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In this work we analyze the oxidation of 30 nm polycrystalline transition metals films (Hf, Ta, Mo and Ru) at low
temperatures (298 K to 473 K) upon the exposure to two different species: molecular oxygen and atomic oxygen.
Using in-situ spectroscopic ellipsometry and in-vacuum X-ray photoelectron spectroscopy, we verify the oxide
growth kinetics and the final stoichiometry after each exposure condition for the four metals, and explore the
particularities present in each oxide growth mechanics. The temperature-dependent analysis enabled to experi-
mentally obtain the dissociation energy of molecular oxygen at polycrystalline O covered surfaces. By applying
the principles of coupled currents and the Cabrera-Mott oxide growth mechanism, we extract values of the energy
barrier for oxidation and the field formed in both oxygen molecule-metal and atom-metal interaction, exploring
the differences between both exposure conditions. We demonstrate that in oxide growth at low temperatures two
key points should be highlighted: (i) the strong dependence of surface potential on reactive oxygen coverage; (ii)
the interrelation between exposure conditions and crystalline oxide formation. The obtained results and analysis
contribute to the understanding of oxidation processes at low temperatures, advancing the knowledge required
for the design and synthesis of thin metal and oxide films.

1. Introduction

Over the course of materials science development, metal oxidation
kinetics have been an extensively studied topic both theoretically [1-
6] and experimentally [7-13]. Due to the importance of preventing ox-
idation for applications such as engineering alloys and bulk metallic
structures [14-17], much of these research efforts have focused on high-
temperature oxidation and/or exposure at atmospheric pressure. This
mostly follows from the fact that, for these applications, changes in the
near-surface region (typically observed at low temperature oxidation)
do not interfere in components performance. However, the downscaling
of devices and consequent growth in metal and metal oxide thin-films
use over the past decades has increased the awareness for low temper-
ature oxide growth characterization [12,18-21]. For thin metal films,
the growth of a nanometer-thick surface oxide might lead to detrimen-
tal changes in properties, such as conductance [22] or reflectivity for
extreme UV radiation [23], dramatically altering the performance of a
device. On the other hand, controlled oxidation is a valuable asset in the
synthesis of thin oxide films. In the field of solid oxide fuel cells, the oxi-
dation states present in the oxide material and at the surface are closely
related to its transport properties and surface exchange reactions [24].
For applications such as protective layers against corrosion [25] or as in-
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sulating layers in microelectronics [26], changes in the oxide film struc-
ture might directly influence the layer properties with respect to oxygen
transport. Next to molecular oxygen exposure, metal films may also be
exposed to atomic oxygen radical species, either deliberately (as part
of an oxide film growth process) or unwanted (e.g. in plasma processes
where oxygen containing gases are present as contaminant). In this con-
text, the type of oxygen species to which the metal film is exposed to,
might also directly influence the growth rate and final properties of the
formed oxide. Therefore, a thorough analysis, bringing mechanistic in-
sights into the stages of molecular- and atomic-oxygen induced oxide
growth, covering the differences in oxide composition and structure in
the presence of activated oxygen species (such as atomic oxygen) at low
temperatures is of great value.

For oxidation at high temperatures and/or formation of thick oxide
films, the transport of reactants (oxygen and metal) through the oxide
layer is mainly accomplished by thermally activated diffusion. In this
regime, the oxide growth process is in most cases well described by the
parabolic or the linear rate law [17]. However, this theory is unable
to explain the fast growth process observed at low temperatures. The
most accepted model for description of low temperature oxidation was
initially proposed by Cabrera and Mott [7] and further developed by
Fromhold and Cook [27-29], and is usually referred to as the Cabrera-
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Mott (CM) model. The main principle of the CM model is based on the
significant enhancement of ionic motion by a contact potential, also
termed the Mott potential (V). This potential is a consequence of the
electron transfer from the metal Fermi level to the acceptor levels of ad-
sorbed oxygen species by tunneling or thermionic emission [27,28]. The
rise of Vy; results in an electric field, which lowers the energy barrier for
ionic diffusion through the oxide film, enabling oxide growth. Under the
constraint that no net electric charge is transported through the oxide
(coupled currents approach [29]), the ion flux is equal to the difference
between forward and reverse flux of electrons and this ion current is the
rate-determining step of oxidation. For temperatures where the Nernst-
Einstein relation (¢V); << k, T — with g the charge of ions, k;, the Boltz-
mann constant and T the temperature) is not met, the diffusion of ions
by the available thermal energy is insignificant compared to the elec-
trical work by the Mott potential. Since the rate of electron transport
and field resulting from a constant Mott potential both decrease with
increase of oxide thickness, the oxide growth ceases when the so-called
limiting oxide thickness is reached.

Even though the CM model is widely employed to describe oxide
film formation at low temperatures, the understanding of the factors
that influence the formation, magnitude and preservation of the Mott
potential — the critical value supporting oxide growth at low tempera-
tures — is still somewhat fragmentary. Cai et al. demonstrated the de-
pendence of Vy; on pressure and temperature for aluminum exposed to
molecular oxygen at temperatures from 223 K to 373 K [30,31]. In an-
other study of Al exposed to O, at temperatures between 373 K to 773
K by Jeurgens et al. [32], a change of V), with temperature was not re-
ported. However, the work demonstrated that at T > 673 K the limiting
oxide growth behavior is substituted by a continuous growth of oxide,
hypothesized to be related to the transition from a potential-driven to a
gradient-driven oxide growth. Lyapin et al. have reported a dependency
of Vy with pressure for zirconium films exposed to O, at 298 K, and
a transition similar to Al from potential to gradient-driven oxidation at
T > 573 K [33]. In a complementary theoretical analysis by Sankara-
narayanan and Ramanathan [34], it was indicated that the exposure
of Zr to atomic oxygen can significantly increase values of Vy; com-
pared to molecular-oxygen exposures. These studies provide concrete
evidence of the influence of the oxidative environment on potential for-
mation and consequent oxide growth for individual materials. However,
to the best of our knowledge, a study that consistently verifies the influ-
ence of exposure factors to the formed potential, correlating the oxida-
tion dynamics and driving mechanisms for different metals was not yet
performed.

The present study focuses on the analysis of the growth kinetics of
a developing oxide and the verification of the final chemical compo-
sition and structure of oxide films formed in polycrystalline transition-
metal films (Hf, Ta, Mo and Ru) exposed to molecular and atomic oxygen
species in a low-temperature range (298 K to 473 K). These metals were
selected to include a relatively noble metal (Ru), a metal with high re-
activity with oxygen (Hf) and metals with intermediate work functions,
since this is expected to influence the formed Mott potential.

The metal thin film deposition (magnetron sputtering), oxygen ex-
posure (atomic and molecular species) and analysis (spectroscopic ellip-
sometry — SE — and X-ray photoelectron spectroscopy — XPS) were made
without break of vacuum and with a transfer time between chambers of
less than 15 min, enabling precise characterization of the oxide growth
dynamics and final oxidation state without influence of surface contam-
ination. With that, we were able to obtain quantitative information on
critical physical processes that determine the oxide growth, such as the
molecular oxygen dissociation energy and energy barrier of ionic mo-
tion. We verify the influence of exposure conditions (temperature and
oxidative specie) on the derived value of the Mott potential, correlating
the observed results to the investigated metals properties. We further
assess the particularities present for each metal and oxidation condi-
tion, and explore the limits of the models adopted for describing the
mechanisms that govern the oxide-film growth.
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2. Experimental

The experiments were performed in a home-designed ultrahigh-
vacuum system with a base pressure of < 1 x 10~? mbar, which allows
in-vacuum transfers between deposition (magnetron sputtering), Oxy-
gen Exposure and Analysis Chamber (OEAC) and X-ray spectroscopy
(XPS). Reference analysis indicated deposition of less than 1 ML con-
taminants on metal films left in the system for a 12 h period, confirm-
ing negligible surface contamination of samples during the experiments.
The OEAC is equipped with an SE (Woollam M-2000), a Specs MPS-ECR
mini plasma source and an annealing stage. Films of 30 nm Hf, Ta, Mo
and Ru were deposited onto substrates of thermally oxidized Si(100)
(300 nm SiO, on Si, grown by dry oxidation at 1373 K) by DC mag-
netron sputtering at room temperature, using Ar as working gas with a
deposition pressure of 5 x 10~4 mbar and growth rate of typically 0.05
nm/s. Oxide layers were grown at the OEAC as a function of exposure
time (t) by heating the vacuum transferred samples to temperatures (T)
of 298 K, 323 K, 373 K, 423 K or 473 K (+ 5 K), and subsequent ex-
posure to pure (99.999 vol%) molecular or neutral atomic oxygen at a
partial pressure (poz) of 1 x 10~* mbar. Each exposure condition (com-
bination of metal, oxidative specie and temperature) was applied to a
freshly deposited metal film. The atomic species (which have thermal
energy) were generated by a Specs MPS-ECR mini plasma source, with
atomic oxygen flux in the order of 1015 atoms/cm?/s. For the exposures,
the sample was placed directly below the oxygen source, guaranteeing
a homogeneous flow of species to the surface.

The evolution of oxide thickness was monitored by in-situ SE at an
angle of incidence of 75° and a spectral range of 245.8-1688.1 nm. The
oxide thickness was determined by a multi-layered model developed in
CompleteEASE® software (Developed by J. A. Woollam Co., Ltd). The
procedure for model development is detailed in Section 2.1. After the
end of exposure and cooling of the films, the grown oxides were in-
vacuum transferred to a Thermo Theta Probe X-ray spectrometer, from
which angle-resolved XPS (AR-XPS) measurements were acquired. The
measurements were performed with monochromatic Al-Ka (1486 eV)
radiation and 400 um spot size, aligned at the center of the sample. The
collection and analysis of data was made by the use of Avantage soft-
ware. The background of the spectra was subtracted according to Shirley
model, and peak fitting was performed with a product of Gaussian and
Lorentzian shapes. Quantification was based on Scofield sensitivity fac-
tors [35] and a model of uniform elemental distribution. Fits to XPS
data were performed by first evaluating the spectra of as-deposited met-
als (also deposited and vacuum-transferred to XPS), in order to assess
the metal peak position and asymmetry. The metal peak positions were
fixed to the reference measurements for comparison of oxide composi-
tion between samples. Oxide peaks in the metal core levels of oxygen
exposed samples were fit with a symmetric peak for oxides of Ta, Mo
and Hf, an asymmetric peak for oxides of Ru [21,36,37]. Molybdenum
and tantalum might exhibit multiple oxides with different stoichiometry
within a small binding energy range [21,36]. Therefore, when applica-
ble, these oxide components were fit with a single peak with varying full
width at half maximum (FWHM), and a larger FWHM was interpreted
as a metal containing stoichiometric and non-stoichiometric states [21].
This approach to assess possible presence of non-stoichiometric states
from the peak shape, rather than from the ratio of the O1s to metal core
peak area, was motivated by observations in our lab and from previous
reports [38] that slight reduction of metal oxides (e.g. by electron or ra-
diation induced reduction) is more readily observed from the metal core
level peak shape than from the O vs. metal peak area. Additionally, this
approach avoids systematic uncertainties due to sensitivity factor and
electron analyzer transmission.

The metals and grown oxides structures were verified by ex-situ X-
ray diffraction (XRD), performed with a PANalytical Empyrean X-ray
diffractometer (Cu-Ka radiation, 0.154 nm), using in-plane grazing in-
cidence XRD (GIXRD) geometry at a fixed incident angle (above the
critical angle). The same diffractometer was used in X-ray reflectometry
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(XRR) mode for determination of reference metal and oxides thicknesses
applied in the development of ellipsometry models.

2.1. Ellipsometry model development

For the analysis presented in this paper, the model development con-
sisted of a multi-step approach with support characterization techniques
to minimize the number of variables during the fitting. The base for the
model consisted of characterization of single layers of metal and stoi-
chiometric oxide. The stoichiometric oxides were obtained by reactive
direct current (DC) magnetron sputtering of the respective metallic tar-
get with a mixture of oxygen and argon. Three different thicknesses of
these layers were deposited on SiO,/Si substrates and evaluated in-situ
by ellipsometry and ex-situ by X-Ray reflectivity (immediately after re-
moving from vacuum). The values of thickness obtained via XRR were
used as input parameters in the ellipsometric model, and optical con-
stants for each material were determined. For the substrate, an existing
model (JAW for thermally oxidized Si) was applied. For oxide layers, a
Cauchy-type function was used to describe the refractive index n while
the extinction coefficient k was set to zero over the entire concerned
wavelength range (for Hf oxide) or above UV range (for oxides of Ru,
Ta and Mo) [39]. For the standard Cauchy layer, the software assumes
an exponential decay shape for the k function. For metals, a B-spline
model was applied, using the parameters from the software database as
a starting reference. To guarantee a realistic model for the grown oxide
film and overcome possible data misinterpretation induced by substoi-
chiometric components, an extra layer of substoichiometric oxide was
added between the stoichiometric oxide and the metal. The placement
of this layer was based on AR-XPS analysis (see section 3.2). This ex-
tra layer was modeled by the effective-medium approach (EMA) using
Maxwell-Garnett formulation, with the modeled stoichiometric oxide as
matrix and modeled metal as “void” material [40]. It should be noted
that this approach does not necessarily provide a proper description of
the optical properties of substoichiometric oxide, but serves as first or-
der approximation. Finally, these single layer models were combined for
the fitting of oxide layers grown on metals. For all measurements, the
substrate and pristine metal layer were evaluated before oxygen expo-
sure, increasing the reliability in fitting of the multi-layered model.

3. Results and discussion
3.1. Oxide growth kinetics by ellipsometry

We begin our analysis by focusing on the general evolution of oxide
growth as a function of oxidation time for Hf, Mo, Ta and Ru under ex-
posure to molecular or atomic oxygen, presented in Figure 1a-h. It is im-
portant to observe the difference in the vertical scale — oxide thickness
— between figures. The analyzed temperatures are far below tempera-
tures in which the formation of volatile oxides is expected (e.g. volatile
MoO; is reported above 675 K [41] and other oxides are expected to
have better temperature stability). Therefore, changes in ellipsometry
signal were related to the growth of a top oxide layer. The oxide thick-
ness data was extracted by fitting obtained in-situ SE spectra following
the procedure described in Section 2.1, with the plotted values corre-
sponding to the sum of the two modelled oxide layers (stoichiometric
and substoichiometric). A general trend of growth is shared among all
metals, where it is interesting to note that some peculiarities are present
for each combination of metal and oxidative specie.

According to the CM theory, at low temperatures, the oxide growth
is expected to be initiated by a fast formation of a closed oxide layer
(first phase of oxide growth). The formation of a stable film allows a
voltage (Vy;) to build up across the oxide, and consequent growth of
oxide by a field-induced mechanism (second phase). With increasing
oxide thickness the field will become too weak to assist diffusion and
the oxide growth ceases [7,29].
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It is reasonable to assume that a monolayer of oxide has an average
thickness of 0.3 nm [42]. As Mo exposed to O, at T < 373 K and Ru
exposed to O, at T = 323 K show a maximum oxide thickness equal to
or less than about 1 monolayer of oxide, we can conclude that the oxide
formation under these conditions is restricted to the first phase of oxide
growth, and therefore no CM field is generated.

The limiting oxide is considered to be reached when the oxide growth
rate has reduced to about one “oxide” monolayer per 10> s (~1071°
m/s) [7,32]. According to this rule, we observe a self-limiting behavior
of oxide film growth for: Hf from 298 K to 423 K for both species; Ta
from 298 K to 423 K for O,, and from 298 K to 373 K for O; Mo from
298 K to 323 K for O; Ru from 298 K to 473 K for O,, and from 298
K to 423 K for O. For most of these cases, an increase in temperature
leads to a higher oxide growth rate and larger limiting oxide thickness.
However, for Ru exposed to O,, as mentioned, a considerable decrease
in limiting oxide thickness with the increase of temperature from 298 K
to 323 K is observed. For T > 323K, the increase in thickness and rate
with increase of temperature is restored.

For the exposure conditions that do not present a self-limiting oxide
growth (Hf at 473 K for both O and O,; Ta at 473 K for O,, and from 423
K to 473 K for O; Mo at 473 K for O,, and from 373 K to 473 K for O; Ru
at 473 K for O) there are also differences among its oxidation behavior.
Hf, Ta and Mo exposed to O, and Ru exposed to O at 473 K show a
rapid initial oxide growth, followed by a decrease in rate with increasing
exposure time. However, this second oxidation stage is continuous, and
a transition towards a limiting oxide thickness is not observed. For Ta
and Mo exposed to atomic oxygen at T > 423 K, the initial rate is slower
than that obtained for lower temperatures. In these exposure systems,
an almost linear oxide growth is set, and a saturating growth of oxide
thickness is not observed. On the other hand, Hf exposed to O at T = 473
K presents a significantly higher growth rate during the entire oxidation
process, reaching a much thicker oxide compared to the other metals
after 300 min exposure.

3.2. Analysis of final oxide composition and structure

We now follow the analysis by individually assessing the composi-
tion of the formed oxides. Figure 2 shows in-vacuum XPS analysis for
example cases of samples exposed to atomic oxygen at 473 K and a
take-off angle of 34.25° (highest probing depth available). The data of
the remaining exposure conditions, a representative more surface sen-
sitive probing angle and reference metal samples are presented in the
Supplementary Materials.

Except for the final oxide thickness, Hf films exposed to molecular
and atomic oxygen present similar composition evolution as a function
of temperature. As seen in Figure S.1 and described in Table S.1, Hf
exposed to both species at T < 373 K shows Hf 4f; , (HfO,) peaks cen-
tered at energies slightly lower than 18.3 eV, the energy characteristic
of stoichiometric HfO, [37,43]. This can be interpreted as a slightly
lower stoichiometry, as the increase in metal content leads to a shift
of oxide peaks to lower energies. However, for the same samples, the
higher angles of AR-XPS analysis (i.e. depth information more limited
to the surface) show the formation of a stoichiometric oxide closer to
the surface. This indicates metal interstitials or oxygen vacancies as the
dominant migrating species in oxide formation [18,40]. The increase
of temperature to 423 K and 473 K leads to the formation of homo-
geneously stoichiometric oxides from the surface up to the maximum
analysis depth of XPS, with peaks centered at 18.3 eV.

Tantalum can be found in multiple oxidation states (Ta?*, Ta**,
Ta®*) [36], with the most stable, stoichiometric form (Ta>*) present-
ing a binding energy of 26.6 eV. Ta exposed to molecular oxygen up
to 373 K shows oxide peaks centered at 26.6 eV of low intensity and
high FWHM. Considering the small thickness of these oxide overlayers,
the high FWHM can be related to a larger spread in binding energies
due to a relatively high contribution from different binding energies at
the surface and interface of the oxide layer. As in the case of Hf, AR-
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Fig. 1. Oxide thickness extracted from in-situ
SE of metals exposed to molecular or atomic
oxygen at different temperatures. a) Hf + O, b)
Hf + O; ¢) Ta + O,, d) Ta + O; €) Mo + O,,
f) Mo + O; g) Ru + O,, h) Ru + O. The fitted
black dashed lines correspond to the theoret-
ical growth curves based on the Cabrera-Mott
inverse logarithm law (Eq. 6). The shadowed
area along the fits corresponds to the fitting er-
ror.
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XPS reveals a higher stoichiometry at depths closer to the surface, with
an increase of intensity and decrease of FWHM for oxide peaks. The in-
crease of exposure temperature to 423 K reduces the FWHM and leads to
a slight peak shift to lower binding energy (Table S.2), which is main-
tained throughout all analysis angles. This indicates that the increase
of temperature leads to a change in oxide stoichiometry. On the other
hand, all atomic-oxygen exposed samples present a constant FWHM (1.1
eV) and peak centered at ~26.6 eV from surface to maximum probed
depth. Therefore, we can conclude that for atomic-oxygen exposed tan-

Exposure time (min)

talum, a stoichiometric oxide film is formed independently of the ap-
plied temperature.

As previously mentioned, molybdenum can also form oxides of mul-
tiple stoichiometries, with Mo** (229.5 eV) and Mo®* (232.3 eV) the
most stable forms [21]. The XPS spectra of samples exposed to molec-
ular oxygen show virtually no oxide peaks up to 353 K. However, Ols
peaks at energies corresponding to metal oxide compounds (529 - 531
eV) are observed (Figure S.6). This is in agreement with the results ob-
tained by in-situ SE, which indicate for these samples the formation of
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(a) Hf + O + 473 K

b) Ta + O + 473 K
HE (b) Ta+ O +

Intensity (a.u.)
Intensity (a.u.)

Hf

p————

Fig. 2. XPS measurement of metals exposed
during 300 min to atomic oxygen at 473 K and
a take-off angle of 34.25°. The light grey line
indicates measured data, colored lines indicate
fitted peaks for the specified chemical state.
The pink line represents the sum of background
and fitted components. a) Hf; b) Ta (the broad
light pink peak at ~23 eV corresponds to O 2s);
¢) Mo; d) Ru (the light blue peaks at ~ 282.5
eV correspond to intrinsic plasmon features).
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an oxide with thickness of less than 0.15 nm. For O, exposed samples at
423 K and 473 K, low intensity Mo** peaks are observed, which corre-
spond to the formation of a thin MoO, layer. From 298 K to 423 K, the
atomic-oxygen exposed samples present a broad peak, centered at about
232.3 eV, indicating the formation of MoO5 as dominant stoichiometry.
For these samples, AR-XPS indicates a slightly lower FWHM near the
surface (Table S.3). Contrary to Hf and Ta, the FWHM then increases
with temperature, implying an increase of stoichiometry distribution
for higher temperatures. At 473 K, the stoichiometry distribution is so
evident that peaks relative to different oxidative states can be easily dis-
tinguished in the spectrum, which is kept throughout the oxide depth.
For this sample, the most prominent peak corresponds to a well-defined
peak at 231.1 eV, which is associated to the less stable Mo°* state.

Ru is a well-known oxidation-resistant material at ambient condi-
tions [23,44]. The small shift between Ru® (280 eV) and Ru*t (280.7
eV) can sometimes interfere in the identification of substoichiometric
forms, due to the overlap between peaks from substoichiometric oxide
and metal. However, the comparison between metallic Ru (Figure S.7d)
and Ru exposed to O, at 298 K, indicates a more pronounced shoulder
on the high binding energy side of both peaks for the exposed sample,
suggesting the presence of oxidized Ru (peak centered at ~280.4 eV).
On the other hand, the spectrum for O, exposure at 323 K presents re-
ally sharp Ru 3d core levels peaks. This suggests that, as also observed
by in-situ SE, virtually no oxide is formed at the surface. The increase
of temperature then leads to more pronounced RuO, peaks centered
at ~280.7 eV, indicating compositions close to stoichiometric for these
exposure conditions. For atomic oxygen exposures, the RuO, features
are clearly seen for all samples, and an intensity increase and a shift to
higher binding energies with increase of temperature is observed (Table
S.4). Since Ru and the RuO, overlayer are conducting, both have intrin-
sic plasmon losses contributing to the signal in the spectral range close
to the Ru 3d core level [45]. These features are seen at ~ 282.5 eV for
thicker oxides (O, exposed at T > 423 K and O exposed at T > 323 K).

284 282 280 218 276

Binding energy (eV)

Following the in-vacuum analysis, analysis of the crystalline struc-
ture of pristine and oxidized metals was made by ex-situ GIXRD. To
minimize influence of atmospheric exposure and further oxide growth,
the samples were analyzed immediately after being removed from vac-
uum.

For as-deposited metals, the Scherrer equation [46] was applied for
estimating the in-plane diameter of the crystallites. The values obtained
lie between 15 and 20 nm and, as typically observed for polycrystalline
thin films, the grain size perpendicular to the plane of the film is ex-
pected to be similar to the film thickness [47]. In our analysis, no an-
gular dependence of the diffracted intensity was observed apart from
that induced by the illumination geometry, which suggests a random
orientation of crystallites [48]. With atomic force microscopy (AFM)
(not shown), root mean square roughness values of 0.2 to 0.3 nm were
determined for the as-deposited films, indicating similar initial surface
and structural conditions for consequent oxidation of films. To verify a
possible influence of increased temperatures on metal atomic arrange-
ment, AFM and GIXRD for samples prior and after annealing at 473 K
in vacuum were compared. These analyses indicated no influence of the
applied temperatures on the metal structure (as expected due to the low
values of applied temperatures relative to the melting temperature of
each metal).

Figure 3 shows examples of GIXRD spectra of key cases. It was ob-
served that only Hf, Ta and Mo exposed to atomic oxygen at 473 K
formed crystalline oxides, as highlighted by the appearance of charac-
teristic monoclinic HfO, [49] and orthorhombic Ta,05 [50] and MoO4
[51] peaks in the spectra. The remaining experiments resulted in an
amorphous oxide. All of the amorphous oxide films had final thickness
equal to or lower than about 6 nm. It is remarkable to note, however,
that even though Mo exposed to atomic O at 423 K and 473 K present
similar growth dynamics and final oxide thickness, only the sample ex-
posed to the higher temperature shows the formation of crystalline ox-
ide. Furthermore, one should note that even though the XPS spectrum
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Fig. 3. GIXRD analysis of a) Hf, b) Ta and c)
Mo exposed to different conditions. The dashed
grey lines represent characteristic peak posi-
tions of crystalline metal (HCP Hf, tetragonal
Ta and BCC Mo) and dashed-dot dark red lines
characteristic peak positions of crystalline ox-
ides (monoclinic HfO,, orthorhombic Ta,Og
and MoO,).
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of Figure 2c indicates a dominant Mo, O contribution, the GIXRD anal-
ysis of the same sample shows the characteristic peaks related to MoOs.
Considering the lower stability of Mo®* state, the air exposure prior to
XRD analysis might have induced the transition of Mo,0O5 to MoOs.

To facilitate an overview of all observed scenarios, Table 1 brings a
summary of the main characteristics observed for the analyzed exposure
systems. In the following sections, we will explore the entire process of
oxide formation, correlating the obtained data and calculated parame-
ters to properties of the studied metals.

3.3. First step of oxidation: molecular oxygen dissociation and
surface-limited growth

We can use the advantage of real time SE monitoring to obtain
more information about the very initial stages of oxide formation. For
molecular-oxygen exposure, the oxidation begins by the dissociation
of molecules and atomic oxygen binding to surface atoms (dissocia-
tive chemisorption) [29,52]. For molecular oxygen on transition-metal
surfaces, two different pathways can be followed: trapping-mediated
and direct chemisorption. The trapping-mediated mechanism involves
a two-step process [53]. The first step is the non-activated formation of
a stable, molecular precursor, as stated in Eq. (1):

0, +Me « O /Me [€))

where O} represents a precursor with a stretched oxygen bond com-
pared to a free molecule and Me the metal surface. Once trapped at the
metal surface, the precursor can either desorb into the gas phase or pro-
ceed to chemisorb dissociatively, with the relative rates dictated by a
surface temperature mediated kinetic competition [54-56]. If not des-
orbed, the second step is the activated transition of the precursor to the
chemisorbed atomic oxygen state when the O-O bond is disrupted, and
the O atoms approach closer to the metal surface [53]:

0}/Me +2¢” — 20~ /Me )

90

T T T
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In the direct mechanism, the molecule proceeds directly to the process
described by Eq. (2), with no formation of intermediate precursors.

However, we should emphasize that at the applied oxygen pressure,
the time needed for saturation of the metal surfaces with dissociatively
chemisorbed oxygen atoms is expected to be much faster than the time
resolution of the applied ellipsometry measurements (2.48 s acquisition
step). Previous studies have shown that the saturation of the O cover-
age on Ta surfaces occurs upon exposure to 10 L of O, [57]. Prelimi-
nary studies made in our research group have demonstrated the satura-
tion of surface O coverage on a Ru surface with about 100 L of molec-
ular oxygen. Based on the applied oxygen flux, we estimate that the
metal surface should already be saturated within approximately 1 s of
O, exposure. Therefore, we propose that the initial oxide growth rate
as monitored by ellipsometry corresponds to the dissociation of molec-
ular species on an oxygen saturated surface in conjunction with incor-
poration of oxygen atoms in sub-surface layers, following a mechanism
represented by Eq. (3):

O;/(Meoxsurf + Mesub—surf) +e = 07/(Meoxsurf + Meosub—surf) &)

As previously mentioned, we assume the oxide monolayer to have a
thickness of less than 0.3 nm, after which the limiting step of oxide for-
mation might be substituted by the diffusion of ions through the formed
oxide. In cases where the molecular dissociation of O, on an oxygen
saturated surface acts as the limiting step for the initial phase of oxide
formation, we propose that the energy barrier for this process can be
derived from an Arrhenius analysis. With that, we can write a relation
only for this initial oxide growth formation as described in Eq. (4):

E'd
kT
with E, the dissociation barrier of molecular oxygen and A a pre-
exponential factor. Taking the natural logarithm of Eq. (4), we obtain a

dx

d_t lx<0.3nm = A exp(—

“
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linear relation between the initial rate and the inverse of temperature:

1n<%|x<0.3nm> = In(A) - f_;(%) Q)
Hence, by plotting the logarithm of the initial rate of oxide growth as a
function of 1/T for the oxidation, we can determine the activation en-
ergy needed for molecular oxygen dissociation at the analyzed surfaces.

Now we should evaluate for which set of exposure conditions this
analysis is valid. Naturally, the metals should have been exposed to
molecular oxygen. Furthermore, the processes involved in dissociation
should be limiting and should not change along the analyzed temper-
ature range. Hf and Ta do not show evidences of different processes
acting on the initial stages of oxidation, as there is a clear oxide forma-
tion with rates scaling with temperature. However, the cases of Ru and
Mo deserve each a more detailed discussion.

For Mo it is known that a low oxygen uptake and oxide growth
is given upon thermal oxidation at low temperatures [58-61]. Previ-
ous studies have shown that such behavior is related to a sharp de-
crease in surface reactivity of the initially formed thin MoO, towards
oxygen species [60]. However, before the formation of the first oxide
monolayer, earlier studies on monocrystalline Mo surface have shown a
similar dissociation and oxidative behavior from room temperature up
to about 573 K [59], indicating that the same dissociation mechanism
might act in this temperature range. As our analysis was performed at
temperatures below this range, we can assume a constant dissociation
mechanism to be present and, therefore, the developed analysis can be
applied to the performed exposure conditions.

For Ru, as previously mentioned, with the increase of temperature
from 298 K to 323 K a decrease in limiting oxide thickness is observed.
This can be attributed to a decrease in equilibrium oxygen coverage
at 323 K (compared to 298 K), as also previously reported by Cai et
al. for Al exposed to O, at temperatures ranging from 223 K to 373 K
[30]. Similarly, a lower initial oxidation rate is observed with increase
of temperature from 298 K to 323 K, which is also attributed to oxy-
gen coverage being the limiting factor for oxide growth. Wheeler et al.
[54] have demonstrated the existence of a trapping-mediated mecha-
nism on the O,-Ru reaction for molecules with low incident energy. In
this study, an inverse dependence of the initial dissociative chemisorp-
tion probability with surface temperature was observed, related to the
kinetic competition between oxygen desorption and dissociation at the
Ru surface (a similar mechanism was also observed for Al surfaces by
Hofmann et al. [62]). For Ru at T above 323 K, two possibilities are
raised: i) the temperature-induced dissociation becomes more promi-
nent than desorption, therefore the availability of oxygen is no longer
a limiting factor; or ii) the mechanism changes from trapping-mediated
to direct chemisorption [54,55]. Therefore, for Ru at T < 323 K, the lim-
iting step for oxide formation will not be the oxygen dissociation itself,
but the kinetic competition between oxygen desorption and dissociation;
and/or there is a change in the predominant dissociative chemisorption
mechanism. In either case, to guarantee that the analyzed temperature
range is undergoing the same surface processes, it is reasonable to in-
clude only the exposures of Ru to O, at temperatures above 323 K in
the proposed oxygen-dissociation analysis.

The conditions assumed to be consistent with the proposed analysis
were then evaluated and the logarithm of the initial rate of oxide growth
as a function of 1/T is plotted in Figure 4. Indeed a linear relationship
between the terms is observed for all metals. The extracted values of
the energy needed for molecular oxygen dissociation (E,) in each metal
surface obtained from this analysis are shown in Table 2.

A small difference in dissociation barrier of molecular oxygen was
found compared to typical differences obtained for theoretically calcu-
lated dissociation energies of O, on different clean metals (cf. refs 53 and
55, it should be noted that theoretical calculations with similar method-
ology were not found for most of the metals studied in this work).This
suggests that the effective energy barrier for dissociation of O, on a
metal surface saturated with oxygen, in conjunction with the migration
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Fig. 4. Natural logarithm of the initial oxide growth rate for exposure to molec-
ular oxygen as a function of the reciprocal of temperature for all analyzed met-
als. Only data for temperatures for which thermally activated dissociation of
molecular oxygen is the limiting factor for oxide growth are included.

of oxygen to the sub-surface layer is less strongly dependent on reactivity
of the metal. Unfortunately, to our knowledge there is little theoretical
background on expected activation energies for this stage of oxidation.
However, a certain order of the calculated values (Hf < Ta < Mo < Ru)
is still observed. It is known from literature that the oxygen adsorption,
dissociation and formation of a chemical bond with the metal surface is
a consequence of the electron donation from the metal surface into the
antibonding orbitals of the oxygen molecule [55]. Looking at transition
metals, the d-band filling increases and d-band center becomes lower
in energy and large in spatial extent in the direction from the top-left
to the lower-right end of the periodic table, which results in a weaker
covalent interaction and strong Pauli repulsion between metal surface
and oxygen [63,64]. Therefore, it is expected that the interaction with
oxygen (and other adsorbents) should follow an order similar to that ob-
served with our calculations. To the best of our knowledge, no previous
quantitative analysis of molecular oxygen dissociation was performed
for initially polycrystalline metallic surfaces as the ones analyzed in our
experiments, at least after saturation of the surface with oxygen. How-
ever, a comparison with simulation [53,64] and experimental data on
single crystalline metals [63] support the observed trends and differ-
ences in dissociation energy.

3.4. Second step of oxidation: oxide growth beyond few monolayers

Following the analysis of initial oxide formation, we now focus on
the dynamics of oxide growth after the formation of the first oxide layer.
As previously mentioned, the main mechanism driving low-temperature
oxidation is reported to be the electric-field-driven, described by CM the-
ory. However, a change in exposure conditions can interfere in the main
parameters determining oxide growth and formed oxide properties. In
the following sections, the predominant mechanism for each exposure
condition was evaluated. A calculation of main parameters describing
oxide growth kinetics, together with a correlation between the obtained
results and exposure conditions (the combination of temperature, ox-
idative specie and metal of interest) was performed.

3.4.1. Limiting oxide growth and the influence of coverage on Vy,

As previously mentioned, the self-limiting behavior of oxide film
growth observed for Hf (298 K to 423 K for both species), Ta (298 K
to 423 K for O, and 298 K to 373 K for O), Mo (298 K to 323 K for O)
and Ru (298 K to 473 K for O, 298 K to 423 K for O) is consistent with
the Cabrera-Mott model of electric-field-driven oxide growth [7,32]. Ac-
cording to CM, with the establishment of V), the growth rate of oxide
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Table 1.

Materialia 20 (2021) 101203

Summary of characteristics from oxide growth dynamics and final formed oxide on metals exposed to O, and O.

Oxide characteristic O, exposure

O exposure

Hf Limiting oxide formation CM growth for T < 423 K
Stoichiometry Stoichiometric at all T
Structure Amorphous for all T
Ta Limiting oxide formation CM growth for T < 423 K
Stoichiometry Lower stoichiometry at T < 373 K
Structure Amorphous for all T
Mo Limiting oxide formation Does not follow CM (T < 423 K surface-limited; T = 473K: continuous growth)
Stoichiometry Substoichiometric when formed
Structure Amorphous when formed
Ru Limiting oxide formation ~ CM-type growth for 298 K, 353 K < T < 423 K
Stoichiometry Lower stoichiometry at T < 373 K
Structure Amorphous for all T

CM growth for T < 423 K

Lower stoichiometry for T < 373 K
Crystalline at T = 473 K

CM-type oxidation for T < 373 K
Stoichiometric at all T

Crystalline at T = 473 K

CM-type oxidation for T < 323 K
High substoichiometry for T > 373 K
Crystalline at T = 473 K

CM-type oxidation for T < 423 K
Lower stoichiometry at T < 373 K
Amorphous for all T

Table 2.
Effective O, dissociation barrier for initial oxide growth (< 0.3 nm) for the an-
alyzed polycrystalline metals.

E, (eV)
Hf 0.100 + 0.004
Ta 0.110 + 0.002
Mo 0.120 + 0.005
Ru 0.130 + 0.006

thickness x follows the equation:

-U + anM/x(I)>

= ©)

% = Qnv exp(
where Q is the volume of oxide formed per cation, n is the number of
cations per unit area which may jump through the rate-limiting energy
barrier U, v is the attempt frequency of the cation, q is the charge of
the migrating cation, 2a is the distance between potential minima. The
field that decreases the energy barrier for ionic diffusion is re-written
as the term V),/x(r), highlighting its dependence on oxide film thick-
ness. In our previous study on low-temperature oxidation [11], we have
demonstrated that the reaction front of oxide formation in the analyzed
transition metals corresponds to the oxygen/oxide interface. This was
further confirmed by the AR-XPS analysis performed in this study, which
showed that for the cases that follow CM-type growth, a higher stoi-
chiometry is found near the surface. This higher stoichiometry near the
surface is characteristic of reactions where metal interstitials (M;**) or
oxygen vacancies (Vo?t) are the dominant migrating species.

Therefore, for the mentioned conditions and with known values of
Q, n, v, q and a, parameters Vy; and U can be obtained by fitting the in-
verse logarithm law given by Eq. (6) to the growth rate curves shown in
Figure 1 [29,30,65]. The fitting results are shown as black dashed lines
in Figure 1. As checked by GIXRD analysis, for the cited cases which
follow a CM-type growth, the oxidation results in an amorphous oxide
growing on a polycrystalline metal. Therefore, we assume an isotropic
diffusion in the oxide film, with the rate-limiting barrier for cation mo-
tion located within the oxide. From this assumption, n and a are esti-
mated based on the hopping of metal cations between interstices of the
corresponding oxide. Considering their amorphous nature, the values
for Q, n and a were obtained based on bulk values of density and molar
mass of the oxides. For the calculations performed in this paper, v = 1012
s~1 [7] and ¢ = ze C (with the elementary charge e = 1.6022 x 10719 C,
and z = 4 for Ru and Hf, z = 5 for Ta and z = 6 for Mo). All the applied
values for Q, n, v and 2a are shown in Table 3, together with values of U
obtained from the fittings for both, molecular- and atomic-oxygen expo-
sures. The values of V), are shown in Figure 5 as a function of exposure
temperature for both species.

From the performed analysis, we noted the activation energy barrier
to be independent of T and present similar values for metals exposed to
molecular and atomic oxygen. This supports the obtained fitting results,

Table 3.

Fitted values for the rate-limiting energy barrier for cation motion (U), for
dry thermal oxidation of metals under exposure to atomic and molecular oxy-
gen at pO, = 1 x 10~* mbar. The values of V,, are displayed in Figure 5 as a
function of temperature. The corresponding constants applied for the volume
of oxide formed per cation (£2), number of cations per unit area (n), and dis-
tance between potential minima (2a) are also displayed. These were estimated
based on bulk values of density and molar mass of the oxides and assuming
the rate-limiting barrier for cation motion to be located in the oxide film.

Metal  Oxidative specie ~ Q (nm®) n(nm2) 2a(nm) U (eV) (fitted)
Hf 0O, 0.108 9.1 0.23 1.5+0.2
(0] 1.8+0.3
Ta 0, 0.313 7.9 0.23 1.8+ 0.2
(0] 1.9+0.3
Mo (0] 0.204 7.3 0.23 1.7 £ 0.1
Ru 0, 0.095 9.9 0.22 1.8+04
(0] 2.0+0.3

as the activation energy for oxidation is related to the energy neces-
sary for the ions to diffuse through the formed oxide and thus should
be independent of oxidation conditions as long as in depth transport is
rate limiting [32]. As in both molecular- and atomic-oxygen exposures
amorphous oxides were formed, U values should not be dramatically
different. This also suggests a similar atomic structure in the formed
amorphous oxide films among the analyzed temperatures. On the other
hand, the Vy; formed across a metal oxide changed dramatically be-
tween molecular- and atomic-oxygen exposure, presenting also a slight
variation with temperature, as seen in Figure 5.

We shall initially focus on the effect of temperature on potential for
each oxidative specie. As seen in Figure 5a, for O, exposure the increase
of T does not significantly affect Vy; of Hf and Ta, only values for Ru are
influenced. As discussed in Section 3.3, this variation seen in Ru might
be due to enhanced desorption upon increase of T and thereby reduction
of oxygen coverage. One should note that, as a closed oxide layer was
probably not formed for 323 K, the data point might not represent a real
value of Vy;. However, it serves as an indication of the effect of coverage
on the formed potential, indicating that at temperatures where dissocia-
tive chemisorption becomes again more prominent than desorption (T
> 373 K), values of V) are restored.

For direct atomic oxygen exposure, the change in temperature is
critical only for Ta. It is important to observe that also for Ta, the in-
crease in T induces a decrease in growth rate at the initial fast oxidation
stage. Based on the analysis developed by Jeurgens et al. on Al oxida-
tion [32], a decrease of the rate in the fast oxide growth stage and a
reduction of V), can be related to either of the following phenomena:
(a) increase of oxygen desorption (reduction of coverage) or (b) low
rate supply of oxygen (due to low exposure pressure). For our experi-
mental conditions, the atomic oxygen supply is in the order of 1 ML/s,
making it improbable that the supply is the limiting factor for oxide
growth. Furthermore, when exposing Ta to molecular oxygen, no effect
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Fig. 5. Calculated Mott potential (Vy) as
a function of temperature for each metal-
_ oxidative specie combination. a) Metals ex-
1 posed to O,, b) metals exposed to O. The cor-
responding constants applied for the volume of
oxide formed per cation (£2), number of cations
per unit area (n), and distance between poten-
tial minima (2a) are displayed in Table 3. The

D

) % % dotted lines serve as guides to the eyes.
1 ---o-- Hf
o— Ta
- Mo
—&— Ru

0.0 -2
a) 0, b) O
-0.2
—al R
=, Ve 2 G
= . gy
> .06 A > 4]
= ° o ) A
= ] o &
§ 084 =& =} I )\ §
g & I3 =5}
< -1.0 | & .
- s Bg
1.24 o Hf 6
o Ta %
1.44 Ru %
T T T T T T T - T T
300 330 360 390 420 450 480 300 330

Temperature (K)

evidenced the increase of desorption with the increase of temperature.
As atomic-oxygen presents an even higher sticking probability than O,
[63], it is also unlikely that temperature induced desorption of atomic
oxygen might increase in the analyzed temperature range. However,
the increase of temperature might lead to an increased ionic diffusion,
such that thermal diffusion induced by concentration gradients becomes
significant compared to field assisted (self-limiting) oxide growth. This
higher diffusion leads to a rapid consumption of adsorbed O and con-
sequent reduction of atomic oxygen coverage. With that, according to
the coupled currents approach, the potential starts to shift to the so-
called “kinetic” potential Vi, which is lower than the Mott potential Vy;
[27-29,32]. Therefore, we propose that the increased influence of the
thermal diffusion leads to the observed growth behavior, resulting in
the decrease of initial oxide growth rate and surface potential.

Following this analysis, we can now discuss the difference in Vy
between oxidative species for all metal cases. As O, is an (electron)
acceptor, electrons from the metal are transferred to the molecule upon
contact with the metal surface [29,63]. This process leads to the dissoci-
ation of molecular oxygen (following the energy trend calculated in Sec-
tion 3.3) and formation of charged atomic species. For atomic oxygen,
considering its high reactivity and lacking need of dissociation, immedi-
ate charge transfer is assumed upon contact with the metal surface. The
reaction follows to place exchange between metal and charged atomic
oxygen and formation of the first oxide monolayer. After this first mono-
layer is formed, a certain coverage of charged species should still exist
on the surface for maintenance of V), and continuation of oxide growth
(one should be aware that, by then, the presence of oxide might influ-
ence the interaction between the surface and the charged species). As a
simple analogy, the CM oxidation system can be viewed as a parallel-
plate capacitor [32,66]. In a capacitor, however, the applied voltage
determines the charge accumulated on the plates, while in the CM ox-
idation model the amount of adsorbed atomic oxygen determines the
charge concentration and consequent electric field.

The influence of reactive atomic species on the value of formed Vy
is directly evidenced by the differences in Vj; between atomic- and
molecular-oxygen exposed metals. Previous studies have shown that
atomic oxygen presents a higher sticking probability than molecular
oxygen on both pristine metal and oxidized surfaces for the analyzed
metals [44,54,63,67-69]. Another point to be taken into account is that
the probability of dissociative chemisorption of molecular oxygen de-
creases with increase of oxygen coverage [70]. With that, the probabil-
ity of the existence (and maintenance) of a high atomic oxygen coverage
and consequent surface charge density is superior upon direct atomic ex-
posure. As previously mentioned, studies have suggested a dependence
of Mott potential on the oxygen coverage based on variation of tem-
perature and/or pressure [30,31,33,34]. The increase of Vy; with cover-
age is further supported by analysis where processes such as ultraviolet
[43,71] or electron [72] irradiation were employed during O, expo-
sure. In these studies, an increase in final oxide thickness (compared to

360 300 420 450 480
Temperature (K)

pure O, exposure) was reported, strongly indicating that the presence
of processes that induce O, dissociation (and consequent atomic oxygen
surface concentration) lead to higher surface potential values.

Finally, looking specifically into atomic oxygen exposure, we can
correlate the values of Vy; to metal properties. According to the CM
theory, the Mott potential is defined as Vy; = e (¢, — @) [7], with
¢ the metal work function and ¢; the difference between the vacuum
potential and the Fermi level in the presence of adsorbed oxygen. It is
important to emphasize that this calculation of V), is valid in the limit
where the electron transmission from metal to adsorbed oxygen is dom-
inated by the tunneling effect and cation diffusion is the limiting step in
oxide formation [29]. With that, the lower the metal work function, the
more negative the formed potential will be, and consequently the higher
the generated field. Work function values for polycrystalline structures
obtained from the literature show the lowest values for Hf (~4.0 eV)
and Ta (~4.0 eV), followed by Mo (~4.3 eV) and Ru (~4.7 eV) [73].
One should be aware that the work function values are strongly depen-
dent on surface properties, such as preferential plane and cleanliness.
Therefore, values of work function reported in the literature often cover
a considerable range. However, it is generally possible to correlate a
lower work function to a more negative value of potential and conse-
quently larger final oxide thickness for exposure of metals to atomic
oxygen. As discussed, this is not necessarily true for molecular-oxygen
exposures, where surface effects such as the competition between des-
orption and adsorption, together with coverage limitations directly in-
fluence the value of the Mott potential. As an example, based only on
electronic characteristics, it was expected that Ru, among the analyzed
metals, would present the lowest oxide formation for both molecular-
and atomic-oxygen exposure. However, Mo and Ta formed thinner oxide
than Ru for molecular-oxygen exposures in the analyzed T range. This
difference can be related to the differences in catalytic ability of the ini-
tially formed oxide, as RuO, presents higher probability of O, dissocia-
tive chemisorption [68,74], leading to the maintenance of chemisorbed
O concentration and consequent thicker oxide formation. These observa-
tions indicate that in cases where the presence of atomic oxygen species
on the surface is not hindered by desorption or limited by coverage, the
formed Mott field and the consequent limiting oxide thickness for low
temperature oxidation can be directly related to the metal electronic
properties.

3.4.2. Continuous oxide growth and crystalline oxide formation

Lastly, we should discuss the exposure conditions that do not present
a self-limiting oxide growth: Hf at 473 K for both species; Ta at 473 K
for O,, and from 423 K and 473 K for O; and Mo at 473 K for O,, and
from 373 K to 473 K for O; Ru at 473 K for O. We hypothesize that at
these conditions, three identified processes could potentially influence
the maintenance of a continuous oxide growth within the timescale of
the experiment: (i) increase in molecular dissociation (for molecular-
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oxygen exposures); (ii) increase of ionic diffusion; (iii) contribution of
electron transport by thermionic emission.

For molecular-oxygen exposure of Hf, Ta and Mo at 473 K, a rapid
initial oxide growth followed by a decrease in rate with increasing ex-
posure time is observed. However, this second oxidation stage is con-
tinuous, and the setting of growth in a limiting oxide thickness is not
observed. This transition is observed for Hf, Ta and Mo at very thin ox-
ide thicknesses, of about 0.7 nm, 0.6 nm and 0.2 nm respectively. This
continuous growth could be induced by the increase of both molecular
dissociation and ionic diffusion with temperature (with thermal diffu-
sion induced by concentration gradients significant compared to field
assisted oxide growth). As molecular-oxygen dissociation and the chem-
ical diffusion of metal cations are thermally activated processes, the in-
crease in temperature could enhance both the concentration of atomic
oxygen species at the metal surface and number of cations diffusing for
oxide formation. Both processes acting together can lead to a contin-
uous supply of oxygen and cations for oxide formation, resulting in a
continuous oxide growth. However, the slow rate of the second oxida-
tion stage and the fact that the oxide thicknesses for all cases are still
much lower than those obtained by direct atomic oxygen exposure in-
dicate that surface processes might still be a limiting factor in the oxide
growth dynamics.

For Ta at 423 K and 473 K, and Mo from 373 K to 473 K exposed to
atomic species, an almost linear oxide growth is set, without observing
a limiting oxide thickness. For both materials, the initial growth rate
also decreases with increase of T. As discussed in the previous section,
we propose that in these cases, the increase of temperature leads to a
higher ionic diffusion through the oxide and consequent reduction of
atomic oxygen coverage (i.e. rapid consumption of the O). A similar
phenomenon has been recently observed for Cu oxidation at low tem-
peratures [12]. As discussed by Unutulmazsoy et al. [12] for Cu, the
different oxidation kinetics for Ta and Mo can be attributed to the very
fast diffusion of cations in the corresponding oxides, which is compara-
bly higher than typically observed for binary oxides. Usually in the low
T regime, molecular dissociation seems to be a critical factor for further
metal-oxygen reaction and oxide growth. However, direct exposure to
atomic oxygen enables a direct oxide formation and high consumption
of oxygen from the surface, which is accentuated with ion diffusion in-
duced by further T increase. For Mo, the increase in ionic diffusion is
supported by the stabilization of different oxidation states with temper-
ature increase, observed in the XPS analysis. For Ta, such difference in
oxidation states is likely not observed due to the higher reactivity of
tantalum as compared with molybdenum [75].

This decrease in rate observed for Mo and Ta, however, is not ob-
served for Ru and Hf exposed to atomic oxygen at 473 K. For these
materials, a higher growth rate is observed during the entire oxidation.
Both systems present a rapid initial oxide growth followed by a decrease
in rate with increasing exposure time. However, Hf shows a significantly
higher growth rate during the second stage compared to Ru, reaching
a much thicker oxide than observed for the other metals after 300 min
exposure. We hypothesize that the continuous growth observed for Ru
and Hf at this exposure condition is a consequence of the increase of
thermionic emission of electrons with T. Thermionic emission is a pro-
cess considered to be strongly dependent on both metal properties and
temperatures to which the system is exposed [28,76]. Considering the
electronic properties of Hf, Ru and their oxides, and the analyzed tem-
perature range, the effect of thermionic emission is negligible up to an
oxide thickness of ~2-3 nm, and the tunnel current is dominant in the
charge transfer processes during oxide growth [27,28,76]. However,
for thicknesses above this value and at a significant temperature, the
tunnel current will cease and thermionic emission becomes the main
charge transfer process. It is important to note that, contrary to tunnel-
ing, thermionic emission is independent of oxide thickness [28,32,76].
Therefore, even after the oxide reaches a thickness where the contri-
bution of tunneling is reduced, electron transport through the thicken-
ing film remains. Following the constraint of coupled currents between
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cations and electrons, the initial fast growth must be followed by a sec-
ond stage of relatively slower, continuous oxide formation [29]. This
transition between first fast and second slower stages is marked by a
distinct drop in rate, a result of the breakdown of V}; by termination of
tunneling. For Hf at 473 K, this transition is observed at ~2 nm oxide.
This relative ease of electron transmission at 473 K and consequent ox-
ide growth might be related to the lower work function of Hf and the
high number of traps present in metal oxide films synthesized at lower
temperatures, a phenomenon reported to be especially significant for
HfO, thin films [77-79]. Considering the higher work function of Ru,
the thermionic release of electrons should be less intense and, there-
fore, the oxide growth not as steep as observed for Hf. We hypothesize
that the influence of thermionic emission would also be present for the
other oxides that show continuous oxide growth at 473 K, however, the
previously cited effects (increase in molecular dissociation and ionic dif-
fusion) might be more determining for the growth in the other oxidation
systems.

The final point to be discussed is the formation of crystalline oxides
at 473 K for Hf, Ta and Mo exposed to atomic oxygen. Previous stud-
ies have demonstrated that for the oxide overgrowth on its metal sub-
strate an amorphous phase is stable only up to a certain critical thickness
[80,81]. The theoretical analysis developed by Reichel et al. [80] has
demonstrated that this transition thickness is dependent on thermody-
namical properties (such as bulk Gibbs energies, surface and interfacial
energies) of both the metal and overgrown oxide films, and was esti-
mated to lay in the range of ~1-3 nm for oxides growing on densely
packed monocrystalline metal surfaces. Therefore, the high reactivity
and continuous oxide formation (induced by the phenomena discussed
above) prompt the oxide growth past the thickness limit where the amor-
phous oxide overlayer is thermodynamically stable. However, we be-
lieve that temperature also plays a critical role in this phenomenon.
This assumption is based on the observation that, even though Mo ex-
posed to atomic O at 423 K and 473 K presents a similar final oxide
thickness, only the sample exposed to the higher temperature shows the
formation of crystalline oxide. For lower temperatures there may thus
be a kinetic barrier that prevents formation of the more stable crys-
talline oxide phase. This interrelation between exposure conditions and
crystalline oxide formation is an interesting phenomenon that will be
further investigated in a future publication. However, preliminary ex-
periments done in our research group have demonstrated that for HfO,
growing on polycrystalline Hf, the crystallization of the oxide occurs
at a thickness of approximately 5.5 nm. Furthermore, we observed that
even after reaching of crystallization at 473 K, the oxide growth can
be ceased by reducing the exposure temperature. This verification was
done under a constant flow of atomic oxygen species and is a strong
indication that, contrary to what was previously assumed [32], the ox-
ide structure might not be the main factor leading to continuous oxide
growth at low temperatures.

4. Key oxide formation characteristics for the analyzed metals
4.1. Hf

Hf samples present significant oxide formation for both molecular-
and atomic-oxygen exposures, following a CM-type growth at T < 423 K
for both species. No direct evidence of temperature influence on the Vy;
was observed, with values of -0.8 + 0.2 V for molecular-oxygen exposure
and -5.3 + 0.3 V for atomic oxygen exposure. This difference indicates a
significant effect of reactive species coverage on potential formation and
consequent oxide growth. At T = 473 K, atomic oxygen interaction led
to increased continuous oxide growth rate, forming a crystalline HfO,
layer of ~ 15 nm after 300 min exposure. We hypothesize that this in-
tense oxide growth is due to the transition of a tunneling mediated elec-
tron transfer to thermionic emission, a phenomenon marked by a dis-
tinct drop in growth rate between first fast and second slower growth
stages at ~2.0 nm oxide. This relative facility of electron transmission
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is associated to the low work function of Hf and higher probability of
electron trap formation for HfO, synthesized at lower temperatures.

4.2. Ta

Ta films present a CM-type growth at T < 423 K for O, and T < 373
K for O exposures. The significance of coverage for oxide formation was
manifested in two different ways: for molecular oxygen, this was evi-
denced by the formation of a low Vy; (-0.6 + 0.1 V); for atomic oxygen,
by the decrease of Vy; with increased temperature. The first is associ-
ated to the lower molecular dissociation at the formed Ta,Os surface,
while the second is related to the increase in ion diffusion induced by T
increase. The increase in ion diffusion is indicated by the almost linear
rate of oxide growth. With intense oxide growth, at 473 K its thickness
surpasses the limit in which amorphous oxide is thermodynamically sta-
ble and, therefore, a crystalline oxide structure is formed.

4.3. Mo

Mo presents significant oxide formation only for molecular-oxygen
exposures at 473 K and direct atomic oxygen exposures. For molecular-
oxygen exposures, the formation of a MoO, monolayer hinders further
formation of oxide. The low reactivity of MoO, decreases the molecular
dissociation probability, which impedes building up a significant V. As
a result, only an increase of temperature to 473 K provides enough in-
put of energy for continuous dissociation and oxide growth. For atomic
oxygen exposures, the impediment of the oxidation reaction is no longer
present, and oxide growth follows according to the CM mechanism up
to 323 K. For higher temperatures, as in the case of Ta, the increase in
ionic diffusion leads to a continuous oxide formation. Even though a
similar oxide thickness is achieved for 423 K and 473 K, only the last
temperature shows crystalline oxide formation (monoclinic Mo), indi-
cating the critical influence of temperature in the structure stabilization
of the formed oxide.

4.4. Ru

Upon both molecular- and atomic-oxygen exposure at temperatures
below and equal than 473 K and 423 K respectively, Ru follows a field-
driven oxide growth mechanism. The critical feature determining the
maximum oxide thickness observed for this metal is the coverage of re-
active atomic oxygen species. For molecular-oxygen exposures, at T <
323 K, the kinetic competition between oxygen desorption and dissocia-
tion at the Ru surface leads to an increase in desorption with increasing
temperature. Consequently, below 323 K, there is an inverse relation
between temperature and Vj;. The exposure to atomic oxygen (and con-
sequent higher coverage of reactive species) leads to values of V), al-
most five times higher than for molecular-oxygen exposures (-2.9 + 0.2
V for O exposure; -0.6 + 0.1 V for O, exposure), resulting in faster oxide
growth rates and formation of thicker oxide overlayers for all analyzed
temperatures. For exposure to atomic oxygen at 473 K, we propose that
the effect of thermionic emission induces the continuous oxide growth.
However, at a lower rate than observed for Hf, considering the higher
work function of Ru.

5. Conclusion

In this work the complete process of oxidation (from surface pro-
cesses to film growth) was analyzed and described for polycrystalline
Hf, Ta, Mo and Ru films. The reactions were studied at low temper-
atures (298 K to 473 K) upon the exposure to molecular oxygen and
atomic oxygen.

Upon exposure to molecular oxygen, the surface O coverage rapidly
saturates due to dissociative chemisorption. We observed that the initial
growth rate up to an oxide thickness of ~0.3 nm can be described by an
Arrhenius relation and we thus extracted the effective energy barriers
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for molecular dissociation and penetration of oxygen to the sub-surface
layer. Small differences in dissociation barrier were found compared to
typical differences obtained for the dissociation energies of O, on clean
metals. However, the effective energy barrier still scaled in the order
from more to less reactive metals as Hf < Ta < Mo < Ru.

Considering the formation of oxide films beyond monolayer thick-
ness, temperature limits for which Cabrera-Mott type growth is followed
and the influence of oxidation specie on the formed potential and oxide
growth dynamics were evaluated. A key finding from our studies was the
demonstration that the surface concentration of reactive atomic species
is the determining factor in the oxidation process for all analyzed metals.
For the conditions that followed Cabrera-Mott type growth, all formed
oxides were amorphous. The calculated values of energy barrier of diffu-
sion were similar for both molecular- and atomic-oxygen exposures, in-
dicating a similar atomic structure in the formed amorphous oxide films
among the analyzed temperatures. For molecular-oxygen exposures, sur-
face effects such as the competition between desorption and adsorption,
together with coverage limitations directly influence the formed Mott
potential (V) for T < 473 K. For atomic oxygen exposures, the high
sticking and absence of a surface coverage limitation enable the cor-
relation of lower work function (WF) to more negative values of the
potential and consequently larger final oxide thickness, as determined
by the Cabrera-Mott (CM) oxidation mechanism. The higher coverage
derived upon O exposure was evident by the difference in potential and
final oxide thickness formation. The values of V), for O, exposure were
higher than -1 V, with a small difference between the analyzed met-
als, while for atomic oxygen exposure the values scaled relative to WF
decrease, from -2.9 eV (Ru) to -6.5 eV (Ta).

We also verified the interrelation between exposure conditions and
crystalline oxide formation. Hf, Ta and Mo exposed to atomic oxygen
at 473 K formed crystalline oxide structures, while Ru at the same ex-
posure conditions remained amorphous. We hypothesize that the high
reactivity and continuous oxide formation induced by increased ionic
diffusion (Mo and Ta) and thermionic emission (Hf) prompt the oxide
growth past the thickness limit where the amorphous oxide overlayer is
thermodynamically stable. Nevertheless, temperature also has shown to
present a critical role in oxide crystallization, as Mo exposed to atomic
O at 423 K and 473 K present similar final oxide thickness, and only
the sample exposed to the higher temperature showed the formation of
crystalline oxide.

In the present study, the stages of oxide growth induced by molecu-
lar and atomic oxygen are analyzed thoroughly, and differences in final
oxide composition and structure induced by the presence of activated
oxygen species at low temperatures are covered. The obtained results
provide a general guideline for synthesis and control of oxide growth
on polycrystalline transition metal oxide thin films at low temperatures.
The overall picture shows that in cases where the presence of atomic
oxygen species on the surface is not hindered by desorption or limited
by coverage, the formed Mott field, and consequently obtained limiting
oxide thickness, at low temperature oxidation can be directly related to
the metal electronic properties. We further hypothesize that this princi-
ple can be extended to other acceptor-type adsorbents, such as nitrogen:
if radical species are directly in contact with the metal layer and enough
coverage is present, a field assisted diffusion and compound growth pro-
cess will be established. These results might have a significant impact,
not only in the design of materials for a wide range of practical appli-
cations, but also for development of processes where reactive species
are put in direct contact with thin layers (e.g. atomic layer growth or
etching).
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