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Spontaneous formation of ordered patterns in Al films deposited on silicone oil surfaces
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We report the spontaneous formation of large spatial ordered patterns in a continuous ali@Adinéibm
system deposited on silicone oil surfaces by a thermal evaporation method. The growth mechanism of the
ordered patterns can be traced to a three-stage process, the first of which involves nucleation and growth of
strips with a characteristic domain structure in the films. In the subsequent stage, triangle-shaped domains with
different sizes appear in the strips. Then the domains grow and finally form the ordered and band-shaped
patterns. The experiment shows that the ordered patterns result from the spontaneous ordered organization of
the Al atoms and atomic clusters driven by the internal stress in this nearly free sustained film system.
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Spontaneous generation of complex order in apparentlyith an area about 2010 mnt had a uniform thickness of
simple systems is of long-standing and continuing interest-0.5 mm. In fact, in the oil thickness range of 0.2-0.8 mm,
not only for its.aesthetic appgeal, but also for its fundamentaho obvious change of the surface morphologies of the Al
and technological relevance? In natural systems there are films can be observed in our experiment. The deposition rate
large varieties of self-organized phenomena that potentially and the nominal film thicknesd were determined by a
span a wide range of scales, from macroscopic ground suguartz-crystal balance, which was calibrated by a profilome-
face morphologie’sand grqnular materlaﬂsto_ nanometer-  tgr (a-step 200 profilometer, TENCORAfter deposition,
scale structures such as microporous matetiabmocrystals the sample was kept in the vacuum chamkier vacuum
(mclydlng hanoclusters, nanowires, nanotupes, ) eto. condition for time At and then removed from the chamber.
semiconductors, nanostructure arrays on s.,traln.ed crystal o images for the surface morphologies of the samples were
surfaces, and complex biological and nonbiological struc- taken with an optical microscop@eica DMLM), equipped

tures organized with supramolecules molecules®’ Some ) ; . ;
previous studies demonstrated that the ordered patterns e\§<v-'th a charge-coupled device camética DC 300 which

isting in thin films deposited both on solid substrafe was interfaced to a computer for data storage and data pro-

and on soft polymer substrafésare induced by the buckling cessing. . . .
of the films owing to the relief of the internal stress. The typical ordered patterns in the Al films are shown in

Vapor phase deposition of metals on liquid substrates wa§!9- 1, Where it can be seen that the band-shaped patterns,
studied in a number of recent investigatidAs®® It is ob-  Namely bands, are composed of a large number of parallel
served that atoms, atomic compact clusters, and branché@y-shaped domains, namely keys. Generally, the neighbor-
islands on liquid substrates possess large mobility and thelpd keys possess different widthbut nearly uniform length
can diffuse, rotate, and aggregate on the liquid surfacek (see Fig. 1 The experiment indicates that the bands grow
freely. In principle, the phenomena resulted from the internafrom the outer edge of the sample and then extend towards
stress in continuous thin films deposited on liquid surfacedts central region. The average key length near the sample
can emerge obviously because of the weak interaction beedge is generally longer than that in the central region of the
tween the films and the liquid substrates. Therefore it is exsample. According to the growth direction of the bands, we
pected that various characteristic patterns caused by the igan identify that in many cases two bands may coalesce or
ternal stress relief may appear apparently in these nearly fregne band may bifurcate harmoniouglyig. 1(b)]. An inter-
sustained films? Here we report the spontaneous formationesting phenomenon is that approximately the key length be-
of large spatial ordered stress relief patterns existing in confore bifurcation (or after coalescengei.e., L;, equals the
tinuous aluminum(Al) films deposited on silicone oil sur- sum of the key lengths in the two branched bands, Lg.,
faces. We anticipate that this nearly free sustained metalliand L5, and all the keys before and after bifurcati¢or
film system subjected to the distinctive effect of the undercoalescendgeare nearly parallefFig. 1(b)].
lying liquid layers will provide a test bed not only for the = The experimental results show that the appearance of the
fundamental research on the internal stress in the films, butands depends on the timé, deposition raté, and nominal
also for the technological application of various free susilm thicknessd. We find that ifAt=0.5 h, in the ranges of
tained films on liquid substrates. f=0.05-0.50 nm/s and=10-120 nm, various bands with

The samples were prepared by thermal evaporation differentL andw, as shown in Fig. 1, can be observed in the
99.999% pure Al in a vacuum of*610 * Pa at room tem- films. The maximum value of the key length observed in our
perature. Commercial silicone iDow Corning 705 Diffu-  experiment isL~110 um and the total length of one band
sion Pump Fluigl with a vapor pressure below 18 Pa was can be more than 10 mm. In addition, it should be empha-
painted onto a frosted glass surface, which was fixed 128ized that the bands can also be observed in the samples with
mm below the filamenftungste. The resulting oil substrate d<<10 nm if we greatly increase the tindg. For instance, if
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FIG. 2. Growth of the band with the tim#&t. f=0.10 nm/s,d
=8 nm. Each reflection optical micrograph has a size of 65
X50 um?. (@) At=1h; (b) At=2.5h; (c) At=4 h; (d) At
=12 h.

each sample on the timet and the result is shown in Fig. 3.
One finds thatl,, increases rapidly with\t first, then its
growth speed slows down, and finally, approaches a satu-
rated valuelL,. Furthermore, the experimental dataslack

dots in Fig. 3 can be well fitted with a formula
FIG. 1. Reflection optical micrographs for the bands in the Al
p( At
l-exp ——
T

films deposited on silicone oil surfacels=0.10 nm/s,At=0.5 h.
(@ d=50 nm, image size is 260200 um?; (b) d=25 nm, image Ln=Lo
size is 13 100 um?.

. _wherer is the relaxation time. For the samples in Fig. 3, for
At=10 h, complete bands also appear in the samples W't'hstancel_o and r are found to be 5m and 1.7 h, respec-
d=8 nm. Our experiment indicates that the ordered patternﬁvewl Generally, neithet., nor 7 is a constant and for the

grow successively in vacuum condition and, once th amples withf =0.10 nm/s, for exampld,, increases ane

samples are re.moved' from the vacuum chamber, the growiflecreases with the nominal film thicknedsAccording to

process stops immediately. _ the previous studie¥®~11®1strong and detectable residual
In order to investigate the growth mechanism of thejniema stress frequently exists in films after deposition and

k?ands, a series. of experiments was performed in which thg o|5xes gradually with time. We suggest that the phenom-
time At was varied betweent=0.5 and 12 h. Examples of gnon shown in Fig. 3 can be considered as the stress relief
the band growth in vacuum condition as a functiom\afare

: @

shown in Figs. 2a)—(d). After deposition, with the increase 70 . . ' . . . .
of At, strips with a characteristic domain structure appear in ]

the Al films first. Then, aroundit~0.5 h, depending on the 60 -
nominal film thicknessd and the location of the strips, 1

triangle-shaped domains with different sizes start to appear 50 1

in the strip[Fig. 2(a)]. Approximately, almost all the domains T
are isosceles triangles and their bottom sides locate on the 2
same edge of the strip. Then &g further increases, the F
triangle-shaped domains grow gradually until they connect

each othefFig. 2b)]. In the subsequent period, the domains 20= .
grow steadily in the directions perpendicular to the strip ]
[Figs. 4b) and(c)], which finally results in the formation of 10 o 2 4 & 8 f 12 1a
the band with a quasiperiodic structure, as shown in Figs. 1 At (h)
and Zd).
It can be seen from Fig. 2 that the key lengtincreases FIG. 3. The maximum key length,, in each sample as a func-

obviously with the timeAt. In order to further understand tion of the timeAt. f=0.10 nm/s,d=20 nm. The solid line is a fit
the growth process of the bands in vacuum condition, weo the experimental datablack dot3. We find L,=Lo[1
measured the dependence of the maximum key lebgtm —exp(-At/7)], with Lg=~51 um and7~1.7 h.
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process and the characteristic relaxation time of the internal
stress relief in this Al film system is of the order of
~2 h. ForAt>10 h, the band reaches its stable state and
the free energy approaches minimum.

Many previous works have reported that during stress re-
lief the film materials always orderly organize in some re-
gions driven by the internal stress and form characteristic
buckling patterns such as sinusoidal shadpesWe propose
here that the ordered patterns shown in Figs. 1 and 2 also
originate from spontaneous material organization owing to
the stress relief. This proposal is based on the following two
facts. First, stress relief patterns can exhibit obviously in the
film system with a weak interaction between the films and
substrates since the formation of the patterns depends
strongly on the adhesion energy of film-substrate
interfaces->® Therefore the characteristic structure of the
bands shown in Figs. 1 and 2 should not be a surprise in
view of the nearly zero adhesion of the solid-liquid interface.
Second, it has been proved that the diffusion coefficient of
metallic atoms and atomic clusters on liquid surfaces is much
larger than that on solid substratés? Therefore the Al at-
oms and clusters can diffuse easily and organize spontane-
ously in some regions of the film so that the total stress
energy approaches minimum.

If the description above is correct, the difference between
the film densities or microstructures in and out of the keys FIG. 4. Transmission optical micrographs for the bands in two
should be detectable. In order to take transmission opticeﬁ‘_l films, which were separated fr_om the oil sub_strates and adhered
micrograph&’ for the Al films and meanwhile avoid the in- directly to glass surfaces. Each image has a size OKBIOuM?,
fluence of the underlying oil layers on the transmission mi-@ f=0.10nm/s, d=8 nm, At=4h; (b) f=0.10 nm’s, d
crographs, two Al films were separated from the oil sub-~25 nm, At=0.5 h.

strates and adhered directly to glass surfaces. After bein .
washed with acetone, the transmission optical micrograph € s_hear stress, ari_%j IS the e>_<terna| force. Onleétype of
of the films were taken with the optical microscope and theSOIUtIon of Eq.(2) which is physically acceptable
results are shown in Fig. 4. One finds from Fig. 4 that the W= 1+ cog kx+qy). 3)
color of the areas in the keys are obviously darker than that
of the other regions, providing evidence that the densities of his solution implies that the film buckling perpendicular to
structures in and out of the keys are different and thereforéhe direction of the highest stress is along a straight line
the bands really result from the spontaneous ordered orgargiven by
zation of the film materials.
A characteristic stress relief pattern generally represents kxtqy=2nm, n=0x1*2,.... (4)
an internal stress distribution since its propagation PerpeNptroducing Eq.(3) into Eq. (2) shows that for eack value
dicular to the axis of highest stress enables greatest stregsere are two permissible values gf and therefore the so-
energy releas&;™ providing an effective method that one |iion of Eq.(4) consists of two classes of parallel line fami-
can use to calculate the stress dl_strlbutlon to theoreticallyag with slopes of+|k/q|, which cross each oth&:.Many
undgrstand the_se patterns in thin films. Sev_eral works havgiess relief patterns can be well explained by making use of
previously applied a general theory of buckling of shells toyhis model. For example, if a propagating buckling reaches a
an%I%/lze the stress relief patterns and the buckling equat'oﬂoint where two lines cross each other, it jumps from one
as” line to the other with different slope and this process may
result in the sinusoidal pattetfi!!
J'W IW W W W It is clear that a pair of values &fandq corresponds to a
x4 +2 ax2ay? + ay* +oud Ix2 +oyd ay? kind of distribution of the internal stress. In fact, the values
of k and g are not unique and Ed2) can be satisfied by
2 many different real values & andq [see Eqgs(3) and(4)],
+27de+ F=0, (2 which means that many kinds of sinusoidal stress relief pat-
terns can exist simultaneously in each film. Our experimental
whereD is the moment of inertia of the filmd is the film  results indicate that the Al films shown in Figs. 1, 2, and 4
thickness,x andy are the coordinates relative to the sub-may contain various sinusoidébr cosine stress relief pat-
strate, W is the film coordinate as defined in the elasticterns with different periods, phases, and amplitudes. There-
theory,o, ando, are the internal compressive stressggjs  fore the oscillatory spectrums of the stress relief patterns in
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the films are quite plentiful and evolve with the timé (see  strates, which should be responsible for the film microstruc-
Fig. 2. Finally the composition of these sinusoidal stresstures and the ordered patterns with quasiperiodic structure,
relief patterns results in the formation of the keys and therstill remain poorly understood. Therefore many new avenues
the bands shown in Figs. 1, 2, and 4. We believe that thef investigation are still open to us. Further studies include
plentiful spectrums of the stress relief patterns in the Al filmsthe theoretical explanation for the formation mechanism of
Strongly relate to the characteristic interaction between th%e |arge scale ordered patternS, the investiga’[ion for the dis-
Al films and the liquid substrates. o tribution and evolution of the internal stress in these nearly

The spontaneous formation of the characteristic orderegee systained films, and the research for various physical

patterns shown in Figs. 1, 2, and 4 presents us with an ef5rgperties to reveal the potential application prospect of
ample that the films deposited on liquid substrates may posyase fiims.
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