures, which give a stoichi-

ometry of Al2�xO3 with x � 0.24. This also confirms that the

oxide films are Al cation deficient, for which the outward

diffusion of Al cations is favored over the inward diffusion

of oxygen anions for oxide film growth.16,26

The strong dependence of the limiting oxide-film thick-

ness on oxidation temperature and pressure is in contrast to

the behavior expected for cation-diffusion-controlled oxide

film growth under the assumption of a pressure and tempera-

ture independent Mott potential. To understand the tempera-

ture and oxygen pressure dependence of the Mott potential,

FIG. 4. (a) The actual value of the Mott potential VM shows a strong dependence on the oxidation temperature and oxygen pressure. The magnitude of VM

decreases with temperature for a constant oxygen pressure, while it increases with increasing the oxygen pressure for a fixed temperature (dashed lines are a

guide to the eye). (b) Equilibrium oxygen surface coverage with respect to the oxygen pressure for the three temperatures. The solid line corresponds to a fit-

ting to the Langmuir isotherm for dissociative oxygen adsorption. The equilibrium surface coverage of adsorbed oxygen decreases with increasing the tempera-

ture for a constant oxygen pressure, while it increases with increasing oxygen pressure for a fixed temperature. The insets show zoomed-in view of the low

oxygen pressure regime indicated by the dashed box.

171605-3 Cai et al. Appl. Phys. Lett. 101, 171605 (2012)



we calculated the equilibrium number density, N, of chemi-

sorbed oxygen anions on the oxide surface at the different

oxidation temperatures. A parallel plate capacitor model can

be used to calculate the Mott potential. The charge on the

two plates is formed by electron tunneling from the oxide/

metal interface to adsorbed oxygen atoms on the oxide sur-

face. N is related to the Mott potential VM via N ¼ VMe0j
XLe , as

given by Gauss’ theorem for a field between parallel plates,27

where e0 is electric constant in vacuum, j is the relative per-

mittivity and can be taken equal to j¼ 9.6,28 and XL is the

limiting thickness of the oxide film. The values for the den-

sity N and, therefore, the surface coverage H, using the den-

sity of Al in the Al(111) surface as the reference surface, of

adsorbed oxygen for different temperatures are determined

and given in Fig. 4(b). It can be seen that the calculated oxy-

gen surface coverage increases with decreasing oxidation

temperature and that this is confirmed for oxidation at the

four different oxygen gas pressures.

Whereas the Mott potential VM defined by work function

difference between the metal and the adsorbed oxygen does

not contain any explicit temperature and oxygen pressure de-

pendence, here we find that the actual self-generated potential

VM is temperature and pressure dependent due to the differen-

ces in the adsorbed oxygen coverage with temperature and

pressure. The dependence of the equilibrium oxygen coverage

on the oxygen pressure pO2 can be described by the Lang-

muir isotherm for dissociative gas adsorption, h ¼
ffiffiffiffiffiffiffiffiffiffi
bðpO2Þ
p

1þ
ffiffiffiffiffiffiffiffiffiffi
bðpO2Þ
p

with b ¼ tdes

ffiffiffiffiffiffiffiffiffiffiffiffi
2pmk
p

� expf�ðDEad � DEdesÞ=kTg � T�1=2,

where T is temperature, and tdes denotes the pre-exponential

or frequency factor, DEad and DEdes are the activation ener-

gies for adsorption and desorption, respectively.28 The Lang-

muir isotherm predicts that the equilibrium oxygen coverage

increases with increasing gas pressure for a constant surface

temperature, whereas it decreases with increasing surface

temperature for a constant gas pressure. As shown in Fig.

4(b), the determined oxygen coverage can be fitted with a

Langmuir isotherm as a function of the oxygen pressure for

the different oxidation temperatures. From this plot, it

becomes clear that the underlying cause of the temperature

and oxygen pressure dependence of the self-limiting growth

of oxide films is related to the Mott potential’s dependence

on the oxygen surface coverage. The Mott potential increases

with increasing adsorbed oxygen, leading to increased ion

migration through the oxide film. Since with decreasing oxi-

dation temperatures, the oxygen surface coverage increases, a

larger Mott potential develops and, as a result, a larger limit-

ing thickness of the oxide film is reached for a constant oxy-

gen pressure.

In conclusion, we have studied the self-limiting growth

of aluminum oxide films on an Al(111) surface under a given

set of oxidation conditions. We observe that the limiting

thickness of the oxide film increases with decreasing oxida-

tion temperature over a wide range of oxygen pressures. The

obtained values of the Mott potential are found to correlate

with the oxygen anion coverage which can be well-described

by a Langmuir isotherm dependence on the oxygen pressure

and oxidation temperature. Our results reveal that tempera-

ture and gas pressure can be employed to modify the Mott

potential via changes in the oxygen surface coverage,

thereby controlling the self-limiting growth of the oxide

film. The overall picture of these results is that the self-

generated electric field, and thus the field-assisted growth, is

adjustable via controlling oxidation conditions. In principle,

any atoms or molecules with an electron affinity large

enough to establish the electric field across a thin oxide layer

should be a candidate for a field assisted diffusion and

growth process. Clearly, this might have a significant impact

on the design of materials for a wide range of practical appli-

cations such as heterogeneous catalysis and thin film devices,

where electrical field-driven interfacial phenomena are more

dominant than thermally activated processes at relatively

low temperatures.

We acknowledge support from the National Science

Foundation Grant No. CBET-0932814. Research carried out

in part at the Center for Functional Nanomaterials, Broo-

khaven National Laboratory, which is supported by the U.S.

Department of Energy, Office of Basic Energy Sciences,

under Contract No. DE-AC02-98CH10886.

1N. Cabrera and N. F. Mott, Rep. Prog. Phys. 12, 163 (1949).
2A. T. J. Fromhold, Fundamental Theory of Metal Oxidation (North-Hol-

land, Amsterdam, 1976).
3A. T. Fromhold and E. L. Cook, Phys. Rev. 163, 650 (1967).
4A. Szokefalvi-Nagy and E. Fromm, Philos. Mag. Lett. 79, 289 (1999).
5N. Cai, G. W. Zhou, K. Muller, and D. E. Starr, Phys. Rev. Lett. 107,

035502 (2011).
6N. Cai, G. W. Zhou, K. Muller, and D. E. Starr, Phys. Rev. B 84, 125445

(2011).
7S. K. R. S. Sankaranarayanan, E. Kaxiras, and S. Ramanathan, Phys. Rev.

Lett. 102, 095504 (2009).
8V. Zhukov, I. Popova, V. Fomenko, and J. T. Yates, Surf. Sci. 441, 240

(1999).
9I. Popova, V. Zhukov, and J. T. Yates, Phys. Rev. Lett. 89, 276101 (2002).

10V. Zhukov, I. Popova, and J. T. Yates, Phys. Rev. B 65, 195409 (2002).
11Q. Fu and T. Wagner, Surf. Sci. Rep. 62, 431 (2007).
12J. Hoffmann, S. Schauermann, J. Hartmann, V. P. Zhdanov, B. Kasemo, J.

Libuda, and H. J. Freund, Chem. Phys. Lett. 354, 403 (2002).
13X. Yu, B. Yang, J. A. Boscoboinik, S. Shaikhutdinov, and H. J. Freund,

Appl. Phys. Lett. 100, 151608 (2012).
14B. Hoex, J. Schmidt, R. Bock, P. P. Altermatt, M. C. M. van de Sanden,

and W. M. M. Kessels, Appl. Phys. Lett. 91, 112107 (2007).
15F. Reichel, L. P. H. Jeurgens, and E. J. Mittemeijer, Acta Mater. 56, 2897

(2008).
16L. P. H. Jeurgens, W. G. Sloof, F. D. Tichelaar, and E. J. Mittemeijer, J.

Appl. Phys. 92, 1649 (2002).
17F. Reichel, L. P. H. Jeurgens, G. Richter, and J. Mittemeijer, J. Appl.

Phys. 103, 093515 (2008).
18P. E. Doherty and R. S. Davis, J. Appl. Phys. 34, 619 (1963).
19F. Reichel, L. P. H. Jeurgens, and E. J. Mittemeijer, Acta Mater. 56, 659

(2008).
20L. P. H. Jeurgens, W. G. Sloof, F. D. Tichelaar, and E. J. Mittemeijer,

Surf. Sci. 506, 313 (2002).
21L. P. H. Jeurgens, W. G. Sloof, F. D. Tichelaar, and E. J. Mittemeijer,

Thin Solid Films 418, 89 (2002).
22A. Hasnaoui, O. Politano, J. M. Salazar, and G. Aral, Phys. Rev. B 73,

035427 (2006).
23P. C. Snijders, L. P. H. Jeurgens, and W. G. Sloof, Surf. Sci. 496, 97

(2002).
24L. P. H. Jeurgens, W. G. Sloof, F. D. Tichelaar, and E. J. Mittemeijer,

Phys. Rev. B 62, 4707 (2000).
25P. C. J. Graat, M. A. J. Somers, A. M. Vredenberg, and E. J. Mittemeijer,

J. Appl. Phys. 82, 1416 (1997).
26C. Ocal, S. Ferrer, and N. Garcia, Surf. Sci. 163, 335 (1985).
27F. P. Fehlner, Low-Temperature Oxidation (John Wiley & Sons, Inc., New

York, 1986).
28K. S. Shamala, L. C. S. Murthy, and K. N. Rao, Mater. Sci. Eng., B 106,

269 (2004).

171605-4 Cai et al. Appl. Phys. Lett. 101, 171605 (2012)

http://dx.doi.org/10.1088/0034-4885/12/1/308
http://dx.doi.org/10.1103/PhysRev.163.650
http://dx.doi.org/10.1080/095008399177363
http://dx.doi.org/10.1103/PhysRevLett.107.035502
http://dx.doi.org/10.1103/PhysRevB.84.125445
http://dx.doi.org/10.1103/PhysRevLett.102.095504
http://dx.doi.org/10.1103/PhysRevLett.102.095504
http://dx.doi.org/10.1016/S0039-6028(99)00613-5
http://dx.doi.org/10.1103/PhysRevLett.89.276101
http://dx.doi.org/10.1103/PhysRevB.65.195409
http://dx.doi.org/10.1016/j.surfrep.2007.07.001
http://dx.doi.org/10.1016/S0009-2614(02)00151-3
http://dx.doi.org/10.1063/1.3703609
http://dx.doi.org/10.1063/1.2784168
http://dx.doi.org/10.1016/j.actamat.2008.02.031
http://dx.doi.org/10.1063/1.1491591
http://dx.doi.org/10.1063/1.1491591
http://dx.doi.org/10.1063/1.2913505
http://dx.doi.org/10.1063/1.2913505
http://dx.doi.org/10.1063/1.1729318
http://dx.doi.org/10.1016/j.actamat.2007.10.023
http://dx.doi.org/10.1016/S0039-6028(02)01432-2
http://dx.doi.org/10.1016/S0040-6090(02)00787-3
http://dx.doi.org/10.1103/PhysRevB.73.035427
http://dx.doi.org/10.1016/S0039-6028(01)01591-6
http://dx.doi.org/10.1103/PhysRevB.62.4707
http://dx.doi.org/10.1063/1.365919
http://dx.doi.org/10.1016/0039-6028(85)91064-7
http://dx.doi.org/10.1016/j.mseb.2003.09.036

