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Diffusion studies in a nonequilibrium system with repulsive interactions
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The diffusion behavior of silver islands on charged silicone oil surfaces has been studied. Compact Ag
islands with an average diameter of 1u2n form after thermal deposition of silver on a charged silicone oil
surface. In contrast to the behavior of the uncharged oil surface, no aggregation of the Ag islands is observed.
Instead the average distance of the islands increases as the islands diffuse toward the edge of the oil substrate.
This process is driven by the repulsive Coulomb interaction. An exponential decay of the island devitlity
time t results everywhere on the oil surface, and the corresponding time cotanainges between 1.0
X104 and 2.0<10 * s 1. In the central area of the substrate, the relative spédetween two islands
increases linearly with their distanteaccording tov;; =HL, whereVy;, is the linear fit speed d¥. The slope
H is of the order of 2.6¢10%-3.0x 10" % s~ ! after the deposition, and decreases with time. Our theoretical
analysis indicates th&@¢~H, in agreement with the experimental finding. The experiment also shows that this
nonequilibrium expansive diffusion already starts at the early stage of deposition. During their motion, the
islands must carry a small fraction of the electron charge on the oil surface. After the islands reach the sample
edge, they form a band-shaped silver film along the border. This results in the accumulation of charge, which
slows down the speed of the remaining islands, which diffuse toward the edge.
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[. INTRODUCTION against flocculating. However, sometimes the counterintui-
tive observation is made that the particles attract each other
The study of the diffusion and aggregation of particles,and form ramified aggregatés.
including atoms and atomic clusters, on various substrates Here we follow a different approach to study the behavior
has been of great interest in the last two decades, since it & charged particles. We present results on the nonequilib-
crucial for the microstructure of various atomic aggregategium diffusion of silver nanocrystal aggregates with repul-
and thin films!~* During the growth period, the adatoms or Sive Coulomb interactions on silicone oil surfaces. The oil
clusters diffuse and aggregate on the substrate surface, aftbstrate was charged by the emission current of a filament
then form different kinds of aggregates such as compadpefore deposition. Then silver of 99.99% purity was depos-
clusters, atomic wires, cluster rings, branched islands, &tc. ited by thermal evaporation. Upon deposition, Ag nanocrys-
If more material is deposited on the substrate, the aggregatégls form at the interface which are mobile and aggregate to
grow and percolation proceeds. Finally, continuous filmsform nanocrystal aggregates of lateral dimensiopof size
form. It is generally supposed that this evolution process i¥isible in the optical microscopiln contrast to experiments
mainly governed by the Brownian motion of the particles,on an uncharged surface, these nanocrystal aggregates do not
the attractive interaction among the particles, as well as thaggregate further to large ramified aggregate structures. In-
interaction between the particles and the substrate. stead, theum-sized Ag nanocrystal aggregates—henceforth
Much of the recent interest in this field has focused on théxamed “islands’—move away from each other and diffuse
nature of the particle-particle as well as particle-substratéoward the sample edge without further aggregation due to
interactions. Most computer simulations assume an attractivéeir repulsive interaction. This leads to the formation of a
interaction between adjacent neighboring particles. Theyand-shaped silver film along the edge of the substrate.
suppose that if two particles occupy neighboring sites, the
attractive force will lead to an irreversible attachm&mnt
Recent experiments revealed that particle-particle interac-
tions can be considerably more complex. In a quantitative In order to observe and investigate the behavior of Ag
study of long-range interaction between single Cu adatomeanocrystal aggregates on an oil surfacesitu, a special
on Cu111), Reppet al'* showed that the long-range inter- high vacuum system with a dedicated observation window
action is oscillatory with a period of half the Fermi wave- was designed and buifshown in Fig. 2. Commercial sili-
length, and decays for larger distanakss 16°. Such an  cone o0il(DOW CORNING 705 Diffusion Pump Flujdwith
oscillatory interaction significantly changes the growth ofa vapor pressure below 18 mbar was carefully painted
Cu/Cu11)) at very low temperatures, and could be em-onto a polycarbonate slide surface which was slightly rough-
ployed to achieve self-organization of cluster arrays on surened to prevent the oil layer from dewetting the smooth plas-
faces. tic surface. The resulting oil substrate with a radiRys be-
On the other hand, many naturally occurring colloidal par-tween 1.5 and 3.0 mm had a uniform thickness=@.2 mm.
ticles in solution are charged. The resulting electrostatic reThe plastic slide was glued to an aluminum alloy disk, which
pulsions are strong enough to stabilize their suspensionsas fixed on the vacuum chambeee Fig. 1

Il. EXPERIMENT
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FIG. 1. Schematic setup of the experiment.

The insulating oil substrate was charged before deposition
emission current in a vacuum of 3P

by a thermal
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FIG. 2. Island densityr vs deposition timé’ on an uncharged
oil surface. The three insets (221 um?) give examples of the
three images from which the island densities are determined. Solid
lines between data points are a guide to the eye.

If the deposition was stopped after=480 s, the com-
act islands, as shown in Fig(a3, diffuse and aggregate on
the oil surface with time available for the diffusion. About

X 10" % mbar. The emission filament was made of a tungsten]
wire with a diameter of 0.2 mm. The distance between the
emission filament and the substrate was 100 (see Fig. 1
During the charging period, the filament was kept at a nega-
tive potential of —100 V with respect to ground and the
heating current in the filament was about 4.75 A, resulting in
a total emission current of 1 mA. The charging period was
480 s. We did not find any change in the experiment if the
charging time was further increased. Therefore, we believe
that the electrical potential on the oil surface should be ap-
proximately—100 V after the charging period of 480 s, and
no further electrons could reach the oil surface afterwards.
Silver of 99.99% purity was deposited 1800 s after the
charging period by thermal evaporation at room temperature.
The deposition rate was determinedfte 2.5X 10 3 nm/s
by a quartz-crystal balance. The deposition time for all the
samples is 480 s unless noted otherwise. All images for the
surface morphologies of the samples were takensitu
through the observation window with an optical microscope,
equipped with a CCD camera which was interfaced to a com-
puter for data storage and data processsee Fig. L The
whole equipment is mounted on a vibration isolation table.

Ill. RESULTS

In order to compare the processes prevalent for charged
and uncharged substrates, silver deposition on an uncharged
oil substrate was performed first. Figure 2 shows the time
dependence of the Ag island densityon an uncharged oil
surface. The experiment shows that compact islands become
clearly visible after a deposition period of 300 s, i.E.,
~300 s. They grow and aggregate on the oil surface during
deposition(see the insets in Fig.)2As the timet’ proceeds,

.
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3

200 s after deposition, i.e5~7200 s, branched aggregates
could be observefsee Fig. 8)], in agreement with previ-
ous studies®?’

For the silver atoms deposited on a charged oil surface,
however, the diffusion and aggregation behaviors are quite
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the surface coverage increases and the Ag islands merge FIG. 3. Morphologies of the Ag islands on an uncharged oil
quickly. After about 1200 s percolation proceeds via the forsurface. Ag islands aggregate on the uncharged oil surface. Image

mation of interconnections between branched islands.
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FIG. 4. Island densityr vs deposition time’ on a charged oil
surface. No aggregation phenomenon is observed. The two insets
(22x11 um?) give examples of the two images from which the
island densities are measured. Solid lines between data points are a (© (d

ide to th .
guide fo the eye FIG. 5. Morphologies of the Ag islands on a charged oil surface.

. . . : P The island density decays exponentially with time. The image sizes
different. The most interesting result is shown in Fig. 4. In 0x30 ? (middle area of the oil substrate(@ t=600 s. (b)

contrast to the behavior pbsgrved on the uncharged oil su ~ 2400 .(c) t=4200 s.(d) t=6000 s.
face, no island aggregation is observed on the charged oll

surface(here we assume that the formation mechanism an oL .
ward the sample boundary already qualitatively explains

e phenomena shown in Figs. 4—6.

In order to describe the expansive diffusion behavior
quantitatively, we measured the relative spaédetween
éwo islands with their relative distande at different diffu-

sion timest for the islands in the central area of the oil
substrate. The corresponding results are shown in Fig. 8. The

the crystal structure of the compact Ag aggregates on th
charged oil surfaces are similar to those of the compact A
islands on uncharged oil surfacksee the explanation in
Sec. IVC below. Rather we observe that the size of the
islands is almost independent of deposition time once th
islands are visible after a deposition period of 24@ee the
black dots in the insets in Fig)AWith increasing deposition
time the island density first increases and then decreases
steadily. Hence the total amount of Ag on the oil surface
decreases with increasing deposition time. This puzzling ob- @
servation immediately raises a question where the additional

0.1 T T T

0,=1.7x10" + 0.1x10" "

amount of Ag disappears. Two possibilities have been con- §
sidered: Ag could either diffuse into the oil substrate or dif- E
fuse toward the edge of the oil substrate. To clarify this situ- S ot |

ation, the deposition process was stopped &fter480 s,
and the subsequent diffusion of the Ag islands was studied.
This experiment shows that the island densitylecreases
with the diffusion timet, even though no aggregation events 0o
among the compact islands are observed during this evolu-
tion process, as shown in Fig. 5. Furthermore, all measure-
ments show that, to a good approximationdecays expo-
nentially with t everywhere on the oil surfadsee Fig. 6, )
which can be expressed as 0.17

20x10°  4.0x10°  6.0x10°  8.0x10°

O,=1.1x10" £ 0.1x10™ ¢™

n=nge °f, (1) R

wheren, is the island density a@t=0. The measured time

constantOy, i.e., the slopes of the fit lines in Fig. 6, ranges

between 1.6¢10"* and 2.0<10 4 s~ . 0.011
To unravel the puzzle described above, two images for the . .

sample edge were taken and are shown in Fig. 7. We find that 0.0 4.0x10° 8.0x10° 1.2x10°

the compact Ag islands formed on the charged oil surface t(s)

move toward the sample edffeig. 7(a)]. About 7200 s after

the deposition, most of the islands have reached the edge and FIG. 6. Time dependence of the island density. The island den-

contribute to the formation of a band-shaped silver filmsity decays exponentially with time everywheta) In the central

along the border of the oil substrdt€ig. 7(b)]. This motion  area.(b) Near the edge of the oil substrate.
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FIG. 7. Morphologies of the sample edge at different times. Ag
islands on a charged oil surface diffuse toward the edge. The image
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speedV is defined a?\L/At, whereAL is the increment of
the distance between two islands during the time intetal
During the measurement, our optical microscope focused on
and followed a group of the islands in the central area of the L (um)
substrate and took two images at timandt+ At, respec-
tively. Then we measured the increment of the distance be- ; .
tween two islands from the images and calculated the spe tween the Ag compact !slaqu in the central area of the substrate.
V. At least 34 pairs of the islands were measured from each < slopeH decreases with time () =120 s,At=150 s.(b)

- P - P=1800 s,At=500 s.(c) t=7200 s,At=1000 s .
of the images, as shown in Figgag 8(b) and &c). It can be ' '

seen in Fig. 8 that the linear fit spe¥d;, increases linearly
with L, i.e., as soon as the Ag nanocrystals and nanocrystal aggregates of

different sizes form on the oil surface, they immediately start
Vi =HL. (2)  to move toward the sample edge. As a consequence the Ag
band at the border of the oil substrate already grows before
The linear fit slopeH is 2.9<10°4+0.5x10 % s ! after we can see discernible Ag islands on the oil surface. This
deposition and decreases with timébout 7200 s after the leads to the conclusion that Ag islands which are below the
deposition,H reaches nearly zesee Fig. &)]. The linear diffraction limit of the optical microscope already diffuse
fits in Fig. 8, in a good approximation, go through the origintoward the edge. Subsequently the band-shaped Ag film
of the coordinates. These results indicate that, besides thajrows gradually along the border of the oil substrate during
Brownian motion, the islands perform a drift motion toward and after the deposition. In Fig. 9, frorh=180to 210 s, i.e.,
the edge and move away from each other. from Fig. 9d) to Fig. 9e), there is a sudden shrinkage of the
In our experiments, the measurement for the expansivevhite band(i.e., the silver film width, which we believe is
motion could only be performed after visible islands appeaian agglomeration or coalescence process of the silver islands
on our computer screen. However, it can be shown that thand eventually would lead to a continuous silver film. After
expansive diffusion starts already at the early stage of depdhe shrinkage, the width of the band-shaped film decreases
sition. Figure 9 displays that the band-shaped Ag film startslowly but continuously. This relaxation process can be seen
to grow before the visible islands appear. This indicates thafrom Fig. 9e) to Fig. 9g).

-0.02 T T T T T

FIG. 8. Dependence between the relative spéadd distancé
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IV. DISCUSSION

A. Exponential decay law and the speed of expansive motion

As described above, the exponential decay of the island
number densityr with time t results from the expansive mo-
tion of the islands toward the sample edge. Therefore, a cor-
relation between the exponential decay slope and the inho-
mogeneous diffusion speed distribution is expected. In our
experiment, we found that all the islands diffuse radially and
toward the round edge of the substrate. Therefore, let us now
focus on an islandC located in the central area of the oll
substrate and assume approximately that the drift motion of
: the other islands with respect to the isla@ds radial sym-

(b) metry, as shown in Fig. 10. The increment of the island num-
ber in the shadowed area is given by

rdédrdn=n[v(r)—uv(r+dr)]rdédt, 3

where the first and second terms on the right side are the
island numbers moving in and out of the shadowed area,
= respectively, and is the island speed with respect to the oil.
(c) It should be noted that in E¢3) only the diffusion in radial

- s direction is taken into account since we assume radial sym-
metry. Equation3) can be simplified &8

dn_ dv

dt -~ Mdr @

- From Fig. 8 and Eq(2) we have determined the dependence
(d) ) of Vy;; upon distance., which is V;;=HL. Henceduv/dr
= e =H. Therefore, Eq(4) can be written as

dn

a:—Hn. (5)

To the first order of approximation, we can assume khat
is time independent. Then integrating Ef) yields
n=nge M, (6)

wheren, is the island density a@t=0. Comparing Eqs(1)
and(6), we have

H=Of. (7)

From Figs. 6 and 8, we can see that the measuremenks for
and O; agree well. This indicates that E@5) is a good
approximation for describing the phenomenon at the early
diffusion stage in Figs. 5—9. Therefore, we conclude that it is
the radial drift motion of the islands that results in the expo-
nential decay law.

(2

B. Interaction between the islands and the oil substrate

In a previous study®'*’we reported on the Brownian mo-
tion of Ag islands on silicone oil surfaces due to statistical
FIG. 9. Morphologies of the band-shaped silver film along thefluctuations in their momentum by the collisions with the oil
sample edge. The islands come from the top right corner and diffusgnolecules. This random interaction still exists in the present
towards the sample edge at the bottom left side. The image sizeystem. However, since these random collisions average out
84x33 um?. (8 t'=90 s.(b) t'=120 s.(c) t'=150 s.(d) t’ and do not affect the radial drift motion, it can be omitted in
=180 s.(e) t'=210 s.(f) t'=240 s.(g) t'=270 s. the following discussion.
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FIG. 10. Sketch of the expansive diffusion of the islands on the

charged oil surface. FIG. 11. Sketch of the interaction between a Ag island and the
charged oil surface.
Based on the experimental observations, we propose that

the expansive drift motion of the Ag islands described iNgince bothq and o are negativeF is a repulsive force,

Figs. 5_9 results from thg charg'ed o substratg. The Chargleesulting in the expansive diffusion of the islands toward the
on the oil surface also gives raise to a repulsive Coulomb

force between the islands, which drives the islands awaiam.ple gdge. Also, Fhe nega_uve.cha[gehat each island
from each other. arries will keep the islands diffusing away frqm Qach other.
Suppose that the charge densityon the oil surface, in- Therefore, they will not aggregate during their diffusion to-

; : ards the sample edge.
cluding the charges on both the oil molecules and the AQYV : P .
islands, is homogeneous. Let us consider the electric fiel?l 'f;}s destcnbed aboveéftju(e) eI_ectnp f'tfd's af;mcu?r}[hofr. i
componenE&(r) parallel to the oil surface, as shown in Fig. n the extreme case ar=0u, 1.€., In the center of the ol

11. According to electromagnetic thedfythe electric field substrateF_ must be Zero due to _the symmetry constraints.
E(r) at the location of islane is given by The electric field acting on the islands is clearly location

dependenfsee Eq(8)]. This is the main reason that leads to
the inhomogeneous speed distribution of the islands in Fig.
o [r—Rcog#)]RAR® 8. In another extreme case, i.ex5 Ry, Egs.(8) and(9) show
J' S[R2+r2—2rR cog 0)]3/2' ®) that F reaches its maximum va_llue if the charge densitis
constant everywhere on the oil surface.
If the description above is correct and the islands do carry
charge during their diffusion, then, after the islands reach the

dielectric con;tant on the oil surface ands the distance sample edge, a charge accumulation near the edge is ex-
between the islan€ and the cente© of the oil substrate. pected. Figure 12 shows that the speedf the islands,

The integration in Eq(8) extends over the whole oil surfac_e located at distanckfrom the edge, is slowed down and the

S=35,1S,+S;. For the sake of simplicity, here the contri- 500 mulated charges at the edge impede the attachment of
bution from the charges on the polycarbonate slide surface i§|ands near the edge. It appears from Fig. 12 that there is
not taken into accognt..From symmetry gna_lysis, we kno"‘épproximately a region of 5Qum width close to the edge
that the total contribution to the electric field from the \ nere the speed is considerably reduced. This is indicative
charges in are8, andS; is zero(see Fig. 11 Therefore, the for an interaction between the islands and the edge Fig.

integration in EQ(S) extends OVGS]_ onIy. Sincea-<0, the 12), and, therefore, the Charge densityshould be location
vector E(r) points to the center of the oil substrate. dependent at the sample edge.

If the silver islandC does not carry charges, then the N Jet us focus on the diffusion behavior of the islands
electrical response of the island can be considered as an Rear the sample edge and located betwéem0 and

duced dipole. The interaction between the dipole and th%o um, where the average drift speed of the islands with
field E(r) results in an attractive ford€,which would pull respect to the edgéor to the oil, i.e., v, does not change
the island to diffuse toward the oil center. This conclusion, i | sensitively(see Fig. 12 Fi'gl.Jré’ 13 shows that. after
however, is contrary to our experimental observation. the deposition, the speedis reduced by the charge accumu-

In order to explain the experimental results consistentlyjieq on the sample edge. This indicates that the charge on
we have to assume that the Ag islands must carry some neggie sample edge increases during the first 1800 s because of

tive charge(electron$ during their diffusion and the interac- o fast accumulation of charged islands in this pefisee
tion between the electric fiel&(r) and the charge is the Fig. 7()]. About 1800 s latery approaches a stable value
main force which results in the expansive diffusion. Suppose, 4 pecomes nearly time independésee Fig. 13 This
each island carrigs a charggThe interaction between island suggests that the speed of the charge accumulation near the
C and the electric field(r) is then given by edge is very slow for the tim&>1800 s, i.e. the chargg
that each island carries should be a small quantity since at
F=qE(r). 9 that time the island density near the edge is still not very

E(r)

 4mesg

where g is the dielectric constant in free space,is the
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FIG. 14. Time dependence of the island density after two sub-
sequent depositions. Three hours after the first deposition, almost all
the islands arrive at the edge andeaches almost zero. Then the
second deposition on the original oil substrate starts. Open squares:
data measured after the first deposition; Solid dots: data measured
after the second deposition.

ties after two subsequent depositions. The open squares rep-
resent the data measured after the first deposition, which
show the expected exponential drop of the island demsity
with time t. Three hours later, almost all the islands arrive at
the edge andh reaches approximately zefeee Figs. 5-)7
Subsequently, a second deposition on the original oil sub-
strate with similar deposition conditions was performed. The
dots in Fig. 14 denote the data measured after the second

Ag islands is slowed down near the edge. Different signs represereteposition. Again an exponential decay of island density
the data for different islands measured. Dashed lines between theith time is observed. This implies that even after the second

data points for two islands are a guide to the €i@e.t=1800 s,

At=75 s.(b) t=9000 s,At=40 s.

deposition, there is still enough charge on the oil surface for
the second expansive diffusion. This result suggests that,
during their diffusion, the silver islands carry only a small

small(see Fig. 6 We can conclude from Fig. 13 that most of part of the charges on the oil surface, which is in agreement
the charges on the sample edge are accumulated at the eawith the conclusion from Fig. 18ee the discussion abgve
stage of the diffusion period.

C. Charge on the Ag islands

On the other hand, it is also possible that the charge distri-

bution on the oil surface may rearrange after enough islands
reach the sample edge because of the repulsive interaction
among the electrons accumulated at the edge.

Figure 14 shows the time dependence of the island densi- As we have shown in this paper, on a charged oil surface

0.6 1

0.5
0.4+

0.3

v (um/s)

0.2

0.1+

0.04—

0.0

FIG. 13. Island speed vs timet. The speed of the islands near
the edge, i.e., in the area betwden40 to 60 um, decreases first

2.0x10° 4.0x10° 6.0x10° 8.0x10°

t (s)

Ag islands do not aggregate due to Coulomb repulsion. As
the charge on the Ag islands stops their aggregation, one may

0.14 %D 4

n (um®)
v
§

0.01 . .
0.0 4.0x10°

1 (s)

FIG. 15. Island density vs timet. The decay behavior of the

8.0x10° 1.2x10*

and then reaches a stable value. Each data point represents an &we samples is similar. Solid squard®;=1.5 mm; Open circles:
erage value of over 17 islandst=10 s.

Ry=3.0 mm.
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ask why the charge did not stop the formation of Ag islandssizes, the islands near the edge would be accelerated first
themselves by Coulomb repulsion. Indeed, a rough estimatend diffuse toward the substrate edge immediately after
shows that already two singly charged Ag atoms are unlikelythey form and the expansive diffusion of the islands in
to form a dimer due to a repulsive Coulomb barrier, whichthe central area of the substrate would be delayed and
amounts to several eV, and exceeds their thermal energy hyeakened. The nonuniform speed distributions described in
far. One speculation that would allow to understand island=ig. 8 support this assumption. However, to see the substrate
formation in the presence of charge relies on the size depeize effect quantitatively, more precise experiments are
dence of the electron affinity for Ag clusters. While for an Ag needed.

atom an energy gain of 1.3 eV results by adding an extra

electron, for a large Ag cluster the energy gain will be the

average work function of about 4.6 &¥If the oil molecule V. CONCLUSION

electron affinity would be somewhere between these two |, summary, we have described the drift behavior of Ag
numbers Ag atoms and small cluster of Ag atoms would staysiands on charged oil surfaces. Compact Ag islands form
uncharged, as their electron affinity is below the one of theyyring the thermal deposition of silver on the charged liquid
oil molecules, but larger Ag clusters or Ag nanocrystalsgpsirate. They move away from each other and drift toward
would charge up gradually as their electron affinity increa_se§he sample edge with an inhomogeneous speed distribution
beyond the one of the oil molecules. The nucleationgyiyen py the repulsive Coulomb force. No aggregation phe-
and growth of the Ag nanocrystals would then hardly be,omenon among the islands is observed during the whole
influenced by the presence of the charge on the oil surfaceission period. We show that the Ag islands must carry a
but the charging of the Ag nanocrystals would eventuallysma| part of the charge but not all the charge on the oil
limit their aggregation, thus limiting the size of the observ- g, face. When an island reaches the sample edge, both the
able islands and their aggregation. To clarify the situatiorjjer atoms and electrons accumulate on the edge, which
and to confirm or reject the speculations above furthegyi| siow down the speed of the following islands diffusing

experiments related to the initial growth and nucleationiyard the edge. Finally, a band-shaped Ag film forms along
stage are necessary with a higher resolution microscopig,e edge of the liquid substrate.

technique.
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