Oxidation of liquid gallium surface: Nonequilibrium growth kinetics

in 2+1 dimensions
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The formation process of a thin oxide film on liquid Ga is studied in situ using scanning ion
microprobe imaging analysis. Oxide clusters form spontaneously on the liquid surface exposed to
oxygen at room temperature. Small clusters diffuse and aggregate to form large clusters, and the
process eventually leads to the formation of a thin porous oxide film. The fractal dimension of the
oxide clusters is ~1.4. The total number of clusters in the system decays exponentially with time,
while the average cluster size increases exponentially with time. These results are compared with
Monte Carlo simulations based on different models of particle-particle and cluster—cluster

aggregation.

I. INTRODUCTION

Oxidation of liquid metals is a subject that has been
barely studied. Recently, researchers have successfully ob-
served the oxidation process on a liquid metal Ga surface
using secondary ion imaging microanalysis.l It was demon-
strated that when Ga is exposed to oxygen at room tempera-
ture, oxidation does not proceed uniformly across the sur-
face. Oxygen is adsorbed by the surface in the form of either
oxygen or oxide, and these oxygen-containing particles dif-
fuse and aggregate to form a thin porous oxide film. The
fractal dimension® of this two-dimensional object is ~1.7,
indicating the growth process is controlled by diffusion-
limited aggregation (DLA) of the particles.’

Due to practical limitations, the previous oxidation ex-
periments were conducted on a rather small liquid Ga surface
area, <(80 wm)>. This sample area, or cleaned Ga
dow”, was created by locally removing the surface oxide,
which forms naturally in air, using a Ga focused ion beam
(FIB)."* The unremoved oxide on the periphery of the win-
dow acts as a string of fixed nucleation sites for new oxide
growth when the surface is exposed to O, at room tempera-
ture. There are several important issues that would be re-
solved if the size of the cleaned sample area could be made
larger than the migration range of particles on the surface.
On such a large sample area, the finite size effect caused by
the artificial nucleation sites along the window periphery is
eliminated and the observed oxidation should then approach
that of an infinite system. Furthermore, it would help answer
many questions about the oxidation process. For example,
how does the initial oxide nucleation occur without the arti-
ficial oxide nucleation centers? And how does the oxidation
proceed once the nucleation centers form spontaneousty? We
have successfully conducted oxidation experiments on a lig-
uid Ga surface with a cleaned area as large as (850 um)?, and
found that the oxide growth pattern drastically deviated from
the previous results on a small area. We report the experi-
ment and compare the results with the theory of nonequilib-
rium particle aggregation kinetics.
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ll. EXPERIMENT

The experiment was conducted in a vacuum chamber
(2x107° Torr base pressure) equipped with a focused ion
beam (FIB) system (Fig. 1). The ion optics are a two-lens
column (FEI company) with in-house modification for re-
tarding field operation.® The beam energy can be varied
from 100 eV to 25 keV. Throughout this experiment the
beam energy was set at 25 keV. The ions are extracted from
liquid Ga and focused to form a beam on the sample surface
with an electronically variable diameter between 30 and 400
nm, and the corresponding beam currents are 6 pA and 6 nA,
respectively. Two octopole scanners are employed to raster
the beam across the sample. Secondary ions ejected by the
FIB are detected with a channel electron multiplier overlook-
ing the target area. The beam scanning, data acquisition, and
image processing are achieved using a personal computer
with in-house developed software. For secondary ion imag-
ing analysis, the FIB is scanned across the sample with a
fixed dwell time on each pixel element, and the number of
pulses recorded by a channel electron multiplier during this
time is translated into the gray level of the corresponding
pixel of a picture. The images are stored digitally.

The liquid Ga sample was prepared by heating a piece of
high purity (99.999%) Ga ingot on a stainless substrate to a
temperature slightly above its melting point. The area and the
thickness of the sample was about 1 cm® and 0.5 mm, re-
spectively. Without appropriate seeding, Ga remains liquid at
room temperature (25 °C) for an indefinite time. A layer of
oxide, primarily Ga,O,,’ forms naturally on its surface in air.
Right before the sample was loaded into the load—lock sys-
tem the oxide layer was scraped away, creating an optically
brilliant surface. After the sample was loaded into the analy-
sis chamber, the FIB was operated in the high current mode
in order to locally clean the surface by sputtering. The size of
the cleaned area ranged between (850 um)? and (40 um)?,
which also determined the ion beam current needed for the
complete removal of the oxide. From the ion beam current
and sputtering time, the thickness of the natural oxide film is
estimated to be on the order of 10 nm, assuming the sputter-
ing yield is 10.
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F16. 1. Schematic of the scanning focused ion beam system.

The oxidation of the sample was achieved by backfilling
the chamber with high purity (99.9999%) O, to a pressure
between 5X 1077 and 1X10°° Torr .at room temperature.
During the oxidation process. the FIB was blanked to avoid
disturbing the growth. After the desired exposure was
achieved, the O, was evacuated from the chamber and the
FIB was operated in a low current (16 pA) mode to record
the pattern of the oxide using secondary ion imaging analy-
sis. Because of the destructive nature of the analysis, the low
current operation was essential to avoid unnecessary distur-
bance of the film. Even with such a small beam current, the
average beam current density is still ~1 /I,A/sz for an ex-
amined area of (40 wm)®. Experimentally. we found that
high-current-density ion bombardment causes the oxide frag-
ments in the vicinity of the beam to migrate into the beam.
Such massive movement of oxide overlayer induced by ion
beam bombardment was reported previously.® however, its
mechanism remains to be understood.

For comparison, the pattern of the oxide grown on a (40
um)? window after 200 L (1 L=1Xx10"° Torr s) of O, expo-
sure is shown in Fig. 2(a). The bright areas on the micro-
graphs represent the location of the oxide, from where the
secondary ion signal is ~5 times higher than that from
cleaned Ga. This effect of oxygen enhancement of the sec-
ondary ion yield is well documented.” and it has been previ-
ously demonstrated for this particular material system using
secondary ion mass spectrometery.'* The pattern resembles a
collection of DLA originating from the edge of the window
where the unremoved oxide remains. Its fractal dimension is
~1.7, and the fourfold symmetry of the pattern is a result of
the artificial arrangement of the nucleation centers. Figure
2(b) shows the oxide pattern grown on a (560 um)? cleaned
Ga area after 50 L of O, exposure. This dose of O, produces
sparse oxide clusters covering ~10% of the surface area.
Figure 2(c) shows the same oxide clusters at a higher mag-
nification (170 um)?. The pattern of the clusters is very dif-
ferent from that of DLLA, and the average spacing between
clusters is approximately 50 um. This distance is consistent
with the fact that isolated oxide islands were rarely observed
in previous experiments conducted on small area [Fig. 2(a),
and Refs. 1 and 4]. Apparently, the mean-free distance of the
aggregating particles on the liquid surface is also ~50 um.
These particles have little chance to encounter each other and
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FIG. 2. Oxide patterns grown on cleaned liquid Ga “window" (sec text) of
different size (w) and for various O, exposure (J), at ~10 min after the
exposure. (a) w=40 gm, J =200 1, f.s. (full scale)=40 pum; (b} w=560 um,
J=100 L, £5.=560 um: (¢) w=560 um, J=100 L, f.5.=170 mm.



FiG. 3. Binary maps of oxide clusters grown on Ga surface at different time
(¢) after O, exposure (J). (a) r=3 min, w=850 um, J=50 L, f5.=170 um,
(b) =60 min, w=850 um. J=50 L, f.5.=170 um.

form larger oxide clusters if they are confined to an area as
small as (80 um)?, the size of the area for the previous ex-
periments. The only destiny for the particles is to aggregate
to the unremoved oxide on the boundary. Based on this ob-
servation of the particle migration range (10-100 pm) and
typical time (~100 s) required for the pattern formation, we
estimate the diffusion coefficient of the aggregating particles
is between 107® and 1073 cm%s.

In order to gather quantitative information from the ob-
served oxide pattern, the secondary ion images, with typical
256X256 pixels, are transformed into two-dimensional bi-
nary maps using a simple high-pass filter. Figure 3(a) shows
a map (170 ,um)z, taken from the center of a (850 ,u.m)2
cleaned area, 3 min after 50 L of O, exposure. Note the
contrast has been reversed for clarity. Figure 3(b) shows the
oxide pattern 60 min later. Cluster to cluster aggregation is
clearly observed. The fractal dimension (D) of the growth
patterns are determined using the standard box counting
methods.'® Figure 4(a) shows the results taken for various
fractional oxide coverage, and Fig. 4(b) at different times
after O, exposure. D is 1.38+0.03, and it is independent of
time and fractional surface oxide coverage within the experi-
mental uncertainty. D, may have a small dependence on
time. It however, is too small to draw any conclusion. These
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FiG. 4. Fractal dimensions D, of the oxide cluster patterns as a function of
the (a) fractional surface oxide coverage and (b) time after O, exposure. The
straight line shows the average value of D.

measurements also demonstrate the insensitivity of D to the
cluster formation process. In other words, fractal dimension
is almost invariant during the process of cluster—cluster ag-
gregation.

The measured fractal dimension of the oxide clusters is
essentially the same (~1.4) as that derived from models
based on Monte Carlo simulation of the aggregation of rigid
random clusters.''? It is, therefore, interesting to try to un-
derstand the oxide cluster aggregation process within the
theoretical framework of nonequilibrium cluster—cluster ag-
gregation kinetics."*~'® The most important observations de-
rived from these simulations of diffusion-limited cluster—
cluster aggregation (DLLCCA) and reaction-limited cluster—
cluster aggregation (RLCCA) are as follows. For DLCCA,
the total number of clusters in the system N(t) scales as

N(t)ocr™s, (D

while the time dependence of the mean cluster size S(f)
scales as



S(t)octs, )

where 7 is a positive dynamical exponent and S(t) is defined
as

Ssin(1)

St)= Ssn,(t)

(3)
The n (1) in Eq. (3) is the number of clusters of size s at
time t. For RLCCA, however, temporal scaling of S(t) can-
not be unambiguously derived from the results of the simu-
lation. It can either scale as Eq. (2) with a large exponent or
grow exponentially with time. Or it can even vary as

S(nyec(r—r,) “ 4)

where ¢, is the gel time (i.e.. the time it takes for all the
clusters In a system to aggregate into a single cluster) and w
is another positive exponent. Neither can power law scaling
of N(t) be established from the simulations.'* Figures S(a),
6(a), and 5(b), 6(b) show the time dependence of N(r) and
S(r) in semilogarithmic and logarithmic format, respectively.
Although the data are somewhat scattered and definitive con-
clusions cannot be drawn, but exponential decay of N(t)
seems to be favored. It this is the case, then the reaction of
oxide cluster—cluster aggregation is most likely limited by
the rate of the chemical reaction which forms the bonds be-
tween the clusters, and not by the diffusion of the clusters.

IHl. DISCUSSION

The fact that spontaneous oxide nucleation clusters were
not observed in previous studies on small Ga surfaces but
they do appear on large area experiments has some interest-
ing implications on the nature of the aggregating particles on
the liquid surface. As stated before, these oxygen-containing
particles could be in the form of adsorbed O, or oxide. Both
types of particles could diffuse along the surface and aggre-
gate to the boundary of the window, creating DLA-like oxide
patterns. If we assume the diffusion of the adsorbed O, are
responsible for the observed oxide pattern, and that there is a
probability for them to form spontaneous nucleation centers,
we can simulate this growth process by a Monte Carlo
method, and check if the resulting aggregation pattern is con-
sistent with the experimental observation.

By assuming that the diffusion of the adsorbed O, are
responsible for the DLA-like oxide growth, we imply that
oxide nuclei have a much smaller mobility than O,. As a first
approximation, we simply assume the oxide nuclei remain
fixed in space once they are formed on the surface. Based on
these simplifying assumptions, we design the following al-
gorithm for simulating the growth process. A particle is
landed randomly on a 256 X256 square lattice, and starts its
journey of random walk. For each step of walk, it has a
probability S to permanently occupy its final position. If a
particle makes contact with an occupied site, it automatically
occupies its final position, similar to the DLA growth rule. A
periodic boundary condition is used for all the simulations.
In other words, when a particle wanders off the lattice, it
comes back to the opposite side of the lattice. The results of
the simulation for various S at a surface coverage of 25% are
shown in Fig. 7. For S=1 [Fig. 7(a)}], random distributions
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FiG. 5. Time dependence of the number of clusters in an area of (170 wm)*
Data are plotted in (a) semilogarithmic and (b) logarithmic scale. The
straight line in (a) shows the exponential fit to the data.

without any long-range correction appear as expected. As §
is reduced [Figs. 7(b) and 7(c)], more and more clustering
takes place, and the size of the clusters also grows corre-
spondingly. For §=107% the overall growth pattern re-
sembles that of a collection of randomly distributed DLA.
However, there are two factors that cause the individual clus-
ters to deviate from DLA-like. First, the screening effect of
DLA is suppressed because the particles are launched from
the third dimension, and their access to the interior of the
cluster is not blockaded. The effect caused by the growth
interference among the clusters leads to a well-defined inter-
cluster empty zone. By comparing Fig. 7(d) with Figs. 2(b)
and 2(c), one readily comes to the conclusion that the oxide
clusters are much more stringy, i.e., less branching occurs on
these dendritic structures. The results of the simulation indi-
cate the oxide cluster pattern is not just the result of DLA
with spontaneous nucleation. We, therefore, believe that the
particle responsible for the observed oxide clusters most
likely is not in the form of adsorbed O,. We postulate that
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Fii. 6. Time dependence of the average size (see text) of the clusters in an
area of (170 gm)’. Data are plotted in (a) semilogarithmic and (b) logarith-
mic scale. The straight hne in (a) shows the exponential fit to the data.

small oxide clusters, whose size is smaller than the detection
limit of our experimental method (~100 nm). form on the
Ga surface when exposed to O,. If preexisting massive clus-
ters are present within the migration range of the small clus-

ters. they have little chance to aggregate among themselves

and form larger clusters detectable by our method. Most of

them simply diffuse on the surface and eventually form a
collection of DLA-like patterns along the window edge as
shown in Fig. 2(a). When the size of the window is made
larger than the mean free distance of the small clusters.
which is measured to be ~50 um in this experiment,
cluster—cluster aggregation becomes the favored growth
mechanism.

In conclusion. we have studied the growth kinetics of the
oxide film formation on the surface of liquid Ga. We found
that random clusters of oxide form spontaneously on Ga
when exposed to O, at room temperature. These clusters dif-
fuse on the surface and aggregate to form larger clusters. By
analyzing the fractal dimension, number of clusters. and av-
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Fii. 70 Results of a simulation based on a model in which the diffusing
particles have a finite spontaneous sticking probability § at cach step of its
random walk. () S= 1. (b) S=10 . (¢} S 10 * and (d)y s =10 "

crage cluster size of the growth pattern, and comparing that
with the results from Monte Carlo simulations, we believe
that growth kinetics are dominated by reaction limited
cluster—cluster aggregation. Experimentally. we have ob-
served the deformation and relaxation of the clusters. These
effects are not included in the existing simulation models.
More experiments and simulations are needed for a better
understanding of the growth process.
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