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Experimental observation of large ramified Au aggregates on melting glass surfaces
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We report the formation of large ramified gold aggregates after deposition of Au on melting glass surfaces.
The growth mechanism of the aggregates is traced to a two-stage process, the first of which involves nucleation
and growth of compact Au clusters. The average diameter of the clusters is aroymah,lvéhich is approxi-
mately independent of the deposition rate. In the subsequent stage, the clusters diffuse randomly on the colloid
surface and the diffusion coefficient is in the range betweer! adid 10 8 cn?/s. Finally they aggregate. It is
found that the structure of the aggregates strongly depends on the aggregation time.
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I. INTRODUCTION paring different aggregation periods, growth rates, and film
thicknesses.

It has been shown that continuous Ag films can be pre-
pared on silicone oil surfaces if sufficient quantities of the Il. EXPERIMENT
metal are sputter depositédPrevious work showed that as
the nominal film thickness increases, a percolation structure The samples were prepared by thermal evaporation of
appears on the oil surface first. The metallic clusters grow?9.9% pure gold in a vacuum of 200" 3 Pa. A small glass
gradually and then connect one another. Finally a continuougowder disk(about 0.7 g weight and 1 mm thigkshaped
rough thin film with a characteristic surface morphology atwith a pressure of 5 N/cfawas laid on a piece of commer-
the micrometer scale fornts. cial slide surface. The melting temperature of the glass pow-

Recently, Ye and co-workeérs" present results on the deris 480 °C, which is much lower than that of the slide. The
growth of silver atom deposition on silicon oil surfaces by slide was then mounted on an electrical oven, which was
thermal deposition method in the limit of low coverage, i.e.,fixed 200 mm below the filameritungsten in a level posi-
below a few monolayers. The nucleation, diffusion, and aglion. Before deposition, we gradually increased the oven
gregation of the silver atoms are studied. It is observed thaemperaturel, which was controlled precisely in our experi-
large islands, each containing more thar? #llver atoms, ment, until the oven temperature reach&e500+10°C
can diffuse quickly with different diffusion step lengths and and the glass powder changed into a colloid substrate sup-
rotate obviously with random rotation angles on the liquidported by the piece of solid slide. Unfortunately, the vapor
surfaces. The experiment also suggests that the formation gfessure of the melting glass could not be measured effec-
the ramified silver aggregates on the liquid surfaces can bévely in our experiment. However, during the deposition, no
described by a two-stage growth model. During the firstobvious changes of the concerned properties of the melting
stage, i.e., during the deposition, the silver atoms depositedlass (such as the total quantity and melting temperature
on the liquid surfaces nucleate and form compact clustergvere observed, indicating that the vapor pressure of the col-
Then, during the following stage, the compact clusters difdoid substrate is low enough for our experiment. The depo-
fuse and rotate randomly on the liquid surfaces and finallysition ratef and the nominal film thicknesk were deter-
ramified aggregates are shaped. The average branch e@vidthmined by a profilemeter (a-step 200 profilemeter,
of the aggregates scales with the deposition fatecording TENCOR. When the deposition process finished, we kept
to d~f X, with y=0.69*0.05. Both stages are dominated the temperature of the oven for time intervet, then turned
by the elastic collision between the liquid molecules andoff the electricity. After the oven cooled naturally and its
silver atoms on the liquid surfaces. temperature was below 100 °C, the sample was removed

A number of problems in this field still remain. For in- from the evaporation chamber. The Au/glass surface mor-
stance, the stability of the film structures formed on the lig-phologies were characterized with an optical microscope.
uid surfaces is one of the much concerned problems since fthe crystal structure of the samples was examined by x-ray
is essential to both theoretical and practical researches. Wffractometry.
addition, the nature of the interaction between the metallic
atoms and the liquid molecules is also one of the basic prob- IIl. RESULTS AND DISCUSSION
lems that we need to face.

We describe in this paper the main features of a new In order to identify the processes that govern film forma-
aggregation mechanism of Au atoms deposited on meltingjon, a series of experiments was performed in which the
glass surfaces. The formation mechanisms, which result iaggregation time, i.e., the paramesfdr, was varied between
the growth of a web-shaped Au film, compact atomic clus-At=0 and 240 s. The phenomenon in our experiment can be
ters, and then large ramified aggregates on the colloid sulsnderstood with the aid of experiments comparing different
strates, can be understood with the aid of experiments consamples prepared with different aggregation tikie The
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FIG. 1. Aggregating time dependence of the Au film morphol-
ogy. f=0.35 nm/s,h=42 nm. The aggregating timeis (a) At 103
=0 s;(b) At=60 s;(c) At=180 s;(d) At=240 s. Each image has
a size of 17X 140um>. 01 1
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most exciting and unexpected result is shown in Fig. 1,
where it can be seen that if the substrate temperature is FIG. 2. (8) Au aggregates on melting glass surface. The depo-
cooled (or, in other words, if the melting glass substrate isSition rate isf=0.12 nm/s, the nominal film thickne$s=15 nm,
solidified) immediately after the deposition, i.&\t=0, then ~and the aggregating timat=240 s. The image has a size of
the deposited gold atoms form a characteristic web-shapetP®<148um". (b) The fractal dimension of the ramified aggre-
Au film [see Fig. 18)]. One finds that the web-shaped film gates as determined for the conditions(at
becomes tattered as the timé goes on[see Figs. (a) and
1(b)]. Then compact atomic clusters with an average diamaround 50um and the average branch width is about 2.
etero gradually appear on the substrfifég. 1(c)]. The com-  For the ramified aggregates in Fig@@a2 we carry out an
pact clusters migrate randomly on the colloid surface andnalysis of the Hausdorff dimension by the box-counting
finally they aggregate without coalescing and form largemethod’ and Fig. Zb) presents the result obtained for Fig.
ramified island$Fig. 1(d)]. This process is also correct if we 2(a). The numberS of square boxes needed to cover the
focus on a given sample and take photographs after differemamified aggregates as a function of the inverse of the edge
periodsAt (each photograph was taken after the sample wakength L of the boxes exhibits clear scaling behavior over
removed from the vacuum chambeindicating that the more than an order of magnitude, wigfL)~ 1/L°™. The
structures shown in Fig. 1 really form during the depositionHausdorff dimensioD (H) of the aggregates in Fig(a® is
and periodAt and the cooling process does not change thel.38+0.02. While we generally observe such a scaling be-
structures obviously. havior of our samples, the values fB(H) range between

Indeed, the deposition period and the aggregation fine  1.30 and 1.50, which is quite similar to the result of the Ag
are not independent of each other. We note that among theggregates on silicone oil surfacesThe scatter is partially
samples prepared with identical nominal thickness and timelue to differences in the morphology as a function of depo-
At, the morphology of the film sample deposited at a lowersition conditions. In addition, difficulties and ambiguities in
deposition rate is more branched. This phenomenon is undedigitizing the photographs of the aggregates also contribute
standable since decreasing the deposition rate implies e the scatter in the data.
creasing the deposition period, and therefore the gold atoms Based on the observations above, we suggest a two-stage
could have more time to aggregate directly during the depoeescription of aggregate formation. At the beginning of stage
sition. I, the Au atoms are deposited on the melting glass surface

The typical ramified aggregates formed on the meltingrandomly and the nominal film thickness increases with time.
glass surface is shown in Fig(@. The shapes of the aggre- Then the film or the atomic layer breaks and forms a web-
gates resemble the results of computer models for diffusioshaped film due to the inhomogeneous structure on the sub-
limited aggregation(DLA) of particles or even more closely strate surfacésee the small dark grains on the background of
to those of cluster-cluster aggregafid@CA) in two dimen-  the photographs in Figs. 1 and.2The total area of the
sions. In Fig. 2a), the typical size of the aggregates is meshes increases gradually and then the web-shaped film
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FIG. 3. Diameter distribution of the compact Au clustefs.

=0.35 nm/sh=11 nm;At=240 s. 3.0 ' ' '

becomes tattered. At the end of the stage |, the Au atoms 25 (b)
aggregate and form compact clusters. In stage Il, the com- 2.01

pact clusters diffuse on the melting glass surface randomly 'é‘ 151

due to statistical fluctuations in their momentum by colli- = ii % [

sions with colloid molecule$® They adhere upon impact S 1.0 L

and finally the ramified aggregates form. We note that the

diffusion behavior of the compact clusters is interrupted by 0.51

the inhomogeneous structufee., the small dark grains in 0.0 : : : :

Figs. 1 and 2on the substrates and therefore the behavior of 0 1 2 3 4
the clusters is not the exact random diffusion. However, f (nm/s)

since the compact clusters generally aggregate in small local

regions, which are approximately homogeneous afsae FIG. 4. (a) Average branch widtld of the aggregates vs film

Figs. 1d) and Za)], it is quite reasonable that the Hausdorff nominal thicknes#. f=0.35 nm/s At= 240 s.(b) Average branch
dimensionD(H) of the aggregates in Figs(d) and 2a) is width d of the aggregates vs deposition rdteh=42 nm, At
close to that of the CCA computer model. =240 s.

If the description of stage Il is correct, the average brancqheoryx just approaches 0.5 in the case of large unstable

W.idth d of the aggregates must corresponq to the averagey ster size¥ and the DDA model leads to a significant in-
diametere of the compact clusters. Comparing the width .10 inv.2 On the other hand, for the silver atomic aggre-

with the diametekp, we find that there is actually no differ- gates on silicone oil surfaces at room temperature, the value
ence between them, indicating that the r'am|f|ed aggregates \ reaches 0.680.052 Figure 4b) suggests that, at high
really resulted from the random aggregation of the compademperature, the size of the compact clusters on the colloid
clusters. substrates approaches a saturated value, which is around 1.2
Figure 3 shows a size distribution of the Au compact clus-,m. Supposing the shape of the compact clusters in Fig. 1
ters. The black bars in the figure represent the result of @gesembles a disk® from the apparent Au coverage of
statistical measurement. The average diameter of the clustefs-10% of the total area, the nominal deposited film thick-
is d~1.2um. We then measure the parametesystemati- ness ofh=42nm, the volume that each Au atom occupies,
cally. In the nominal film thickness range b=5-84nm and the average cluster diameter in Fig&) and 1d), we
and for the deposition rate=0.35 nm/s, we find thad, av-  conclude that each saturated Au compact cluster contains of
eraged over a suitable number of locations, remains almogbe order of 18°—10'* Au atoms. To the best of our knowl-
unchanged wheih increasegsee Fig. 4a)], which is con- edge, a consistent theory for this saturated size of the com-
trary to both the prediction of the deposition diffusion aggre-pact clusters is still lacking’
gation (DDA) modef and the experimental phenomenon of ~ Unfortunately, we are unable to observe the aggregation
the Ag clusters on silicone oil surfacd3he result shown in  processn situin our experiment; therefore the exact value of
Fig. 4(a) implies that the diffusion coefficier® of the Au  the diffusion coefficientD of the compact clusters on the
atoms and clusters is relatively large. Figutb)4shows that  colloid surface cannot be obtained directly. However, from
d is almost independent of the deposition ritevhich is a  Fig. 1, we can approximately estimate the order of it. We
totally new result since both theoretical predictions and exfote that the average diffusion time for the compact clusters
perimental results suggest the scaling of the branch wddth to form the ramified aggregates in Fig. 1 is around
with the deposition raté of the form ofdecf X, wherey is ~ 2X 107 s. This aggregation period is quite short compared
an exponent:>*°The result in Fig. %) indicates that, in the with that of the Ag aggregates on silicone oil surfat@he
deposition rate range df=0.06—3.0 nm/s, the exponegt typical size of the aggregates in Figdl is about 50um,
approaches zero for the Au atoms and clusters diffusing owhich implies that, within about 2 10° s, the average diffu-
the colloid surface af~500°C. This value ofy is unex-  sion area of each compact cluster before aggregation is about
pectedly small in view of the fact that in the nucleation 50x 50 um?. Therefore, we obtain the coefficiebtis in the
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IV. CONCLUSION

Au(lll) In summary, we have described the formation mechanism
of large ramified Au aggregates on melting glass surfaces.
The growth mechanism of the large Au aggregates is traced
to a two-stage process. During the first stage, the deposition
atoms form a characteristic web-shaped Au film on the col-
Au (200) Ao 220) Au(31AlL)l(222) loid substrate first, then the area of the meshes increase
gradually. Afterwards, the total film becomes tattered and the
, . . . . compact clusters form on the colloid substrate due to the
30 40 50 60 70 80 90 aggregation of the deposition atoms. The saturated diameter
2 0 (deg) of the compact clusters, each containing abodf100'* Au
atoms, is about 1.2um. In the subsequent stage, the huge
FIG. 5. X-ray diffraction pattern of the sample shown in Fig. compact clusters diffuse randomly on the colloid surface and
1(a). The shape analysis for the diffraction peaks indicates that théhe diffusion coefficient is in the range between 10and
average size of the crystal grains in the film is about 22 nm. 10" 8cné/s. Finally they aggregate.
In our experiment, when the deposition and aggregation

range between 10 and 10 8 cn¥/s, which is a very large Periods finished, the electricity of the oven was turned off
value for this huge atomic clust®?:** This result is expect- immediately and the temperature of the sample would drop
antly consistent with the conclusion obtained from Figp) 4 quickly. Therefore the melting glass was solidified in the

as described above. In fact, according to the theory opext few seconds and the microstructure of the Au film
Brownian motiont? the mean-square displaceméntr?) is formed on the melting substrate could be preserved stably.

given by(Ar2)=4kTF At for a two-dimensional motion, The advantage_s of the deposition of film_s on melt_ing _sub-
wherek is the Boltzmann constant arfdis the friction co- ~ Strates are obviousl) as shown above, since the diffusion
efficient. Compared with Einstein’s formula, i.e(Ar?) time At can be controlled_ effectively in our experimer_1t, it is
=4DAt, one findsD=kTF~L. Obviously, the coefficier® V&Y helpful for the _baS|c research on the nucleation and
is proportional to the temperatufé On the other hand, aggregation mechanism of the deposmoln atoms on the melt-
higher temperature would probably result in a smaller fric-Ng supstrates(Z) nanostructures, meta'lhc compact clusters
tion coefficientF. Both of the effects above would increase With diameter of the order of 16 m, wires or rings com-

the value ofD. Therefore, the formula above gives the ex- Posed of the compact clustéisee Figs. () and Ic)], and.
planation for the large diffusion coefficierd since T other new structures, which we believe may have various

~780K in our experiment, which is much higher than thatinteresting physical properties, can be fabricated in experi-
of the other systenf®1 ment easily; and3) characteristic microstructures formed on
The Au film shown in Fig. (a) was examined by x-ray the melting substrates can be studied or utilized after the

diffractometry. The x-ray diffraction pattern of the sample substrates solidify, which is very convenient for pra_ctical
exhibits regular Au peakésee Fig. 5, providing evidence purposes. We hope that the results above would contribute to

that the Au film deposited on the colloid substrate still ex-the further research on both theoretical and practical projects

hibits polycrystalline structure, which is in agreement with " this field.
that of the Ag films on silicone oil surfacégsurthermore, by

Intensity (arbitrary scale)
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