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Abstract. The low-temperature oxidation kinetics of liquid Ga and the liquid alloy 38 go.07

has been investigated by meansimfitu x-ray specular reflectivity. A combination of angle-
dispersive and energy-dispersive measurements was used to obtain a time resolution of 20
minutes with a sealed-tube reflectometer, allowing us to follow the growth of a natural oxide
layer for 1 to 170 hours following preparation of a fresh surface. Oxide layer thicknesses
between 10 and 38 were measured for Ga at 10€ and the liquid alloy at 83C, 107°C

and 122°C. The oxidation was found to follow a logarithmic growth law in all cases.

1. Introduction

The study of oxidation processes is a well-established field in materials research due to the
importance of corrosion in metallurgy and the vital properties of,Si©Osemiconductor
technology. A large body of theoretical work has been amassed especially on metal
oxidation. Depending on the assumptions for the rate-limiting physical process, different
time laws have been published for the growth of an oxide layer, e.g. the well-known
parabolic law, by Wagner [1], and logarithmic and inverse-logarithmic laws, by Mott and
Cabrera [2—-4] and Uhlig [5]. Fromhold and Cook [6, 7] combined several mechanisms in a
generalized growth law by including coupled currents of mass and charge transport through
the oxide, which reveals large deviations from the classical laws in the primary state of
oxidation.

Up to now, there have been very few experimental data available on the oxidation of
liquid metals because of numerous experimental difficulties, in spite of the importance of
liquid metal interfaces for various metal-forming processes. In a recent study, &alhs
[8] reported on inhomogeneous oxide layers produced by the oxidation of liquid aluminium
alloys at higher temperatures. Stoneman and MacKay [9] found logarithmic oxidation
behaviour for liquid eutectic Pb—Sn in a temperature range of 200 t6@60he reactivity
of a liquid metal surface, manifested by a relatively high surface tension, can alter rather
drastically the oxidation process, which can result in a different growth law, as recently
demonstrated for In—Sn, where logarithmic oxidation behaviour was found for solid In—-Sn
and parabolic oxidation for liquid In-Sn [10].

The system Ga—Hg is a very promising candidate for the experimental study of phase
transitions and wetting phenomena in binary metallic mixtures due to its low critical point
at 204°C [11]. To our knowledge, the oxidation of Ga—Hg has not been investigated yet
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experimentally, although oxidation processes at liquid Ga surfaces have been addressed
recently [12-15]. In this work we present am situ study of the formation of very thin
natural oxide layers on liquid Ga and §38Hgo.07. The low growth temperatures, near

100 °C, result in oxide thicknesses below 40 which are very interesting because they
represent the initial stage of oxidation, where it is unclear how far theories well established
for thicker films are valid and give the correct growth law [16].

Oxide thicknesses have been determined by specular x-ray reflectivity. This non-
destructive technique, widely used in surface and thin-film analysis [17, 18], allows
an accurate quantification of surface and interface roughness and—in contrast to other
techniques—an independent determination of film densities and thicknesses, as the index
of refraction for x-rays is extremely close to unity. X-ray reflectometry is well suited for
studying oxidation processes on the nm scale as is evident from previous investigations,
e.g. with regard to the corrosion of thin epitaxial Fe films [19] and the formation of oxide
layers on liquid Ga by controlled oxygen dosage [15]. Although reflectivity experiments
are typically performed in an angle-dispersive (AD) set-up, it should be emphasized that
energy-dispersive (ED) measurements—using a wide range of wavelengths at a fixed angle
of incidence—are very advantageous in many experimental situations. AD measurements
can be performed very quickly for the high fluxes of the total reflection regime and
provide intensity data that can be scaled easily to absolute reflectivity units, whereas ED
measurements allow fast data collection for higher momentum transfer without the need
for moving the sample. As this is especially suited to the investigation of time-dependent
phenomena and liquids, we used a combination of AD and ED reflectivity measurements
to take advantage of the relative merits of both experimental techniques.

2. Theory

Grazing-angle x-ray reflectivity can be described in terms of classical optics if the
appropriate index of refractiom is used in Fresnel's equations [20]. For x-rayss 1 — 4§
with
6= 232, &)
2
wherery = 2.818 x 10*®> m denotes the classical electron radiughe x-ray wavelength
andp, the electron density of the material under investigation (for dispersion and absorption
corrections see [20, 21]). Asis less than unity, total external reflection occurs for x-rays
incident below a critical angle, = /28, which is typically a few tenths of a degree. For
a > a. the Fresnel reflectivity drops quickly witRr ~ o=, Except for the vicinity of
absorption edges, the reflectivity can be expressed as a function of just the absolute value of
the scattering vecto@ = (4x/A) sine, demonstrating formally the equivalence of ED and
AD measurements if they are performed under experimental conditions where dispersion
effects are negligible.
The information content of reflectivity experiments is the laterally averaged electron
density profile along the surface normal, denoted in the following as-thieection. Within
a kinematical approach, the measured reflectivity is related to the Fresnel refleRgivitly
an ideal surface by the Fourier transform of the derivative of the averaged electron density
profile [22, 18]:

Ry TR
OBulk dz
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Figure 1. Reflectivities observed for the oxidation of §aHgoo7. The curve at the top shows

the data obtained at room temperature; the lower ones refer to successive times after rapid
heating to7 = 83 °C. The curves are displaced for clarity. Fits to the data are represented by
solid lines.

Therefore reflectivity experiments are very sensitive to electron gradients due to surface
and interface roughness. Furthermore, equation (2) indicates that a finite jump in the electron
density, e.g. caused by an oxide layer, leads to reflectivity oscillations, the frequency of
which allows one to determine the layer thickness.

However, to include also data close to the total reflection regime in our analysis, we
used a generalized Parratt algorithm [23] for simulations, taking into account properly
multiple reflections, dispersion and absorption corrections. The root mean square (RMS)
roughness of the surface and the oxide—liquid interface was included accordingved N
and Croce [24].

3. Experimental details

The reflectometer consistedl @ 3 kW sealed molybdenum tube operated at 50 kV, slits and

a sample holder which allowed vertical motion to select a reflection angle from the divergent
white beam emitted by the target. Details are described elsewhere [25]. A liquid-nitrogen-
cooled intrinsic Ge crystal was used as an energy-dispersive detector with a resolution of
200 to 300 eV at energies between 5 and 45 keV and a dynamic range.ofFaf AD
measurements the detector was operated in a quasi-monochromatic mode by recording only
energy channels corresponding to Ma Kadiation, whereas for ED measurements the



974 A Plech et al

107.5°C

10-3

105

Reflectivity

107

109

10-11

10-18

1015

10-17

10-19

0,0 01 02 0,3

1021
QA"

Figure 2. As for figure 1, but forT = 107.5 °C.

full spectrum of the multichannel analyser was used, with photons between 5 and 45 keV
detected simultaneously. The limitations arise from the absorption of x-ray windows and
the tube characteristics, which had to be taken carefully into account when normalizing the
ED reflectivity data.

The samples were prepared using liquid Ga (99.9% purity, ABCR metals) and a
mixture of that liquid Ga and Hg (99.999% purity, Aldrich Chemicals). For each oxidation
temperature, a new alloy was mixed to check the consistency of the results. Samples of
40 wt% Hg, 66 wt% Hg and 60 wt% Hg were prepared for the measurements 4,83
107.5°C and 122°C, respectively. All of the mixtures are clearly situated in the miscibility
gap of Ga—Hg, therefore giving rise to a two-phase separation where a Ga-rich phase forms
a homogeneous layer on top of a Hg-rich phase. According to the phase diagram, the
atomic composition of the Ga-rich phase is,8g; , with x = 0.94, 0.93 and 0.92 for
T = 83, 107.5 and 122C, respectively [11]. However, with regard to the accuracy of
the phase diagram, it seems appropriate to refer to a nearly constant alloy composition of
x = 0.93+ 0.01 for the temperatures studied.

The samples were inserted into a stainless steel trough within a furnace chamber at
ambient conditions, forming layers of about 4Q@n thickness. Such shallow layers are
needed to suppress mechanically excited low-frequency surface waves, which are attenuated
by viscous drag at the liquid/trough interface [26], and which otherwise would give rise to
resolution losses as they are equivalent to a higher effective curvature [27]. The sample
trough was designed with overhanging edges to obtain a liquid surface that is as flat as
possible despite the high contact angles of Ga and Hg with stainless steel. The curvature
was controlled by an optical Michelson interferometer [27] indicating surface radii of at
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Figure 3. As figure 1, but forT = 122°C.

least 40 metres. Hence, we conclude that the total angular divergence in this experiment,
resulting from the sample curvature and the reflectometer optics, could be kept below
0.8 mrad (0.049, which is a sufficient resolution for studying the extended reflectivity
oscillations from oxide layers of even several 18@hickness.

After inserting each sample into the trough, an oxide layer was clearly visible, which
was carefully stripped off by means of a scalpel, resulting in an optically clean and shining
surface. However, since the spontaneous oxidation of liquid Ga surfaces when exposed to
oxygen at ambient conditions is well known [12, 14], it was important to characterize the
initial oxidation state of the samples. Therefore, a reflectivity curve was measured after
sweeping the surface, prior to rapid heating to the selected temperatures. The beginning of
the rapid heating (which took approximately 20 minutes until the thermal equilibrium was
reached) was defined as a reference tigner the subsequent observation of the oxidation
process. The relatively quick initial growth of the oxide layers afgewas monitored by
fast ED scans of about 20 minutes duration, marking the time resolution of the experiment.
For later times with lower growth rates the reflectivity measurements were expanded to the
whole accessiblg-range by performing fast AD scans in the total reflection regime and
collecting ED spectra at several fixed angles. The data could be overlapped easily when
plotted as a function of the momentum transfer Measurements of the incident beam
provided absolute units for the reflectivity. The data were corrected for diffuse scattering
on the basis of longitudinal offset scans [28], which could be observed in the ED mode by
shifting the detector angle to an off-specular position, the offset being 1.5 times the specular
beam width.
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Figure 4. The thickness of the oxide layer on gx@Hgo 07 versus time. The time resolution is
approximately 20 minutes. Each solid line represents a straight-line fit.

4. Results

4.1. Oxidation of the alloy

Reflectivity data for the oxidation of the alloy at different temperatures are shown in figures
1-3 together with box model fits, where the oxide layer is represented by a box of constant
electron density.

The topmost curves in each figure show the reflectivity at ambient conditions before
rapid heating. The intensity minimum @ = 0.22—0.33A 1 is due to an extended thickness
oscillation, indicating the presence of a thin native oxide layer at room temperature. The
thickness of these oxide layers was found by simulation to range from 8 &9 d@pending
on the sample investigated. All of the reflectivity data are reproduced well by fits assuming
only a single oxide layer of constant density (the one-box model), which we found useful
to characterize the samples with a minimum of parameters. However, there are some
differences between data and simulation in the highpart of figure 2, which hint at a
graded density profile of the initial oxide layer on that sample. The fits yield rather low
oxide densities of ® + 0.4 g cnT3. The chemical composition of the oxide layer was
assumed to be G&j5 since this oxide forms naturally on liquid Ga in air [29]. In addition,
the fluorescence and absorption structure of ED spectra provided no evidence for significant
incorporation of Hg into the layer.

The data below the topmost curves in figures 1-3 were obtained after heating to the
temperature displayed in the figure. Reflectivities startingate 0.125 A~ indicate
fast ED measurements, whereas data containing the total reflection regime are overlapped
AD and ED measurements (see the previous section). Even without detailed analysis, the
experimental data clearly indicate a growing oxide layer, evident from the shift of the
intensity minimum to lowerQ-values.

Solid lines in figures 1-3 represent fits to the experimental data. The discrepancies
between the measured data and simulated reflectivities below the total reflection edge are
due to the large footprint of the x-ray beam on the curved sample at extremely grazing
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angles, resulting in a divergent reflected beam that cannot be received fully by the detector
aperture. For all of the simulations the oxide was idealized as a single layer of constant
density. Even though this is probably an oversimplification, we feel that the data are
more adequately described by this model, especially as very thin oxide layers give rise to
quite extended reflectivity oscillations which were only observable in our experiment up to
0 ~04A,

Within this approximation, the density of the oxide (assuming agaisOgacould be
determined to 314 0.2 g cn7 3, in remarkable contrast to the density of the layer present at
room temperature. The surface and interface roughness seem to change only slightly, if at
all, during the growth process, as is evident from the observation of a constant level of non-
specular scattering. This is in agreement with nearly constant RMS roughness parameters,
remaining between 4 and/ for all of the fits.

Figure 4 shows the oxide layer thickness extracted from the single-layer model for
different times. For each temperature, the layer thicknesses grow significantly with time.
Within experimental error, the growth behaviour is well described by a logarithmic growth
law X o Int, whereX denotes the oxide thickness. As expected for a temperature-activated
oxidation process, the oxide thickness increases with temperature, resulting in layers ranging
from 20-30A at 122°C compared to 12—1A at 83°C.

Density
[g/em?3]

25 R 36 A

Oxide \
N

0 20 40 R

Figure 5. The box model for the simulation of reflectivity curves for thicker oxide layers
(example: GggsHgoo7 oxidized for 1520 minutes at 12ZC). Z denotes the height above the
liquid metal-oxide interface. The full line shows the density profile after the inclusion of surface
and interface roughness.

How accurately does the single-layer model describe the data? It is interesting to note
that the thicker oxide films found fof = 122 °C give rise to two observable oscillations
that warrant a fit with a two-layer model. Such ‘bilayer’ fits were carried out for a few
reflectivity curves, improving the single-layer fits moderately and resulting in a light layer
at the air/oxide interface together with a denser layer at the oxide/liquid metal interface as
sketched in figure 5. The time dependence seems to indicate a light top layer of constant
thickness, whereas the denser layer beneath showed growth behaviour. Although it is
tempting to speculate that the top layer corresponds to the natural oxide layer grown at
room temperature, it must be kept in mind that these results could also simply represent
oxide films with a continuously graded density profile, approximated by a bilayer. However,
since the reflectivity data fof = 122 °C could essentially be fitted with the single-layer
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Figure 6. Reflectivities observed for the oxidation of liquid GaZat= 103 °C. The data and
fits are displayed as in figures 1-3.

model, it seemed therefore most appropriate to use only this model to analyse the growth
behaviour at all temperatures on the same footing.

4.2. Ga oxidation

Liquid Ga has been oxidized & = 103°C for comparison. The experimental data and fits
are shown in figure 6. The oxide growth is very similar to that observed f@r4Bigo o7;
however, we found an increased oxide density &4 0.2 g cnT3. Due to the smaller
electron contrast with the underlying liquid Ga, this leads to reflectivity curves with clearly
reduced oscillation amplitudes, giving rise to a larger thickness error. Nevertheless, the
thickness of the oxide on liquid Ga clearly exceeds that ogl&4g0.07, although following

a similar logarithmic growth law as shown in figure 7.

5. Discussion

5.1. Structural aspects

The well-defined interference pattern shown by the reflectivity curves clearly demonstrates
the presence of a surface oxide film of uniform thickness, which must extend over almost
the complete illuminated area on the sample (15 m# mm). This is consistent with
observations of Chabala [12] and Wagigal [13] who conclude that the oxide formation on
liquid Ga proceeds by aggregation of isolated oxide clusters which eventually form a closed
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Figure 7. Oxide film growth on liquid Ga compared to that on sgHgo07 at similar temp-
eratures. The solid lines are a guide to the eye.

thin porous film. Since they find an exponential growth of the average cluster size with time
and characteristic oxygen exposures of several hundreds of langmuirs=(10c® Torr s

for oxygen) for a full coverage of the underlying liquid, oxidation in air at STP should
result in an essentially spontaneous<(10~° s) oxide film, which was observed here as the
starting point of the experiment. However, the estimate of Wetre for the film thickness

at room temperature is of the order of 1pwhich is in remarkable contrast to our results,
indicating approximately 1. Since their estimate was rather indirectly inferred from
the ion beam current and an assumed yield of their sputtering experiment, whereas x-ray
reflectivity oscillations are directly related to the film thickness, we consider our results
more reliable. In addition, Chabala’s SIMS measurements also indicated an oxide film a
few monolayers thick, in agreement with our results. Nevertheless, the conclusion of a
porous film is fully corroborated and quantified by the oxide densities derived from our
simulations. In spite of the considerable error margin, the room temperature oxide density
of 2.0+ 0.4 g cnt @ differs substantially from the bulk density of 5.88 g thfor 8-Ga05

[30], which is most naturally explained by a loosely packed and/or porous oxide structure.

It is interesting to note that the reflectivity data obtained at higher temperatures (83—
122 °C) are best fitted with an enhanced density of & 0.2 g cnT3, which might be
attributed to a more compact oxide structure due to increased thermally activated migration;
nevertheless this density still implies a porous film.

In a recent study, Regaet al [15] exposed liquid Ga surfaces to controlled oxygen
dosages up to 1600 L under ultrahigh-vacuum (UHV) conditions. They report the formation
of a 5A oxide film, covering the underlying liquid at dosages as low as 200 L, and conclude
furthermore that the oxide layer is probably a poorly crystallized or amorphous solid. This
finding is supported by our observation of distinct thickness oscillations in longitudinal
offset scans (not shown here). It is well known that correlated interface roughness gives
rise to a diffuse background modulated with the same periodicity as the specular curve [28].
Since a static roughness correlation of the two interfaces is very likely to arise for a thin
solid film and, additionally, the RMS roughness of liquid interfaces usually turns out to be
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less than 1A [15], whereas we find here 4-%, it is reasonable to suppose that solid oxide
layers were observed here, too.

5.2. Growth kinetics

The oxide growth on both liquid Ga and gxgHgo o7 is in good agreement with logarithmic
kinetics, which is a common phenomenon for thin oxide layers and low oxidation
temperatures [5, 31-33]. Several theories for logarithmic growth have been worked out,
which are in general based on a differential equation of the form [5, 32]

X
O wexppx) ©)
where X denotes the oxide thickness anthe oxidation time.« and g are defined by
a=Aexp(—E/kT) 4)
B = B/kT (5)

where T denotes the absolute temperatutethe Boltzmann constantd and B describe
oxide properties ands is a characteristic energy. Integration of equation (3) yields a
logarithmic time law:

X = %In(aﬁt +1). (6)

As is evident in figures 4 and 7, the time dependence of the oxide layer thickness
(extracted from the single-layer model) is well described in all cases by a direct logarithmic
law, corresponding tegr > 1. No correction has been applied to account for the thickness
of the initial oxide layer that had already formed at room temperature. However, as this
layer forms within fractions of a millisecond, this corresponds in essence to an error in
the determination of the oxidation time which is irrelevant compared to the erngr(sée
section 3).

Our finding of logarithmic growth is at variance with observations by Regjati who
reported asaturationthickness of 5A for an oxide layer on liquid Ga for oxygen exposures
exceeding 400 L [15]. However, it must be emphasized that we investigated the growth of
a natural oxide in air, whereas Regahal used a controlled oxygen dosage under UHV
conditions. In addition, the influence of cracks in the oxide film and the presence of other
chemical species (e.g. nitrogen) on the detailed oxidation behaviour is not well understood
at present. Clearly, further investigations are needed to clarify this point.

The temperature-dependent oxidation data for datdgoo7 allow us to assess the
activation energyE of the oxidation process. If electron transport is the rate-limiting
step for oxide formation, which is a sensible assumption for oxide layers belotv[3]

a logarithmic growth law can be derived whefedescribes the energy for electron escape
from the metal [5]. Since this theory reproduces also the empirical Rideal-Wansbrough-
Jones relation [34E = ¢ — K, where¢ is the metal work function an& = 3.6 eV is a
constant related to the electron affinity of oxygen, the measured activation energy can be
cross-checked with tabulated work-function data.

The analysis of our data gives an activation enefgy 1.0+ 0.7 eV, the error being
mainly due to the uncertainty in the starting time As the work function of GggsHgo.07
is not known, the value = 4.12 eV for Ga [35] was used instead to calculate an estimated
activation energy off ~ 0.5 eV, which is in agreement with our result. However, the
admittedly large error o might also mask a significant difference of the respective work
functions for liquid Ga and GasHdoo7, since a higher activation energy for the oxidation
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of the alloy might be responsible for the lower thicknesses of oxide as compared to Ga as
shown in figure 7.

In view of the saturation thickness observed by Regaal, we have also checked
whether our data can be explained by the Mott—Cabrera (MC) theory of low-temperature
oxidation, which is usually associated with the concepts of a limiting oxide thickness and
an inverse-logarithmic growth law [4]. However, since Ghez has shown that the inverse-
logarithmic law is not even an asymptotic solution of the MC rate equation, we analysed
our data using his more accurate treatment [36]. As these attempts led to negative activation
energies, the MC theory can thus be excluded from consideration as a description of our
results.

6. Conclusion

It has been shown that x-ray reflectivity is a technique that is also well suited for monitoring
the growth of very thin oxide layers on liquid substrates. Due to the large footprint of the
x-ray beam in grazing-incidence geometry, a large representative area was sampled in these
experiments. The combination of AD and ED measurements allowed us to obtain absolute
reflectivity units and to achieve fast data collection upge= 0.5 A~! with a sealed-tube
reflectometer.

We found a logarithmic growth law for the oxidation of liquid Ga and,&#lgg o7,
thus demonstrating explicitly that logarithmic growth behaviour can already be observed
for ultrathin oxide films well below 40A. The activation energy for the oxidation of
Ga&93Hgo 07 Was assessed and found to be in agreement with the Rideal-Wansbrough-Jones
prediction following also from Uhlig’s derivation of a logarithmic time law, whereas the
data could not be described by the Mott—Cabrera theory.

In future work, extension of these measurements would clearly benefit from UHV
chambers and the use of intense synchrotron radiation, allowing the study of oxidation
kinetics on much shorter timescales and the determination of precise activation energies.
We are currently planning such experiments.
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