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 Confi nement-Induced Ordering in Dewetting and Phase 
Separation of Polymer Blend Films  
 Dewetting and phase separation of a thin polymer fi lm over 
a homogeneous surface has been extensively investigated in 
recent decades. Research was driven either by scientifi c curi-
osity for general principles of rupture mechanisms [  1–3  ]  or by 
technical anticipation in fi nding out the conditions for stable 
lithographic resist layers. [  4  ,  5  ]  Depending on the interfacial 
interactions, there are two possible rupture mechanisms of a 
polymer fi lm: one occurs via nucleation of dry spots [  6–8  ]  and 
the other is by spontaneous amplifying the capillary waves 
caused by thermal fl uctuation. [  9–11  ]  To demonstrate the effect 
of intermolecular interactions in the process, the infl uence 
of pattern scale and frequency on morphological evolution of 
the dewetting pattern of the thin polymer fi lm can be tuned 
by topographically smooth, yet chemically inhomogeneous 
self-assembled monolayers. [  12–15  ]  In addition, physical modula-
tions, such as periodic arrays of micro pillars, [  16  ]  stripes, [  17  ,  18  ]  
and holes [  19  ]  have also been introduced to the substrate sur-
face in order to induce regular dewetting pattern. In previous 
studies, the common feature is that the polymer fi lm remains 
physically continuous with the boundary extending to the edge 
of the sample. The chemical/topological inhomogeneity on the 
substrate merely plays a role of perturbation in the dewetting of 
polymer fi lm. Yet it would be interesting to investigate pattern 
formation of polymer blend fi lm on a surface with periodic lat-
eral confi nement (on a fi shnet pattern, for example), where the 
boundaries of the polymer fi lm move from the remote sample 
edge to the fi nite positions and hence affect the pattern forma-
tion process signifi cantly. 

 It should also be mentioned that in conventional microfabri-
cation process, ordered patterns are usually constructed by two 
different approaches. One is the top-down approach via conven-
tional photolithography. The other is the bottom-up approach 
via self-assembling of smaller building blocks into larger 
structures. When the scale of lateral dimension of the system 
approaches the interaction range of the building blocks, which 
is expected to be the régime where bottom-up and top-down 
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meet, a new ordering process may emerge, and the geometrical-
confi nement-induced self-organization should be visualized. 

 In this communication we demonstrate a unique process 
for the formation of ordered pattern in dewetting of polymer 
blend fi lm on a periodically excavated silicon substrate. Once a 
lateral geometrical confi nement is applied to the polymer blend 
fi lm, the fi lm may evolve to a perfectly ordered array of drop-
lets when proper initial fi lm thickness and interstitial separa-
tion of the holes on the substrate are selected. We suggest that 
our observation provides an example where interaction among 
the building blocks (the polymer droplets) and the interaction 
between the building block and the physical boundary of geo-
metrical confi nement work together to organize an ordered 
pattern. The principle revealed in this report is universal and 
should not be limited to polymer droplets only. 

 The annealed PS/PMMA blend fi lm on the structured sil-
icon substrate is illustrated in  Figure    1  a, where the squares are 
the excavated holes, and the circular bumps are the polymer 
droplets locating in the interstitial space among the holes. An 
AFM image of the droplets is shown in the inset. The drop-
lets are nearly identical in shape. In contrast, on fl at silicon 
substrate, with the same polymer fi lm thickness, anneal tem-
perature and anneal time, the droplets are random in both size 
and location, as shown in Figure  1 b. Figure  1 c illustrates the 
topography across the boundary of the excavated and the unex-
cavated regions. On the excavated substrate the droplets are 
well organized, whereas those on the fl at substrate are random 
in location.  

 In situ AFM is applied to observe the dewetting and phase 
separation process of the polymer blend fi lm.  Figure    2  a shows 
the topography of the fi lm before anneal. Upon annealing, the 
fi lm fi rst shrinks slightly along the rims of the excavated holes, 
forming a narrow, evacuated region (Figure  2 b). In the mean 
time the height of the polymer fi lm fl uctuates. The polymer fi lm 
gradually evolves to the irregular islands via bicontinuous struc-
tures (Figure  2 b–d). Further annealing makes the islands more 
rounded. Finally the circular droplets are formed (Figure  2 e). 
Fast Fourier Transform (FFT) of the picture grabbed in between 
Figure  2 b and c shows a well-defi ned isotropic ring, suggesting 
the existence of a characteristic length. In the anneal process, 
the neighboring droplets attract each other, approach gradually 
and coalesce to form a larger droplet, as marked by the circles 
in Figure  2 e–i. During this process, smaller droplets are gradu-
ally annihilated by nearby larger ones, which is a coalescing and 
competition process. Eventually an array of uniform-sized drop-
lets is accomplished in the interstitial regions of the excavated 
holes. Apparently this scenario is different from conventional 
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    Figure  2 .     In situ AFM image of PS/PMMA blend fi lm on the excavated 
substrate during the annealing process. The temperature is rapidly 
increased from room temperature to 150  ° C and is stabilized at 150  ° C. 
The vacuum is 2  ×  10  − 5  Torr. (a) thin fi lm before annealing, (b) the mor-
phology observed at 120  ° C. (c) the morphology observed at 150  ° C. 
(d) the morphology after annealing for 10 min. (e) the morphology after 
annealing for 30 min. (f) the morphology after annealing for 1 hour. 
(g) the same area in 2 h. (h) the same area in 3 h, (i) the same area in 
 4 h. The circles with the same colour in (e)–(i) denote the drifting and 
coalescence of the droplets. The scan size is 20  μ m for each frame.  

    Figure  1 .     (a) Optical microscopy image of the annealed PS/PMMA blend 
fi lm on the structured substrate. The lattice distance of the excavated 
holes on substrate is 4.0  μ m. (b) Optical microscopy image of annealed 
PS/PMMA blend fi lm on a substrate without any microstructure. In both 
(a) and (b), the insets are AFM images providing the detail topography. 
(c) AFM image at the boundary of the excavated region on substrate. The 
lattice parameter on the substrate is 6.0  μ m. The scale bars represent 
10  μ m.  
Oswald ripening, where the smaller particle shrinks in size 
while the larger particle grows, yet their relative positions are 
anchored. This process is not a casting process either due to the 
self-adjusting and drifting of the positions of the droplets. It is 
noteworthy that the droplets do not appear on (or near) the edge 
38 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
of the holes, suggesting that there exists repulsive interaction 
between the droplet and the rim of the holes on the substrate.  

 By selective chemical dissolution we get the information 
of chemical components of the polymer droplets.  Figure    3  a 
shows the AFM image of the ordered droplets after annealing 
of the polymer blend fi lm. The sample is then immersed in 
cyclohexane to selectively dissolve the PS phase. The remaining 
PMMA appears as a cofferdam-shaped ring, as illustrated in 
Figure  3 b. This morphology is similar to previously reported 
pattern on a fl at silicon substrate with native oxide layer, [  20  ,  21  ]  
indicating that the excavated holes on the substrate do not 
change the local phase separation process and the structure of 
each individual droplet. After dissolving the PS phase, we apply 
energy dispersive spectrometry (EDS) to map the distribution 
of PMMA on substrate. Figure  3 c illustrates the topography 
of PMMA rings observed with SEM, and Figure  3 d shows the 
carbon distribution over the same region. Although carbon 
signal can be detected over the whole substrate, the region 
corresponding to the cofferdam-shaped rings has apparently 
stronger intensity. This observation confi rms that a very thin 
layer of PMMA covers the silicon substrate, and surrounding 
each PS kernel there is a cofferdam-shaped rim of PMMA.  

 Fourier transform of the topography of polymer droplets on 
a fl at silicon substrate shows a homogeneous ring, which rep-
resents the average separation of the droplets, and can be used 
mbH & Co. KGaA, Weinheim Adv. Mater. 2012, 24, 2637–2641
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    Figure  3 .     (a) Droplets of PS/PMMA formed at interstitial space of the 
excavated holes on substrate. (b) Surface morphology when PS has 
been selectively dissolved by cyclohexane. The remaining PMMA forms 
cofferdam-shaped rings. The graphs below (a) and (b) are the profi le 
along the white line in (a) and (b), respectively. The scan size is 20  μ m in 
(a)-(b). (c) is SEM topography and (d) is the mapping of energy-disper-
sive spectrometry (EDS) showing the distribution of carbon element in 
the same area.  

    Figure  4 .     AFM images to show the dependence of the droplet distribution 
The anneal temperature and time are fi xed at 150  ° C for 48 h. The fi rst row:
thickness varies. (a) 18.3 nm; (b) 51.7 nm; (c) 81.5 nm. The second row: th
hole array varies. (d) 6  μ m; (e) 8  μ m; and (f) 10  μ m. The scan size is 40  μ m
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as a characteristic length ( λ  s ) to describe the droplet assembly. 
Analysis of the data at different stage of the annealing process 
indicates that the characteristic length  λ  s  increases gradually 
and approaches to a stabilized value (details are shown in the 
Supporting Information). For larger  λ  s , the diameter of the 
polymer droplets becomes larger, and droplet density decreases 
accordingly. We measure the stabilized annealed pattern of 
polymer blend fi lm with different initial fi lm thickness with 
the same surface patterning on the substrate. It turns out when 
the fi lm thickness is so thin that its  λ  s  is much smaller than the 
lattice parameter of the hole array on the substrate, the drop-
lets are random in both size and location, and are scattered on 
the stripe bounded by the excavated holes ( Figure    4  a). When 
the fi lm is very thick that its  λ  s  becomes larger than the lattice 
parameter of the hole array, the droplet becomes much larger, 
and no spatial ordering is observed either (Figure  4 c). Only 
when the fi lm thickness is correctly selected that its  λ  s  is com-
parable to the lattice parameter of the holes, the ordered droplet 
array is achieved, as illustrated in Figure  4 b.  

 To verify this scaling relation further, we investigate the sce-
nario that the fi lm thickness is fi xed (consequently  λ  s  is deter-
mined), yet the lattice parameter of the excavated holes varies 
(Figure  4 d−f). When the lattice parameter of the holes on the 
substrate is 6.0  μ m, which is smaller than  λ  s  (here  λ  s  equals to 
8.25  μ m, see the Supporting Information for detail), the drop-
lets do not follow the structure on the substrate surface. Instead, 
they form a random pattern. When the lattice parameter of the 
holes becomes 10.0  μ m, which is larger than  λ  s , the droplets 
cannot be effi ciently confi ned by the boundaries either. Only 
2639wileyonlinelibrary.combH & Co. KGaA, Weinheim

on fi lm thickness and interstitial separation of the holes on the substrate. 
 the lattice parameter of the excavated holes is 5  μ m, while the initial fi lm 
e fi lm thickness is fi xed as 81.5 nm, yet lattice parameter of the excavated 
 for each frame.  
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    Figure  5 .     Schematic (not to scale) of a PS droplet close to the center of 
the interstitial region of two micro holes on the patterned substrate.  
when the interstitial separation is selected as 8.0  μ m, which 
is comparable to  λ  s , an ordered pattern is realized (Figure  4 e). 
Figure  4  suggests that there exists a scaling relation between 
the fi lm thickness and the lattice parameter of the holes on the 
substrate in order to generate an ordered pattern. 

 The pattern formation process described above can be 
understood as follows. By spin-coating, a layer of PS/PMMA 
blend fi lm is formed on the interstitial strips of the patterned 
substrate (Figure  2 a). Dewetting and phase separation occur 
upon anneal, and separated islands are formed, as illustrated 
in Figure  2 b–d. It is noteworthy that on the interstitial stripe 
bounded by the excavated holes, PMMA exists not only adja-
cent to the PS kernel, but on the rest of the stripe area as well, 
forming a wettable layer extending to the rims of the excavated 
holes. In the vicinity of the rim of excavated holes, PMMA layer 
possesses a convex surface geometry. Adjacent the PS phase, 
by considering the interfacial energies of PS-air, PS-PMMA, 
PMMA-air and PMMA-silicon substrate, one may fi nd that 
the energy-favorable confi guration is that the PS phase pro-
trudes from the PMMA layer with a hydrophilic meniscus, and 
PMMA forms a cofferdam pattern around the PS phase. [  19  ]  It is 
the local surface geometry that decides the nature of capillary 
interactions of the polymer droplets and the edge of the exca-
vated holes. In annealing process, PS droplets protrude from 
PMMA layer, attract and coalesce with the neighboring ones. 
At the same time, repulsive interaction between the edge of the 
holes and the PS droplet confi nes the droplet. These interac-
tions work jointly and form an ordered droplet array. 

 Quantitatively the capillary interaction between the particles 
fl oating on a surface has been reviewed by Kralchevsky and 
Nagayam. [  22  ,  23  ]  The geometrical topography of the interface 
determines the nature of interaction. The meniscus slope angle 
 ψ  is used to characterize the surface property: [  22  ]  sin( ψ )  >  0 cor-
responds to the hydrophilic scenario and sin( ψ )  <  0 corresponds 
to the hydrophobic one. According to Ref. [22], the nature of cap-
illary interaction between two fl oating objects is determined by 
sin( ψ  1 ) · sin( ψ  2 ), where  ψ  1  and  ψ  2  are the meniscus slope angles 
for objects 1 and 2, respectively. For two PS droplets fl oating on 
PMMA,  ψ  1  and  ψ  2  possess the same sign, sin( ψ  1 ) · sin( ψ  2 )  >  0, 
so the capillary force between the droplets is attractive; for the 
interaction of a PS droplet and the rim of the excavated hole, 
 ψ  1  and  ψ  h  possess the opposite sign, so sin( ψ  1 ) · sin( ψ  h )  <  0, 
indicating that the capillary force between the PS droplet and 
the rim of the hole is repulsive (detail analysis can be found 
in the Supporting Information). This means that the nature of 
the interaction simply depends on the shape of the geometrical 
meniscus around the objects. 

 Now we consider the scenario that a PS droplet appears near 
the center of the interstitial space bounded by excavated square 
holes. Based on the above discussions, the rims of the micro 
holes apply a repulsive force on the PS droplet. For simplicity, 
we consider a single droplet fl oating in between two straight, 
infi nitely long rims separated by a distance of 2 L , as illustrated 
in  Figure    5  . Suppose the profi le of PMMA thin fi lm between 
two parallel rims is  f(x) , which can be approximately expressed 
as

 
f (x) =

√
a

L
(L 2 − x2), with a2 = A

6πγ   (1)   
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag Gm
   (details are available in the Supporting Information). For small 
droplet we ignore the force originated from hydrostatic pres-
sure. The lateral capillary force acting on PS droplet is calcu-
lated by integrating the PMMA-air interfacial tension   σ   along 
the contact line (accurate to the linear term of x),

 
Fx = −

2πr√
L 2 − r 2

√
a

L
σ sin ψ x − . . . ≈ −kx

  
(2)

   

where   σ   is the surface tension of PMMA-air interface,  r  is the 
radius of three phase contact circle,  k = 2πr√ √

L2− r2

a
L σ sin ψ > 0   . 

 Equation (2)  clearly shows that the PS droplet trapped near 
the center of the interstitial region feels a spring-like restoring 
force, which keeps the droplet in the center of the interstitial 
region and stabilizes the regular array of the droplets. 

 Understanding and controlling the self-assembly process 
remains a challenging task. Our experiments provide an 
example that the interaction among the building blocks and the 
interaction between the building block and the physical bounda-
ries of geometrical confi nement cooperate jointly to organize an 
ordered pattern. The principle revealed in this process, i.e., con-
trolling the capillary interactions through interfacial curvature 
design, is a universal one and is not limited to polymer droplets 
only. Technically, assembling polymer blend droplets into a reg-
ular array may inspire new applications such as effi cient photo-
diodes and photovoltaic devices. [  24–26  ]  Once the polymer fi lm is 
deposited in a laterally confi ned space, the periodically imposed 
boundaries on the substrate will contribute to the self-organiza-
tion process. We suggest that this confi nement-induced-
ordering effect manifests a low-cost and convenient approach to 
generate polymer microstructures over a large area.  

 Experimental Section 
 Solution of polymer blend of polystyrene (PS) and 
poly(methylmethacrylate) (PMMA) was prepared by dissolving PS [Mw  =  
9.58 kg/mol, Mw/Mn  =  1.03, Fluka] and PMMA [Mw  =  9.98 kg/mol, 
Mw/Mn  =  1.03, Fluka] in toluene with weight ratio 1:1. The PS/PMMA 
blend fi lm was spin-coated on a structured silicon substrate, on which 
the excavated hole array was fabricated by photolithography. Each 
excavated hole had a lateral size 2  μ m, and the depth was 500 nm. The 
lattice parameter of the array could be selected in the range of 4−10  μ m. 
Before spin-coating, the substrate was ultrasonically cleaned in ethanol 
and acetone solution. The thickness of blend polymer fi lms depended on 
the spin rate and the concentration of polymer blend solution, and was 
controlled in the range of 10–100 nm. The fi lm thickness was measured 
by an ellipsometer (GES-5, Sopra). The polymer blend fi lm was annealed 
in a vacuum oven at 150  ° C for 48 h. The morphology of the annealed 
bH & Co. KGaA, Weinheim Adv. Mater. 2012, 24, 2637–2641
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