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Spatial and temporal scaling of oxide cluster aggregation on a liquid-gallium surface
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Oxide clusters grow spontaneously on a liquid-gallium surface exposed to oxygen at room temperature.
Clusters diffuse and aggregate to form larger and larger clusters with a fractal dimdpsibr1.5. The total
number of clusters and the weighted average cluster size do not exhibit power-law dependence on time, while
the typical linear dimension of the clusters exhibits'4 time dependence. The exponent appears to be
consistent with Binder’s prediction for the phase separation of two-dimensional binary fluid mixture. For early
stages of the aggregation, the structure functie(k,t) of the oxide patterns can be scaled as
[km(t)] % (k/k,), wherek, is the peak position of (k,t) and f(k/k,) is a time-independent function.
However, such a scaling behavior, which is a generalization of Furukawa’s theory for spinodal decomposition,
does not hold for longer times.

[. INTRODUCTION This is essential to the experiment because oxidation of a
liquid-gallium surface occurs spontaneously when exposed
When a liquid-metal surface is exposed to oxygen, oxidato oxygen at a room temperature 620 ° C. A liquid-Ga

tion takes place spontaneously and oxide particles argample was prepared by heating a piece of high purity
formed on the surface. Because the diffusivity of oxide par(99.9999 Ga ingot on a stainless substrate to a temperature
ticles on a liquid surface is usually much higher than on &gjightly above its melting point. The area and the thickness

solid surface, an OX|de'gr0Wth process on a Ilqwq surface IS the sample was about 1 érand 0.5 mm, respectively.
expected to be very different from that on a solid surfaceWithout appropriate seeding, Ga remains liquid at room tem-

Interestm_g pheno_mena |_nclud|ng long-range diffusion an erature for an indefinite time. Right before the sample was
aggregation of oxide particles could take place. The proce Baded into the scanning focused ion-beRiB) system

of oxide pattern formation in such a diffusion-reaction SYS-sed for this study, the native oxide layer, primarily,Og*

tem constitute a complex and fascinating subject by itself. Ity : . o
. ; oo ) as scraped away, creating an optically brilliant surface.
is therefore quite remarkable to note that liquid-metal oxida- P y 9 P y

ton i biect that has b \v studied. onl tIGreat care was taken to ensure the liquid surface remained
lon 1S a subject that has been rarely studied. Only recently ., ,,in and balanced during the sample transfer and through-
have some related experiments been repdrtéd.

. . . out the experiment. After the sample was loaded into the
An important step toward understanding an oxide patter P P

: N . r}:malysis chamber, the FIB was operated at a high cufEent
formation process on the surface of a liquid metal is to stud)hA) mode in order to sputter clean(@ mm)? area on the

its spatial and temporal scaling properties. The informationsurface The typical time needed for the sputtering 20 h

can provide us with not only some basic rules for describingsmce tHe FIB column employs Ga ions, the purity of thé Ga
the lateral oxide growth kinetics but also insights into thesample surface after thia situ sputter ,cleaning was pre-
growth mechanism. Furthermore, if similar scaling Proper-¢oved. The base pressure of the FIB chamber wak01

ties C.OU|d be found in other types of systems, our u.nderTorr, which essentially halted the oxidation process because
standing of the process would be greatly improved by Slmplyno oxide growth was observed on a cleaned Ga surface after

?ddressflng tthe S|mllla$!es and dlfferencest betwete(rjl th? m’ﬁ was left in a pressure of*210 ° Torr for several days.
ypes of systems. In this paper, we report our study of the ¢ oyiracted from a liquid-Ga source are accelerated to

Ia.teral oxide pattern formatiqn ona "q“id'ga'““m surface25 keV and focused by the two electrostatic lens to form a
V.V'th an emphasis on its spaﬂal and temporal scaling PrOP€I5aam with an electronically variable diameter between 30
ties. We found that the oxide clusters aggregate among the im to several microns. Two octopole scanners are employed

S.e"’es to form self-similar patterns. And the_z typical Iine_arto raster the beam across the sample and correct the astigma-
dimension of the clusters and structure function of the OX|de,Eism of the optical column. Secondary ions ejected by the

patterns also exhibit interesting temporal scaling propertiesFlB are detected by a channel electron multiplier overlook-
Specifically, we try to understand these scaling propertiei-;ng the target area. The beam scanning, data acquisition, and
using a theoretical framework that has been developed f Fnage processing.are achieved using ’a personal combuter
describing spinodal decomposition .Of a binary aIon_. Som_e 0(%/vith in-house developed softwaté.For secondary ion im-
E)h;sergsour:t?jif?é?erﬂsrgogggpoirgﬁj s\;\gtrhacorrgpgzﬁ)rn S|mulat|on§ging analysis, the FIB is scanned across the sample with a
ggreg : fixed dwell time on each pixel element, and the number of
Il EXPERIMENTAL ion pulses recorded by the detector during this period of time
is translated into the gray level of the corresponding pixel of
Gallium has been chosen for this study because it has a picture. Typically, images are stored digitally in array of
very low vapor pressuré<10 ! Torr) at its melting point.  512x512 pixels.
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The oxidation of the cleaned liquid Ga was achieved by
backfilling the chamber with £(99.9999% to a pressure of
1x10"" Torr. During the typical oxygen exposure period of a
few minutes, the FIB was blanked to avoid disturbing the
growth. After the exposure, the oxygen was evacuated from §
the chamber and the pressure decreases belot01° Torr
in less than a few minutes.

Because of the destructive nature of the ion-beam imaging §
analysis, the FIB was deliberately defocused and operated ir
a very low current mode to minimize the disturbance to the
oxide growth process. With a beam current of 16 pA and a
beam diameter of-1 um, the instant beam current density is &
2 mA/cn?. Under such a beam for a typical well time of 100

ion-beam analysis is known as static secondary ion mass &f‘mf .

spectrometry(SIMS).® The beam diameter was deliberately s

set at~1 um to serve another purpose. For a 5BA2 pix- s

els scan over an area (560 ,um)z, this beam diameter is Lhiv

about the same as the spacing between neighboring pixels ol

the sample. Such an arrangement ensures that the arec (©) @

scanned by the ion beam are almost consecutive, and the

acquired image is a better representation of the ofjféct.  FIG. 1. Binary images of oxide clustefsright) on a liquid-Ga

Also to be noted is that the average beam current density osurface at different stages of the aggregation process. The oxygen

the scanned area is only5 nAlcn?, and therefore the ther- exposure is 25 L and the times & t=5 min, (b) t=14 min, (c)

mal effect due to the ion-beam bombardment is negligible64 min, (d) 94 min. Full scale of the images is 5Gn and each

To further reduce the disturbance caused by the ion bomRicture consists of 512512 pixels.

bardment, all the images of the oxide pattern were taken

from different area in thg3 mm)? sample surface(Only ~ sure, small oxide clusters on the order of a few micron in

prolonged imaging of the same area resulted in observabl@ize are formed on the gallium surface. Gradually, these clus-

disturbance to the oxide growth procéss. ters diffuse and aggregate among themselves to form larger
In principle, it is more straightforward to use secondaryand larger clusters. At the latter stages, oxide clusters span-

oxygen ion signals for imaging the location of gallium oxide ning over an area as large @s100 um)® are formed on the

particles on the surface. However, because most of the spugurface. To be noted in particular is that, although the size

tered oxygen leaves the surface in either neutral or negativ@nd span of the clusters increases with time, the typical width

charge states, the oxygen-ion signal was found to be muc@f an individual oxide “fiber” remains approximately the

weaker than positive Ga-ion signal. Therefore, we chose téame(1~2 um) and the fractional surface oxide coverage

use the G signal to locate the position of the gallium oxide also remains almost constant. This observation suggests that,

particles. This seemingly counterintuitive approach is posonce the micron-size clusters are formed in the initial stage,

sible because the ionization probability of a metallic atomall the oxygen adsorbed by the surface is stored in the oxide

sputtered from its oxide phase is usually much higher thaglusters. The time evolution of the oxide pattern is deter-

from its pure phase. This effect of so called “oxygen en-mined primarily by the diffusion and aggregation of the ox-

hancement” is well documented in the field of SIM&.has  ide clusters.

been clearly demonstrated in previous stutiigsf gallium The basic kinetics of a cluster aggregation process can be

oxidation. In this experiment, we found that the average secdescribed by the time dependence of two quantities: the total

ondary ion signal emitted from gallium oxide particles~i§  number of the cluster(t) and the weighted average cluster

times greater than that from the cleaned gallium surface. Thisize S. The latter is defined as

difference in signal intensity allows us to select a threshold

level for a high-pass filter. It is then used to transform a 2

secondary ion image into a binary map with the 1's repre- 2 s'ny(t)

senting the sites occupied by oxide and 0’s by the clean S(t)y=———, (1)
gallium surface. > sng(t)

whereng is number of clusters with size. In this experi-
ment, s is defined to be the number of pixels covered by a
Figure 1 shows a typical oxide aggregation process atluster. As shown in Figs.(2) and 2Zb) the total number of
different times after the exposure of 25 L of oxygen. Weclusters decays with time. However, it does not follow a
have chosen this exposure because it leads to an oxide fragimple power-law decay. We have attempted to fit the data to
tional coverage of~10% and a growth process at this cov- well-known functions such as exponential decay without
erage takes place in a manageable time scale. From thesaich success. The best fit seems to be a logarithmic decay as
images, it is clear that, a few minutes after the oxygen exposhown in Fig. 2b). According to previous Monte Carlo

Ill. RESULTS AND DISCUSSION
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FIG. 2. Total number of clusters in an area(660 um)? as a FIG. 3. Weighted average cluster size of the clusters in an area
2. > S )
function time. Data are plotted ife) log-log and (b) linear-log  Of (560 um)” as a function time. Data are plotted (@ log-log and
scale. (b) log-linear scale.

relaxation of clusters are not included. Such internal rear-
simulations’~*?a power-law dependence hit) is expected  rangement of a cluster could effectively change its morphol-
if the process is a diffusion-limited cluster-cluster aggrega-ogy from a more ramified DLCCA-like structure to a more
tion (DLCCA). Figures 8a) and 3b) show the time depen- compact RLCCA-like structure.
dence ofS. Again, S does not increase with time according
to power law as suggested by the computer simulations of

DLCCA. The observation th& increases exponentially with 10000 g T T T T T
time appears to be closer to the results of a simulation based E S ]
on reaction-limited cluster-cluster aggregati@GLCCA). In 1000;_ Wrg i
this model, the probability that two clusters will combine E slope=1.53 3

depends only on the time that they spend in contact with

each othet! Similar exponential growth o6 has been ob- " 100t 3
served in a variety of experiments under slow aggregation < E
conditions!3~*° 2 L

To derive the spatial scaling property of the oxide pat-

terns, we have plotted the sizs) (of the clusters versus their seopmrseoum ]

radii of gyration Ry) in Fig. 4. It shows thas R;df can be 3 ¢ T Romasin
established and therefore the oxide aggregation process leads i

to the formation of self-similar clusters with a fractal dimen- A T T
sion d; of 1.53+0.06. According to available computer 0.1 1 " 10 100
simulations,d;=1.44+0.04 and 1.5%0.03 for DLCCA and R, (um)

RLCCA, respectively® Although the result appears to be

closer to RLCCA, we would like to be more cautious about FIG. 4. Area occupied by a cluster versus its radius of gyration.
such a conclusion. In the computer simulations, clusters arbata are taken from imagg§12x512) at two different magnifica-
assumed to be rigid and the effects of the deformation andons.
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FIG. 5. Structure function of the oxide patterns in an area of FIG. 6. Cluster anisotropy versus its area. Data are taken from
(560 um)%. The straight line represents a function proportional toimages(512x512) at two different magnifications.
k=15 Itis included to help demonstrate the power-law behavior of

F at large wave numbers. DLCCA and RLCCA, respectively. Figure 6 shows the aver-

] ) . age anisotropy of clusters as a function of their sizes. If we
The fractal dimension of a pattern can also be derived,ggject the apparent size dependence of the anisotropy and
from its density-density correlation function, take the grand average Af=4.2+0.7 as the average anisot-
ropy of the oxide clusters, the results would again indicate
that the aggregation process is closer to RLCCA. However,
neither DLCCA nor RLCCA simulation results in significant

wherep(r) is the local density, representing the probability _size dependence &. We therefore think that neither model

(0 or 1) that the site is occupied by particles. For a self-1S adequate for describing the oxide aggregation kinetics. Al-

similar pattern, the angular average®fr) decays as though we do not know exactly what causes the size depen-
dence ofA, we believe that the decrease Afas clusters

C(r)ecrdi=d 3 grow larger than~100 um? is related to the increase of their
) ) . . . . flexibility with increasing size. A flexible cluster could re-
whered is the dimensionality. Sinc€(r) of a pattern is  gyce both its anisotropy and fractal dimension through relax-
equivalent to th.e inverse Fourier transformation of its power,tion and deformation. Unfortunately, to our knowledge, the
spectrumF(k), it is straightforward to show that the struc- effects caused by such internal rearrangement of a cluster
ture function of a self-similar pattern decays as have not been taken into account in the simulations available
_d to date.
Rk, @ The time dependence of the typical cluster linear dimen-
We have showrF (k) of the oxide pattern at different times sion ktor Rg) is another important quantity essential to
in Fig. 5. The power-law decay behavior at large wave numdescribing the aggregation kinetics. The results of our ex-
ber again indicates that the oxide patterns are made of aperiment(Fig. 7) indicate that averagR,) is approximately
ensemble of clusters with a fractal dimension-eL.5, in  proportional tot2. Apparently, this power law is so simple
agreement with the above results derived from the radii ofhat a semiquantitative explanation is in order. In the follow-
gyration. Also to be noted is that eaElfk,t) exhibits a peak ing, we will try to elucidate a possible origin of this power
atk=k.,,. This indicates that the self-similarity of the clusters law. Our analysis is based on a theoretical framework that
is limited to a length scale belowk 1. As the sizes of the has been developed for spinodal decomposition of a binary
clusters increasek,,, shifts towards smaller wave numbers, alloy. For details of this subject, readers are referred to Fu-
while its tail at large wave number remains approximatelyrukawa’s comprehensive revieltHeuristically, these theo-
proportional tok 9, ries, which originated from Binder and Staufférassume a
Besides its fractal dimension, the anisotropy of a clusteSmoluchowski-type kinetics for the cluster coarsening pro-
can also provide information about its morphology. Math-cess. Each cluster is regarded as a Brownian particle, and
ematically, the anisotropy of a cluster can be defined as travels freely until it meets another. Once two clusters meet,
they coalesce into one larger cluster. Dgt be the diffusion
(R?) coefficient of a cluster with a typical radilR. If one as-
<_R§' 4 sumes that the average distance between neighboring clusters
is proportional to the average cluster radiRisthen
whereR, and Rg are the largest and the smallest principal
radii of gyration of a cluster, respectively, and the brackets
represent ensemble average. According to Botet and Jullien’s
numerical simulatiot! A=5.7+0.2 and 4.%0.2 for

1
C(r)=72 pr+1)p(r), @

R2
D ROC H y (6)
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FIG. 8. Rescaling of the structure function according to Eg.
(12).

ture, Binder suggested a geneRxt® dependencé For
d=3, this prediction can be understood using the following
heuristic arguments. According to Stoke’s law, the mobility
of a sphere in a liquid is proportional t8 1. Based on
Einstein's relation between the diffusion coefficient and the
mobility,?? one can easily show thddzxR™ . Therefore,
Rt is predicted for the aggregation of three-dimensional
(3D) clusters in a 3D liquid. To our knowledge the mobility
of a 2D object moving in a 2D liquid has not been explicitly
calculated?? it is not clear how Binder has derived the gen-
eral R=xt¥® dependenc® Nevertheless, the prediction ap-
pears to be consistent with our results &+ 2. This could

FIG. 7. The time dependence of the characteristic cluster lineabe an experimental result that appears to be consistent with

dimension:(a) peak of the structure functiofip) average radius of
gyration. Straight lines are power-law fits to the data.

Binder’s prediction for the clustering of a binary fluid mix-
ture in two dimensions.
In the study of spinodal decomposition, another important

whereAt is the mean free time for a cluster to travel. Sincejssye of concern is the time evolution of the structure factor

the cluster radius increases by an amount of the drdafter

F(k,t) of a system. Furukawahas suggested th&t scales

each coalescence, the rate of increment of the radius can Bgcording to the following law:

approximated by
AR R Dg
—_— o — O —,
At At R
(To be noted is thaA RxR remains valid for the aggregation

of fractal-like clusters with a definitive fractal dimensipif.
one assumes that

()

DrxR™, 8

it is straightforward to derive from Eq$7) and(8) thatR(t)
(k1) has a power-law behavior as

R(t)octMx+2), 9

F(k/Km,t) =k d(t) f(k/Kp), (10)

wherek,(t) is the peak position of (k,t) at different time,
and f(k/k,,) is a time-independent scaling function. It is
therefore interesting to try to examine if similar scaling ex-
ists in other types of cluster formation proces¥e2® Be-
causeFock 9 for k>k,, in our system, the only possible
analogy to Eq.(10) that will keep the tails ofF (k/k,,t)
invariant after rescaling of th& axis is of the following
form:

F (Kl )=k “(t)F(k/kpy). (11)

Plotted in Fig. 8 is the rescaling & according to Eq(11).

Many theories have been proposed to estimate the exponelticlearly shows that the generalized scaling law of Furukawa

x for both solid and liquid mixture at various conditioffs:t

is only approximately applicable to our system within a lim-

For example, in one of Binder’'s theories, the diffusion of aited initial period of aggregation. Based on these results and
cluster in a solid mixture is assumed to be caused by théhe failure of previous attempts to rescale the structure func-
exchange of two kinds of atoms on its surface, and therefortions of other systems using E€L1),%° it seems likely that

x=d+1 is estimated, which results inRe<t¥@*3) depen-
dence. In one of Furukawa’s models=d is suggested,
which leads toRxtY(4*2). For ad-dimensional liquid mix-

the idea that only one unique length scale is enough to de-
scribe the evolution of a system over the entire aggregation
process is not adequate.
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In conclusion, we have studied the spatial and temporalure. Further experimental and theoretical efforts are needed
scaling of the aggregation of gallium oxide particles on ato clarify the validity and implications of this interesting ob-
liquid-gallium surface. We found that oxide clusters diffuseservation. In the early stages of aggregation, the structure
on the surface and aggregate to form larger and largefunction of the oxide patterns exhibits a universal scaling
fractal-like clusters. By comparing the experimental resultsbehavior analogous to that of spinodal decomposition. How-
the time dependence of the total cluster number and thever, this temporal scaling, which represents a generalization
weighted average cluster size; the fractal dimension and arf Furukawa’s theory for spinodal decomposition, does not
isotropy of the clusters, with computer simulations, the oxidehold for longer times. The result suggests that more than one
aggregation process appears to be closer to a reaction-limitethique length scale might be needed for describing the evo-
cluster-cluster aggregation process. However, because the dfition of a system over the entire aggregation process.
fects caused by cluster internal rearrangement are not in-

cl_uded in the S|ml_JIat|ons, this conclusion should be tak_en ACKNOWLEDGMENTS
with caution. The time dependence of the typical cluster lin-
ear dimension exhibits a simplg’?> power-law behavior, This work is supported by the National Science Council

which appears to be consistent with Binder’s prediction for(Contract No. 83-0208-M-001-108 Taiwan, Republic of
the phase separation of two-dimensional binary fluid mix-China.
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