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Graphical abstract

Highlights

Isotope exchange observed in topmost few nm of oxide films exposed to O radicals.
Diffusion saturates in < 10 min, showing no influence of crystalline structure.

In depth saturation attributed to field-assisted diffusion in space charge layer.
Diffusion model calculates diffusion and surface exchange coefficients.

Adsorbed O species enhance diffusion by ~ 8 orders of magnitude compared to bulk.

Abstract

The diffusion of oxygen in thin films of ZrO, and MoO; was investigated with atomic 80 as
a tracer using low energy ion scattering sputter depth profiling. 3 nm amorphous and 20 nm
polycrystalline films were prepared by reactive magnetron sputtering and exposed to atomic
oxygen species at room temperature. Exposure results in a fast diffusion of oxygen to a limited
depth of ~1 nm and ~2.5 nm for ZrO, and MoO:s, respectively, and surface exchange limited to a
maximum of 65% to 75%. The influence of the crystalline structure of the films on exchange and
diffusion was negligible. We propose that the transport of oxygen in oxides at room temperature
is dominated by a field-induced drift, generated by the chemisorption of reactive oxygen species.
The maximum penetration of oxygen is limited by the oxide space charge region, determined by
the oxide electrical properties. We applied a drift-diffusion model to extract values of surface
potential and kinetic parameters of oxygen exchange and diffusion. The developed experimental
analysis and modelling suggest that the electric field and consequent distribution of charged
species are the main factors governing exchange rates and species diffusion in an oxide thin film
at room temperature.
Keywords: Isotope exchange, Thin films, Space charge layer, Transition metal oxides, Low

temperature, Low energy ion scattering



1. Introduction

With the advance in nanometer-thick film synthesis, the application of transition metal oxides has
exponentially grown. As thin films, they are employed in a wide range of functions, from electrodes in solid
oxide fuel cells [1] and charge injection layers in organic electronics [2], to protective layers against
corrosion and for increase of components lifetime [3]. In most of these applications, the interaction between
the oxide surface and atmospheric species, such as oxygen, is present. The majority of studies in that context
focused on molecular oxygen-oxide interaction at high temperatures (T > 300°C), in which it is commonly
accepted that the chemisorption and incorporation of oxygen into the oxide lattice results in change of oxide
properties [4-8]. However, little is known on the effect of atomic oxygen species interacting with oxide
surfaces at moderate temperatures, i.e. close to 25°C (about room temperature) [9].

The aim of the present work is to understand the mechanisms governing the interaction of atomic
oxygen with oxides at room temperature. The understanding of such interaction is critical considering
applications where oxides are not directly exposed to high temperatures, but processes such as exposure to
ultraviolet light [10,11] or electron beam [12,13] might induce the formation of atomic oxygen species at
oxide surfaces. Transport of oxygen in an oxide lattice is initiated by oxygen exchange at the surface,
followed by diffusion to sub-surface regions. The diffusion can be along grain boundaries (commonly
assumed to be a faster diffusion pathway [14]) or bulk [15]. For molecular species in contact with binary
oxides at room temperature, it is reported that the surface oxygen exchange is quenched, as the low
temperature and the lack of high defect or dopant concentration prevents the reaching of the energy required
to surpass the activation barrier of molecular dissociation [16,17]. However, in case of exposure to atomic
or radical species, the absence of the molecular dissociation step might enable the interaction to proceed to
the lattice transport phase. This transport might affect the system in which an oxide is employed, for example
by inducing changes in the oxide properties or by affecting layers that are supposed to be protected by the
oxide (especially relevant when oxides are employed as diffusion barrier materials). Therefore, a better
understanding of the nature of the interaction between atomic oxygen and oxide at low temperatures is of
immediate importance for relevant technological applications of oxides.

One of the most powerful methods for studying oxygen transport processes is the so-called Isotope
Exchange Depth Profile (IEDP). This technique consists of the combination of exposure of an oxide to the
isotope '#0, followed by in-depth analysis of the isotope profile by sputter depth profiling with an ion beam
technique. Typically, secondary ion mass spectrometry (SIMS) is applied in [EDP analysis, as it provides a
direct measure of oxygen transport kinetic parameters [18]. However, SIMS profiles lack precise
information about the surface chemistry and oxygen exchange in thin films in the nanometer range, due to
its large information depth (between 4 and 7 monolayers depth) [18]. In this context, the low-energy ion
scattering (LEIS) technique provides the opportunity of correlating exchange kinetics with chemical

processes at the topmost atomic layers of materials, giving an unprecedented level of information on surface
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exchange and diffusion in oxides with isotopic discrimination [18,19]. Therefore, the detailed analysis with
LEIS-IEDP allows one to unambiguously discern between the mechanisms involved in lattice diffusion and
surface exchange processes, together with determining the respective transport parameter characteristics of
each mechanism [15,18].

In the present study, we apply LEIS-IEDP to verify the interaction between atomic oxygen and thin
film oxides of zirconium (ZrO,) and molybdenum (MoQ;), with different thicknesses and crystalline
structures. These materials were chosen to allow a comparison between a metal that only forms a single
stable stoichiometric oxide (Zr) and a prototypical metal that can form various stable bulk oxidation states
(Mo). Deposition by reactive magnetron sputtering, atomic O exposure and LEIS analysis were carried out
in-vacuo, which enables to extract the precise time evolution of isotope surface exchange and in-depth
diffusion without the interference of surface contaminants. Our analysis suggests that the formed isotope
profiles are a consequence of the field formed upon chemisorption of reactive oxygen species at the oxide
surface and associated accumulation of charged species near the surface (upward band bending). This
process induces exchange and increases diffusivity of oxygen in the space charge region of the oxide. By
applying a drift-diffusion model, we extract relevant kinetic parameters and suggest main factors that may

influence oxygen diffusion.

2. Experimental

The experiments were performed in a home-designed ultrahigh vacuum system at a base pressure of
<1 x107° mbar, which allows in-vacuum transfers between deposition (magnetron sputtering),
characterization (LEIS and X-ray photoelectron spectroscopy (XPS)) and oxygen exposure chambers with
negligible surface contamination. Films of 20 nm and 3 nm of ZrO, and MoO; were obtained by reactive
direct current (DC) magnetron sputtering of the respective metallic target with a mixture of oxygen and
argon. The samples were deposited on a 25 x 25 mm? Si(100) substrate with a native oxide layer. The
average deposition pressure was 5x107* mbar and the growth rate was typically 0.05 nm/s. The stoichiometry
of deposited films was verified by XPS experiments with a Thermo Theta Probe spectrometer, using Al-
Karadiation.

For a complete analysis of oxygen-oxide interaction, we performed three types of oxygen exposure:
(i) exposure to molecular tracer oxygen ('*0,) for testing of oxide surface stoichiometry; (ii) exposure to
atomic '"®0 (isotopic enrichment 98%) to perform isotope tracing analysis; (iii) exposure to atomic 'O to
check the reversibility of obtained isotopic profiles. All exposures were performed at room temperature
with background O, partial pressure of 1 x 10~ mbar. The atomic species were generated by a Specs MPS-
ECR mini plasma source, with atomic oxygen flux in the order of 105 atoms/cm?/s. The exposure time
ranged between 10 s and 2400 s, and an IEDP analysis was performed after each exposure period. Isotope
exchange depth profiles were obtained by performing LEIS sputter depth profiling on the exposed samples.

In this analysis mode, each sputter step is followed by a LEIS analysis according to the acquisition
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parameters described below.

LEIS measurements were performed in an ION-TOF GmbH Qtac!® high sensitivity LEIS
spectrometer, described in detail elsewhere [20]. A He" ion beam at 3 keV energy and 2.5-3.5 nA current,
measured before each spectrum acquisition in a Faraday cup, was chosen for characterization. The typical
ion fluence directed at the sample was 2 x 10'* He* ions/cm?, with a total acquisition time of 3 minutes.
Using these analysis parameters, artifacts such as ion-induced sputtering and intermixing are negligible.
Sputter depth profiling was done with a sputter gun attached to the LEIS chamber, positioned at 59° with
respect to the sample surface normal, applying a 0.5 keV Ar* beam at 100 nA average current. The sputtered
area was fixed at 2x2 mm?. The sputtered depth was calculated by verifying the necessary ion dose (at the
specified energy) to sputter through a reference oxide sample with known thickness (determined by X-ray
reflectometry).

The X-ray reflectometry measurements were performed using a PANalytical Empyrean X-ray
diffractometer (Cu-Ka radiation, 0.154 nm). The same equipment was applied in X-ray diffraction (XRD)
mode, using in-plane grazing incidence XRD (GIXRD) geometry at a fixed incident angle (higher than

the critical angle) to determine the structures of deposited films.

3. Results

To verify a possible influence of atomic arrangement on the process of oxygen-oxide interaction, the
crystalline structure of the deposited films was characterized by X-ray diffraction. Figure 1 shows XRD
measurements of reactively deposited thick and thin oxides. The main peak of 20 nm ZrO, is related to the
monoclinic phase [21], and the three peaks of 20 nm MoOj; correspond to the orthorhombic (a-MoO;) phase
[22]. Thin oxides with a thickness of 3 nm do not show any characteristic oxide peaks, being therefore
amorphous. Since the detection of crystallinity in few nm thick films by XRD may be difficult due to the
small volume of material, the 3 nm ZrO, film was also investigated by transmission electron microscopy,
which confirmed the amorphous nature of this oxide film. The broad features around a 26 value of 50° are

related to the Si(100) substrate and typically appear for thin oxide films.

It is known from literature that at room temperature the stoichiometric surfaces of ZrO, and MoOs are
chemically inert to O, interactions [17,23]. In order to verify the reactivity of the deposited oxide layers
towards molecular oxygen, we exposed the films of 3 and 20 nm of ZrO, and MoOj; to molecular isotopic
oxygen (80,) for 25 min. Figure 2 shows as an example the obtained LEIS signals for the as deposited and
180, exposed 3 nm films. Both spectra show characteristic surface peaks of '°O (indicated by the dashed
line) and metal atoms (around 2500 eV) at the surface. The broad tail feature at the low energy side of the
metal surface peak is related to scattering on sub-surface metal atoms [19]. The oxide films exposed to

molecular isotopic oxygen exhibit no characteristic '*0 peak (see dashed line labeled with 8O for the
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expected position from reference measurements). The LEIS signals from thick 20 nm films (not shown)
exhibit similar behaviour. This analysis demonstrates that the as deposited surfaces can be considered as

stoichiometric with a low defect concentration.

On the contrary, exposure to atomic 'O radical species leads to exchange of isotopic oxygen in metal
oxide films. Figure 3 compares the LEIS signal from 20 nm MoQO; before and after the exposure to isotopic
atomic oxygen species. It is worth noting that the exposure does not significantly change the intensity of the
metal peak, which is observed for all analyzed materials. With this, we can conclude that the observed '*0
peak corresponds to atoms that replaced '°O in the topmost atomic layer, and not to additional oxygen
species adsorbed on top of the surface metal atoms. This fact is in agreement with previous studies that
revealed lattice exchange as the dominating diffusion mechanism in binary oxides [24].

Following this initial analysis, [IEDP was performed for all samples. Figure 4 shows the obtained
profiles of '*0 relative concentration for the different samples and exposure times as a function of sputtered
depth, and Figure 5 shows the surface concentration evolution with exposure time. Here we represent the
130 concentration by the ratio of the atomic fraction of this oxygen isotope to total oxygen (i.e., '*O/('%0 +
160)). The atomic fractions were determined by using a pure metal oxide as reference in order to avoid the
influence of matrix effects [25] and with appropriate corrections of the 8O signal for differences in
sensitivity factor compared to '°O [26]. No significant difference in the obtained profiles is observed
between thin amorphous and thick polycrystalline samples. A slight difference in final oxygen diffusion
depth (~ 1 monolayer depth, or < 0.5 nm) observed between amorphous and polycrystalline films is within
systematic uncertainty (estimated as 0.3 nm for ZrO, and 0.4 nm for MoQOs). Likewise, a slight change on
decay behavior of isotopic concentration can be perceived between the topmost and deeper layers of the
oxides (at ~0.25 nm depth for ZrO, and ~0.4 nm depth for MoOs), which may point at different diffusion
behavior in the topmost layer, as reported before for higher temperature diffusion experiments [27].
However, considering the uncertainty of both depth and isotopic concentration and the very small depth
range (in the range of single atomic layers) for which changes in diffusion constant might occur, the profiles
are assumed to correspond to single diffusion regimes for all cases.

One can see that in all cases the outermost surface and in-depth concentration of '30 gradually increases
with exposure time, until saturation is reached. After that, further exposure does not lead to considerable
increase in isotope concentration. The saturation of surface exchange occurs at about 65% to 75% for all
samples, while the maximum diffusion depth of isotopes is ~ 1 nm for ZrO, and ~ 2.5 nm for MoOs. The
saturation time is equal to ~100 s for ZrO, and 450 s for MoOs. No difference in preferential sputtering due
to incorporation of 80 was observed [28], as verified by comparing the evolution of total oxygen

concentration between exposed and as deposited samples.



The reversibility of the transport profiles was checked by consecutive exposures to °O and 0.
Initially, the as-deposited oxide films were exposed to '°O atoms (for 2400 s). The film was subsequently
exposed to '80 atoms and analyzed by LEIS-IEDP. These samples presented the same isotopic evolution as
presented in Figures 4a-d. After this, the same samples were again exposed to '°0. The profiles were shown
to be reversible (i.e. '80 was replaced by '°O) and not affected by the consecutive exposures. The performed
experiments indicate that it is unlikely that the saturation and evolution of the surface exchange and in-depth
concentration profiles are governed by a possible substoichiometry of the (surface layer) of the as-deposited

films.



4. Discussion

Previous investigations of thin metal films exposure to atomic oxygen at room temperature showed
that Mo and Zr form oxide films with a limited thickness of about 4 and 5.5 nm, respectively, after which
further growth of oxide ceases [29]. As first explained by Cabrera and Mott [30], oxygen and/or metal
transport across thin oxide films at low temperature is assisted by an electric field generated between
adsorbed (electronegative) O species at the surface and the metal underneath. As the oxide film thickness
grows, the electric field across the oxide decreases, until it becomes too low to induce diffusion. Since
thermal diffusion is negligibly small at this temperature, the growth processes ceases. Therefore, at first
glance it may seem surprising that oxygen diffusion at room temperature occurs in fully oxidized metal
oxide films. However, for metal oxides, it is reported in literature that surface phenomena such as
adsorption, can also lead to a generation of an electric field at the oxide surface [12,31]. For n-type oxides,
such as MoQ; and ZrO, [32,33], when an acceptor specie approaches the surface, the unfilled orbital of the
specie extracts electrons from the oxide. The accumulation of negatively charged species at the oxide
surface induces the formation of an electric field near the surface. The low free carrier density and poor
screening length in the oxide impede the screening of the formed electric field, which leads to charge
redistribution and creates a space charge region (SCR) near the oxide surface [12]. Upon the adsorption of
acceptor species, electrons are depleted from the surface (accumulation of positive charges), which leads to
an upward shift of the energy band edges at the oxide surface. For a donor specie, the opposite effect occurs
and a downward band bending is observed. This phenomenon is analogous to the process described by
Schottky and Mott on metal/semiconductor interfaces [12,34].

We propose that the adsorption of atomic oxygen induces the formation of an electric field and,
consequently, the formation of an SCR at the near-surface region of both oxides studied. Since atomic
oxygen is an acceptor specie, a negative field is generated (upward band bending). This field assists the
diffusion of mobile oxygen, metal and/or vacancy species within the SCR, thereby explaining significant
oxygen diffusion in the topmost few nanometer of the film. It was previously reported in literature [16,35]
that the interaction between molecular oxygen (at relatively high pressures) and ozone with n-type oxides
at room temperature leads to an upward band bending. In the work by Nowotny [16], it is argued that oxygen
rapidly chemisorbs to the surface, forming singly ionized molecular and atomic species, which slowly
diffuse into the oxide. Lampiméki et al. [35] demonstrated with high-pressure XPS analysis that titanium
and iron oxides when exposed to ozone generate an SCR - and a resulting electric field - of only few
nanometer thickness. However, the process of isotope exchange was not explored in these studies. For our
analysis, we take into consideration these previous studies and assume the experimentally observed isotopic
diffusion depth to be related to the electric field within the oxide SCR. With that, we applied a drift-diffusion
model to obtain values of band bending, charge defect density and kinetic parameters of diffusion for all

analyzed cases.



4.1. Drift-diffusion model for RT isotopic exchange

Using a description analogous to the one applied by De Souza [36], one possible pathway for the

forward exchange reaction between oxide and atomic oxygen can be given as:

+e” +e” +Vp 2_ T+E 2_T 2_
0 Ochem Ox =0 Ol > Obulk- (1)

The atomic specie chemisorbs (subscript chem) to the oxide surface and reacts with an oxygen vacancy
placed on the outermost layer of the oxide (x = 0), penetrating the film. The charged ion is then transferred
through the space charge region (0 < x <), with thermal (7) and field-induced (£) mechanisms influencing
the atomic motion. Finally, the oxygen will diffuse in the bulk of the oxide (considered here as the region
beyond the space charge layer, x = bulk), where charge distribution is assumed to be neutral and only
thermal processes are considered [37].

The transport equation that describes the entirety of the diffusion process is obtained by implementing

a field-driven (drift) term to the Fickian-type diffusion equation, as described in (2):

ac* (xt)
at

= D& VAC* (x,t) —pEVC* (x,t) ()

where C” is the atomic fraction of tracer '*O [38], referred in the text as “isotopic concentration” for
simplicity, g is the charge on the diffusing ion (-2e for oxygen, with e being the electronic charge), u is the
ionic mobility, # is the exposure time and x is the depth. The mobility u can be approximated by the Nernst-
Einstein’s relation u = (qDi")/k,T, where k, is the Boltzmann constant and T is the absolute temperature
[39]. D;" represents the intrinsic diffusion coefficient of oxygen species in the oxide, i.e. without influence
of charge effects. Therefore, D;* can be approximated to the thermal self-diffusion coefficient of oxygen in
the oxide lattice at room temperature [40,41]. The theoretical analysis developed by Yang et al. [42] suggests
that, at low O, pressures, the oxygen self-diffusion coefficient at room temperature for single-crystal
monoclinic ZrO, should be in the order of 103° m? s!. A similar study was not found for MoOs. However,
with similar values for defect formation and oxygen binding energies for ZrO, and MoO; presented in
literature [43,44], we assumed D;" of both oxides to be in the same order of magnitude. The coefficient D,
designates the field-enhanced diffusivity at the space charge region. This concept was initially pointed-out
in our previous study on the diffusion of energetic oxygen ions in transition metals [40]. In the present case,
we extend the previous analysis and determine values for D, based on formalism demonstrated by Meyer
et al. [45] and further developed by De Souza et al. [46], correlating the field-enhanced diffusivity to the

expected surface potential generated by the oxygen-oxide interaction:
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where @y and @), respectively represent the electrostatic potential at the surface and in the bulk.

The electric field distribution E was obtained by solving Poisson’s equation. Considering that the charge
density in the space charge layer is not influenced by the ion exchange (the charge density only refers to
stoichiometry defects, and it is assumed that the exposure to atomic oxygen does not change the oxide
stoichiometry, as also validated by our experiments), the time-independent form of Poisson’s equation can

be used:
T w2 PW
VE=V®o=—-" (2),

where p(x) is the space charge density, &, is the vacuum permittivity and ¢ is the relative permittivity of the
oxide. In this study, we apply Schottky’s approximation to solve Poisson’s equation [12,46,47]. In this
approximation, the charges are assumed to be homogeneously distributed in the SCR with a density of N,,
while the potential is set to a fixed value at the surface (@) and zero in the bulk (@}). As previously
mentioned, in our analysis we assume the experimentally observed maximum diffusion depth of isotopes
to be equivalent to the thickness of the SCR.

Finally, the solution of Equation (2) requires an initial condition and two boundary conditions to be

determined. The right boundary is set as VC * | = 0, and for the left boundary we assume that the net

X—00

injected flux of tracer species (j{4) obeys Fick’s first law:

j =k (C; —C*(x=01) (3),

where k. is the effective surface exchange coefficient [46,48,49], C * (s,t) is the surface tracer concentration
at time ¢, and Cy is the isotope fraction in the gas. Values of ¢ were based on literature [50], while N, and
the surface potential @, were obtained from the best fit of the system of Equations 2 to 5 to experimental

results [31,50-53].
4.2. Model implementation and analysis of parameters

Based on the described model and mentioned assumptions, we applied a numerical finite difference
method to solve the system of differential equations and obtain the values for Ny, @, and k,” with best fit to
the observed diffusion profiles. Table 1 shows the best fit values of N, @y and ke , and the corresponding

values of SCR and D¢ for all cases. Figure 4 and Figure 5 compare the experimental and calculated values
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for in-depth saturation profile and surface concentration evolution, respectively. It is seen in Figure 4 that
the profiles calculated for 100 s exposure of ZrO, and 450 s exposure of MoQ; are in agreement with the
obtained experimental data. However, the model does not justify the experimentally observed saturation of
the diffusion profiles (i.e. variation of oxygen concentration in depth). That is, for longer periods of
exposure, the model predicts an increase of isotopic concentration within the SCR. Similarly, in Figure 5,
the theoretical model also predicts a continued increase of oxygen exchange (close to unity) with exposure
time, which is not confirmed experimentally.

The calculated results are sensitive to the set of parameters used. Therefore, we continue the discussion
by exploring the validity of the assumptions taken for solving the system of equations, and the consequent
parameters obtained by the fitting. For that, we compare the obtained results with data previously reported
in literature. We also look into the possible reasons for the experimentally observed saturation of oxygen

exchange and diffusion.

We begin with addressing the saturated maximum diffusion depth of isotopes and the obtained values
of charged carrier concentration. One key point of our analysis lies in the assumption that the maximum
diffusion depth of isotopes is directly linked to the thickness of the SCR. From this assumption, we obtain
values of Ny higher than typically reported values of bulk charge carrier concentration of undoped oxides
[12]. An important observation, however, is that according to the generalized treatment of space charges at
interfaces in crystalline solids, the concentration of charged species in the SCR might differ considerably
from the bulk, especially when the surface is exposed to strongly oxidizing conditions or in the presence of
surface potentials [46,54,55]. This initial assumption for maximum diffusion depth also influences the
obtained values of @q and, consequently, D; . However, the values of @y shown in Error! Reference
source not found. are in agreement with measurements of the shift in electronic states for different n-type
oxides exposed to molecular oxygen and ozone at room temperature, reported ranging from 0.2 eV to 0.9
eV [16,35]. Additionally, the comparison between the diffusion of oxygen observed in this study and
previous analysis in literature [23,56—58] provides a strong indication that the in-depth diffusion kinetics is
mainly determined by the surface potential generated from the oxygen adsorption. If only thermal processes
and concentration gradients would act as driving force for diffusion, we imagine that one of the two
following scenarios would be detected: i) the oxygen diffusion would not surpass the outermost oxide layer
in the analyzed timeframe (since the reported bulk diffusion constants of oxygen in the studied oxides are
in the order of 10° m? s! at room temperature [42]); or ii) in case our deposited films had a much higher
thermal/bulk diffusion constant than reported reference values, the profile would not saturate within a
limited diffusion depth. Finally, it is interesting to note that the obtained values of D, are similar to the
estimated field-induced diffusion term described in our previous oxygen ion diffusion study [40]. This might
be an indication that the space charge layer formation and field build-up on oxides is present whenever

atomic species are in contact with the oxide surface, independent of the initial state of the oxygen specie to
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which the sample is exposed to. We would like to point out, however, that the assumed bulk-diffusivity
directly influences the derived values of surface potential and diffusion constants. So the obtained values
should be considered as realistic estimates. Furthermore, the comparable oxygen diffusion in both
amorphous and crystalline oxides indicates a negligible influence of structure on the exchange and diffusion
of oxygen at room temperature. This negligible structure dependence can be most likely explained since the
diffusion at room temperature is almost completely field induced. Changes in (crystalline) structure of the
material will influence thermal diffusion, but have no or limited effect on electrical properties of the oxide
and the field induced in the space charge layer. Similarly, no effect of crystalline structure of thin metal
films on room temperature oxidation by atomic oxygen was observed in a previous study [29]. With similar
values of surface potential obtained for MoO; and ZrO,, the lower permittivity of ZrO, results in the
formation of a thinner SCR. Such an effect was also observed in the comparison between SCR depths of
Fe,05 and TiO, [35]. This fact supports the hypothesis of the oxygen exchange and diffusion processes to
be mainly dominated by the material electronic properties.

The limited surface exchange and diffusion profile observed in practice can be related to several causes.
It is reported in literature [35] that space charge effects might also lead to a limited surface coverage of the
adsorbed oxygen species, influencing the concentration of isotopic species available for exchange. Other
sources for the limited saturation may be a limited isotopic purity (e.g. caused by exchange reactions
between 80 atoms with '°O atoms on oxide materials in the plasma source) and the presence of oxygen
atoms on the surface that do not participate in exchange reactions. Unfortunately, there is no possibility to
probe experimentally the isotopic purity of our atomic oxygen source. However, a restriction of the
maximum surface isotope concentration to 80% in the calculation (grey dotted curves in Figure 5) for both
oxides leads to a better agreement of surface exchange values between model and experimental data for
higher exposure times. Nevertheless, this assumption is not enough to exactly reproduce the experimentally
observed saturation of the exchange and diffusion profiles. This indicates a higher complexity of the
dynamics of surface exchange and diffusion processes, for instance due to deviations of the diffusion

behavior in the topmost atomic layers, as discussed before, which are not covered by the adopted model.

In view of the above discussion, we propose the oxygen-oxide interaction at room temperature to
proceed as schematized in Figure 6: the atomic oxygen specie (1®0 in the present case), when in contact
with the oxide, becomes negatively charged and induces the formation of a depletion layer at the oxide
surface and consequently a negative field (pointing in the direction from the substrate towards the surface).
This field promotes both inward diffusion of negatively charged oxygen and upward redistribution of

positively charged species near the surface. Meanwhile, surface reactions between adsorbed oxygen ('%0)
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and oxygen on the surface ('°0) may occur, e.g. through exchange of O on coordinately unsaturated sites
with O on regular lattice sites, or by reactions of O radicals with surface O atoms, resulting in O, desorption,
thereby generating vacancy sites that promote O adsorption and, consequently, isotopic exchange.
Therefore, the formed SCR represents a highly reactive region where isotope exchange is observed. In the
context of room temperature exposure of oxides to atomic oxygen, the exchange and diffusion are
dominated by the field-induced drift, and contrary to oxides exposed to molecular oxygen [16], the
incorporation is fast, as the limiting step of molecular dissociation is not present. The depth and dynamics
of exchange will be mainly dependent on the electric properties of the oxide, with negligible influence of
crystalline structure. This would justify the reversible near-surface behavior for both thin and thick ZrO,
and MoO;. Comparatively, in our previous study on the oxidation of thin metal films by atomic oxygen at
room temperature (where non-oxidized metal was present below the formed oxide film) [29], we have
identified the depth of the isotope diffusion to be greater than observed in the present analysis. This
increased isotope diffusion might be attributed to the influence of the Cabrera-Mott field that drives oxide
growth. Typical Cabrera-Mott fields are in the order of 10° V/m [59], which is at least an order of magnitude
larger than the fields expected in the space charge region of oxide films characterized in the present work.
This phenomenon appears as an interesting fact to be further investigated regarding the role of the space

charge in the kinetics of metal oxidation and oxygen transport in thin films.

5. Conclusion

Our study demonstrates the room temperature oxygen exchange and diffusion in amorphous and
polycrystalline films of zirconium (ZrO,) and molybdenum (MoOs). The results show that, for all analyzed
oxide films, oxygen exchange and diffusion reach saturation in a few minutes (< 10 min). The isotopes were
found at maximum depth of approximately 2.5 nm for MoO; and 1 nm for ZrO,. The surface exchange
reached a maximum of 65% to 75% for all the analyzed samples. Our analysis suggests that, due to its
acceptor nature, atomic oxygen becomes negatively charged when in contact with the oxide surface. The
accumulation of negatively charged species at the oxide surface induces the formation of an electric field,
and as a result a space charge region is formed. We found that these processes are determining factors for
the diffusion of oxygen at low temperatures. The generated field is responsible for the increase in diffusion
coefficient, whereas the saturation of exchange and diffusion are most likely related to the space-charge
layer thickness and distribution of charged species in the analyzed thin films. The oxide structure, however,
does not play a role in oxygen diffusion at the experimental conditions considered. By applying a drift-
diffusion model, we obtained values of surface potential, and exchange and diffusion coefficients for the
films analyzed. All oxides presented similar values of surface potential (~0.28 V), with effective diffusion
and exchange coefficients varying from 5.5 x 10-2t0 9.1 x 102! m%/s and from 2.3 x 10"2to 4.5 x 10> m/s
respectively. We discussed the implications of charge dynamics to the applied diffusion model, revealing

that the existing models might be insufficient to completely describe the complex dynamics of oxygen

12



transport in oxides at low temperatures.

This study indicates that the presence of molecular dissociation processes (such as exposure to
ultraviolet light or electron beam), or application of an external electric field might lead to higher exchange
rates and species diffusion in an oxide thin film. Furthermore, we demonstrate LEIS-IEDP as a robust
method for determining surface exchange and diffusion under exposure conditions where interaction results
in fast near-surface processes.
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Figure 1: XRD measurements of reactively deposited oxide samples. Main peaks corresponding to
monoclinic ZrO, and orthorhombic MoQO; are indicated with dashed lines. The curves intensity are shifted
for clarity.

Figure 2: LEIS measurements of as deposited (purple) and 25 min 80, exposed (red) (a) 3 nm ZrO, and (b)
3 nm MoO:s.

Figure 3: LEIS measurements of 20 nm MoOj; as deposited (purple) and after exposure to atomic 30
for 10 min (red).

Figure 4: Isotope profiles of samples exposed to 130 after selected exposure time for (a) 3 nm ZrO,, (b)
20 nm ZrO,, (c) 3 nm MoO; and (d) 20 nm MoOs. The red lines represent the calculated diffusion
profiles at the saturation exposure time (100s for ZrO, and 450s for MoQO3) using Eq. (2) with parameters
presented in Error! Reference source not found..

Figure 5: Comparison between experimental (blue circles) and calculated evolution of surface 30
concentration as a function of exposure time. (a) 3 nm ZrO, (b) 20 nm ZrO, (c) 3 nm MoO; (d) 20 nm
MoO;. Both continuous (red) and dotted (grey) lines are obtained with values presented in Error!
Reference source not found.. The red lines refer to calculations (discussed in sections 4.1 and 4.2)
considering complete surface coverage/exchange, while grey dotted lines refer to calculations with
limiting surface exchange values.

Figure 6: Schematic diagram of the effect of oxygen chemisorption, on surface charge distribution for a n-
type oxides. (a) Flat band model: before oxygen exposure. (b) Band model representing the effect of
oxygen chemisorption on band bending, and consequent interaction of isotopic oxygen (%0 - purple) with
oxygen in the oxide lattice ('°O - blue) and vacancies (red squares).

Table 1: Values describing experimental data with results presented in red on Figures 4 and 5.

Input parameters Best fit parameters Calculated parameters
SCR (nm) Ny (m3) @, (eV) ke (msT) D; (m?s™)
3 nm ZrO, 1.2 4.1 x 102 -0.28 4.5 %1012 9.2 x 1022
20 nm ZrO, 1.0 4.0 x 1026 -0.28 3.6 x 1012 5.5 x 102
3 nm MoO; 2.3 2.1 x 1026 -0.28 23 x 1012 9.2x 102
20 nm MoOs 2.5 1.8 x 1026 -0.29 2.9 %1012 1.2 x 102!
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