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Late-stage coarsening of an unstable structured liquid film
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Thin films of poly(styreneb-methyl methacrylatediblock copolymersabovethe bulk order-disorder tran-
sition temperature, within a certain thickness range, are structurally unstable pfE880bstrates. They dewet
autophobically, forming droplets on a self-assembled brush. We investigated the late-stage evolution, coarsen-
ing, of the droplets on the brush. The average droplet cross-sectiongBaneereased with timeS)oct”. This
was accompanied by a decrease in the number of droplets per unit area witN iyvet ~*. We analyzed the
droplet size distributionf-(S/{S)) vs S/(S), and found that the shape of the curve was virtually identical at
different stages throughout the process. This suggests that a structural self-similarity is associated with the
process. A comparison d&f(S/(S)) vs S/(S) data with distributions based on Ostwald ripening and coales-
cence cluster coarseniridynamic and staticmechanisms strongly indicates that the dominant coarsening
mechanism involved motion of droplets across the brush and subsequent coalescence, i.e., dynamic coales-
cence coarsening, not Ostwald ripening.
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I. INTRODUCTION and the Flory-Huggingenergeti¢ interaction parametery
[18]. For example, alternating\-B-A-B lamellae comprise

Coarsening mechanisms are responsible for the late-stagiee structure of bulk symmetricf € 3) diblock copolymers
time-dependent evolution of the morphology of a variety ofwhen yN>10.5. On the other hand, the bulk structure is
bulk and thin film systems$1]. In bulk A-B mixtures that isotropic whenyN<10.5.
undergo phase separation via a spinodal decomposition In thin films, either theA or B component will exhibit a
mechanism or otherwise, coarsening mechanisms are respgueferential affinity for the substrate, except in the case of a
sible for the time-dependent late-stage growth and shape @feutral surface, and for the free surface. The interfacial free
A-rich andB-rich phases that characterize the microstructureenergy per unit area\F, is a periodic function of the film
of the material. When thin films become structurally unstablethicknessh. Regions of film thickness where the curvature is
and dewet an underlying substrate, subsequently formingegative,d>’AF/dh?<0, are unstable toward the growth of
droplets, coarsening also accounts for the time-dependesapillary wave instabilitie§19]. If the copolymer film is be-
evolution of the shape and size and number of droj2ts  low the bulk ODT, surface relief structures, islands, holes, or
In th|n|y deposited |ayers of metals on substrates, dependin-@lterconnected structures, of helght equal to the interlamellar
on the conditions, thickness, temperature, deposition rate,
and the substrate, different coarsening mechanisms or a conm
bination of mechanisms, contribute to the growth of the lay-
ers[1,3].

Mechanisms of coarsening includg) Ostwald ripening
[4-11] and(2) coalescence, dynamic and static coalescence
[1,3,8,12—-17. In Ostwald ripening mass is transferred be-
tween stationary clusters of atoms or molecules when atom:
detach/evaporate from one cluster and diffuse/condense ont
another cluster in the vicinitypynamic coalescendavolves
diffusion and subsequent merging of cluste3gatic coales-
cenceoccurs due to a fluctuation in the shape of a cluster
whose center of mass is stationary. This fluctuation leads tc
contact and subsequent merging of nearby clusters.

We are interested in the late-stage structural evolution of
A-B diblock copolymer thin films that become unstable,
dewet autophobically, forming droplets on an underlying co- Hefohk Frafie (A L -

polymer brush(substratglayer. This is illustrated in Fig. 1. 2 N =
With this in mind, we begin with brief comments regarding .. / \ (4] | 6B4d
block copolymer thin films. Below an order-disorder transi- . . = - T

tion (ODT), A-B diblock copolymer films form nanoscale

structures of a variety of symmetri¢spheres, lamellar, cyl- FIG. 1. Shown here is a typical AFM image of a B®MMA
inderg, depending on the relative volume fractiofisof the  sample g¢N<10.5, f=3) that autophobically dewets a S(Si

A and B components comprising the chain. The ODT is de-substrate. Droplets form on a self-assembled brush layer of thick-

termined by the total number of segments on the chidjn, ness 7 nm.
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spacing,L, develop at the free surface if the film thickness
does not meet certain criteria. In symmetric diblock copoly-
mer films, for example, the topographies develop if the film
thicknessh# (n+3)L [20-24. On the other hand, if the
film thicknessh=(n+ %)L, then the surface relief structures (a)
are absent and the surface is smooth. The late-stage coarsen-
ing of the islands and holes has been shown to be governed
by a power-law exponent, suggestive of an Ostwald ripening
mechanism where transport is diffusion controlleb,26.
Growth of the interconnected structures in films on patterned
surfaces appears to be governed by a larger power-law expo-
nent, betwee and 1[27].

In this paper we examine the late-stage coarsening dy-
namics of droplets that result from the dewetting of a
polystyreneb-poly(methyl methacrylate(PSH-PMMA) thin (b)
film of thicknessh=11.5nm(yN=7.5 andf=0.5 on a
SiO,/Si substrate. Films, in the thickness rang&<h
<5L/2 (L=14 nm), become unstable and dewet autophobi-
cally [2,21,28,29. Specifically, droplets reside on a brush
layer of thicknes4 /2 on the SiQ/Si substrate. This layer, as
discussed elsewhere, is due to ordefisigucturing induced
into this copolymer by the SigSi substratg21,28. We
show that the late-stage coarsening dynamics of these drop-
lets on the substrate, or brush lay&ig. 1), are governed
primarily by a dynamic coalescence process, not Ostwald
ripening.

(©

Il. EXPERIMENT

A PSb-PMMA diblock copolymer film of thickness
=11.5 nm was prepared on a Si3i substrate using photo-
resist spinner. Toluene was used as a solvent to dissolve this
polymer whose total molecular weight wad =20500
(Mpg=9800 andM pya= 10700 and polydispersity index
M, /M,=1.14. The polymer was purchased from Poly-
sciences, Inc. Samples were annealed at 170 °C for varying
periods of time under vacuum. Atomic force microscopy 30x30um?
(AFM) topographic analyses were performed on the sample b =11.50m
guenched to room temperature at specific intervals during the )
process.

Figure 2 shows AFM images at three different stages of FIG. 2. The evolution of topography of the sample is shown
evolution, 215, 405, and 7345 min. The coarsening is eviderﬂ?re at three diﬁgreqt times during coarsening. The average droplet
in parts (c) and (b). The AFM images (258 256 pixels) ~ Size increases with time.
were converted to black and white pixels for image analyses. Ill. RESULTS
The images were threshold such that black was assigned to
the substrate and white to the droplets. The following infor- The fractional surface area covered by polymé(t),
mation was determined from each image using Clemex Viinitially decreases with time before reaching a constant
sion image analysis software v2(Zlemex Technologies, value, as shown in Fig.(8). The time at which¢(t) be-

Inc.). The fractional surface area covered by dropletd,), comes independent of time,= 200 min, denotes the onset
the average surface area per drop|8(t)), and the number of the formation of droplets on the substrate. Note that the
of droplets per unit area\(t), were determined at various data in Fig. 2 were obtained fdrt,. The average shape
stages during the coarsening of each film. In addition, dactor, or roundness facto&;, provides a measure of the
shape factorS;, was determined for the droplets in all the relative circularity of planar shapes of the dropleds=1 for
images. The shape factor is defined such Hat47A/P, a circle. S¢(t) increases with time before approaching a con-
whereA is the cross-sectional area of a droplet & its  stant value at later timeg-ig. 3(b)]. This transition, where
perimeter. We will later use the information from these im-the average shape factor becomes approximately constant,
ages to compare the applicability of coarsening models t@ccurs when the polymer surface coveragét) becomes
learn about the mechanism of coarsening. constant(i.e., t=t,). We further note that wheb>t, the
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IV. DISCUSSION
t (min) A. Coarsening models
FIG. 3. The time dependences of the fractional coverdgg), 1. Ostwald ripening

and of the shape factog(t), are shown here.
Several models have been used to describe cluster growth
height of the droplets is approximately constant. Moreoveron surfaces and in other environments. Ostwald ripening is
the angle of contact of the droplets on the brush is verjimited to systems with low coverage. The clusters are con-
small, #=1°. This small value o has important implica- Sidered fixed spatially and exchange of mass occurs via at-
tions regarding the coarsening mechanism in this system. 0ms (molecules detaching from the cluster and diffusing
The average projected, planar, surface af8tt)), exhib- ~ across the surface of the substrate frqm small _clugters to
its a power-law dependence on time, large cluster§4—7,9—-11. Large clusters increase in size at
the expense of small ones thereby reducing the total surface
(S(t))eet?. ) to volume ratio(or the interfacial energyof the system. The
chemical potential of a cluster is proportional to its radius of
This is accompanied by a decrease in the number of droplegurvature, thus large clusters grow while small clusters dis-
with time, solve. According to this model, there is a critical cluster size
that determines whether a cluster grows or shrinks.
N(t)oct™ 7. (2 The average cluster siz&) is predicted to increase with
time such that/S(t))¥2~(R(t))~t#’2. The value of3 de-
The magnitude of the exponeptis comparable foN(t) and  pends on whether the rate limiting step for transport is asso-
(S(t)), as one would expect if the mass is conserved and theiated with detachmer{evaporation-condensatipnf atoms
height of the droplets is constant. The value of the power-law(8=1) or by surface diffusion §=2/3). The cluster size
exponent from both sets of data in Fig. 4 =0.18 distribution functionF(S,t) is a normalized probability dis-
+0.005. That the magnitude of the power-law exponent idribution that defines the number of clusters of each size in a
much less thar suggests that coarsening might not be enfixed area as a function of time. At long timeB(S') is
tirely capillarity driven. This may not be surprising consid- independent ot, having a scale invariant asymptotic form
ering that the angle of contact is very small. Knowledge ofF(S,t)=F(S’), where S'=S/(S) is a dimensionless size.
the power-law exponent alone is not conclugi8g We need  For two-dimensiona{2D) clusters on a 2D surfac&(S') is
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25F | T T | T = coefficient. The cluster diffusion coefficient depends on the
(’,\) size of the cluster&small clusters are more mobile than large
~ n clusters and on effective interactions between the clusters.
» 20F . e
ol o Coarsening due to coalescence from cluster diffusion is char-

- gmﬁfﬁﬁi’x acterized by a uniquéme invariantcluster size distribution

%‘ 1.5 A . functionF(S' = S/(S)). The distribution function is different
S Ostwald Ripening from those of Ostwald ripeninfcf. Egs.(3) and(4)]. If the
Q10 L (detachment limited) ~_| kinetics are modeled using the Smoluchowski equation, as-
2> suming binary collisions, the size distribution function de-
= R I scribing the cluster diffusion mechanism can be expressed as
o 0.5 o Smoluchowski -
Q .,
De. Vsl dW(WSr)d(aJrlfl/d)

0.0 e LN e, . F(S)= ATl exp(—WS)4, 5

00 05 10 15 20 25 30 (a+1)
S/<S> In this equationd is the spatial dimension of the system

(d=2 for flat clusters on a surfageand W=I"(a+1
+1/d)/T (a+1), wherel is the gamma function. The value
of a provides information about the mechanism of coarsen-
ing. If the diffusion coefficient exhibits power-law scaling,
Dgxn™ ¢, wheren is the number of molecules per cluster.
The mean cluster size scales(@ ~t” where the exponent
vy=0/2 and 6=1/d(a+1). For peripheral diffusion, where
the periphery of the droplet fluctuates in order to facilitate

-1 motion, a=3. For terrace diffusion, where species are
CS'%ex

FIG. 5. Theoretical probability density distribution functions,
F(S/(S)) versusS/(S), are shown here for coalescence and Ost-
wald ripening models.

given by the following equation when the rate limiting step
is diffusion of species, an8’ <3/2:

evaporated from the cluster and their motion is limited by

3_cr
F(S')= S &) diffusion, «=1. For motion facilitated by evaporation con-
(g_s')28/9(3+s')17/9' densation of species from the peripheral regions of a cluster,
1
a=s3.
OtherwiseF (S') =0 for S’ >0 [8]. Cis a normalization con- Log-normal shaped cluster size distributions, such as the

stant. When the rate determining step is the detachment éfynamic Smoluchowski coalescence equatigiy. 5), are

the atoms from the clusterB(S') is given by the following ~associated with systems where growth is dominated by lig-
equation ifS' <2: uidlike coalescence. Such distributions are positively skewed

curves, with the longer tail extending toward larger cluster
sizes. This is due to the fact that the diffusivity of a cluster is
LS 2 4 -28 size dependent. The large clusters are less mobile than the
F(S)= 2 ( 2 5/) exp{ 2-g ) ' 4 small clusters and the distribution function exhibits a tail that
extends towards larger cluster sizes.

otherwise whers' >2, F(S')=0.
The shape of the cluster size distributidn(S/(S)) vs B. Comparison of coarsening models
S/(S), associated with coarsening due to an Ostwald ripen-
ing process is shown in Fig. 5. Note that this function is a
negatively skewed cure; it is steep at lag€S) and has a
tail extending to zero aS/(S) approaches 0. The cluster size
S/{S) at which the function is a maximum is the critical
cluster size below which clusters are unstable and shrink ilg
size.

The probability distribution of droplet sizes was deter-
mined for each AFM micrograph from the values of the two-
dimensional projected surface arBaf each droplet in the
image. For example, Fig. 6 shows a plot of the droplet size
robability distribution at various times of annealing. The
robability distribution broadens with time. Moreover, a shift
toward larger values db occurs, indicating coarsening of the
droplets. This can be explained by considering that early in
the coarsening process the polymer droplets exhibit a rela-
In dynamic coalescendgluster diffusion, clusters of all  tively small size distribution. However, as coarsening pro-
sizes are mobile and growth occurs when clusters collide andeeds the breadth of the distribution broadens, indicating that
coalesce to increase the mean cluster size. This coarsenititge droplets become less uniform in size with time during
process is often described using the Smoluchowski equatiotthis stage. This is due to differences in diffusivity of the
which is a mean field rate equation that describes the changéfferent sized droplets.
in cluster density in which the collisions are assumed to be The droplet size probability distributions at each tinte (
binary in nature[3,12,14. In this model, the atoms at the >t,) is normalized and the functioR(S/(S)) is plotted vs
vapor interface of the cluster undergo random Brownian moS/{S) (Fig. 7). The distribution is independent of time and
tion to change the position of the cluster center of mass. Theollapses onto one curve. The tail of this curve extends to-
dependence dfS) ont is determined by the cluster diffusion ward large droplet sizes in the normalized probability distri-

2. Coalescence models
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FIG. 8. The theoretical and experimental distributions are com-

FIG. 6. The size distributionéon-normalizeflare shown here pared

for two different times for droplets from the sample.

bution F(S/_(S)). This is consistent with dynamic coales—_ That v lies between! and % raises an important issue
cence and is due to the fact that large droplets are less mOb'}Egarding the mechanism of transport. A valué afiight not
than small droplets. This is discussed further below. be completely justified in two dimensions but would be in
In Fig. 8, the experimental droplet size distributions arey, e gimensions using=1, assuming that the theories are
pompared to the predictions in (_)rder to gain further InSIghtcompletely applicable to our system. With this in mind, it is
Into thg Iate_-stgge droplet evolution of the samples. T.he datgorih noting that our system is not a true two-dimensional
points in this figure are averages of the data from Fig. 7 aky qtem The coalescence model described here assumes that
the relgvant times. The_se data show best agreement with thge system is flat, truly two dimensional, and that coales-
dynamic Smoluchowski cozzilf:scence equation, B The  cence occurs via binary collisions. Our system involves
calculatedR-squared erroR"=0.96 between the data and qqpjets[¢(t) is nevertheless relatively constant in the re-
the Smoluchovyskllcoalescence function using parameter gime of our experiments,S)(t)N(t)~const, and the angle
~0.3£0.1, indicating thaty=0.190=0.015. Clearly, the ot contact is smalland the latter assumption involving bi-
evolution and shape of the distribution function is consstenhary collisions is not necessarily always valid in our case.
with the coalescence coarsening model and SUggests 1g.nce it is not clear at this point how much one might rely
mechanism associated with the diffusivity of the individual 5, the precise value of the exponents in order to dictate the
Qroplets. The exponent obtamed from fitting this distribution o chanism of transport. A study involving films of varying
is comparable to th&tgd_eter_mmed from measurements of th@icknesses would provide further insight into this issue.
average aregS)~t""in Fig. 4. Clearly, the value of the \eyertheless our main conclusion that coalescence instead of
exponent in Fig. 4 strongly indicates the absence of a capilpgyyald ripening is the dominant mechanism for coarsening
larity driven process. is confirmed.
Finally, while thedynamic coarseningnechanism is the
, dominant mechanism, other mechanisms are operative,
215min . .
285min though to a comparably lesser extent. First, dynamic and
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S/<S> FIG. 9. Regions of the sample where coalescence and Ostwald
ripening mechanisms occur are identified in this sample. Regions 1,
FIG. 7. Probability(normalized density distribution functions 2, 3, and 4 illustrate coalescence whereas region 5 is consistent with

are shown here at different times. Ostwald ripening. Ostwald ripening has a minor contribution.

Probability Density, F(S/<S>)
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static coalescence coarsening processes are operative. Shown V. CONCLUSIONS

in Fig. 9 are two images of droplets at times3070(a) and We examined the late-stage evolution of BEMMA
9850 min(b). The region identified as 1 contains three dmp'droplets on a P®PMMA brush. During this late stage
lets at 3070 min. Latert(=9850 min) they merged to form coarsening of the droplets occurred, wherein the average
one droplet. ThIS would be an example of dynamic coalesgyoplet size increased with timéS)oct?, accompanied by a
cence. In region 2 two droplets merged to form a larger onegecrease in the number of droplets per unit area with time,
This could have occurred via a static coalescence Procesfy(t)ect~7. We analyzed the droplet size distribution,
with the perimeters fluctuating and touching without either,:(S/<S>) vs §/(S), and found that the shape of the curve
cluster moving its center of mass. An Ostwald ripening proyas virtually identical at different times throughout the
cess is also evident in region 4, where the droplet becamgyarsening process, suggesting a structural self-similarity of
smaller with time, with its center of mass remaining Station-the process. These data were Compared with Ostwald ripen_
ary. This mechanism obviously plays a minor role. Based 0fing and coalescence cluster coarsening models. The dynamic
our analysis of the images, the coalescence mechanism &moluchowski coalescence distribution functiBiiS/(S))

indeed the dominant coarsening mechanism. showed best agreement with our data.
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