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Mechanisms of Ordering in  
Striped Patterns  
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We have studied the ordering dynamics of the striped patterns of a single layer 
of cylindrical block copolymer microdomains in a thin film. By tracking discli- 
nations during annealing with time-lapse atomic force microscopy, we observe 
a dominant mechanism of disclination annihilation involving three or four 
disclinations (quadrupoles). Pairwise disclination annihilation events are sup- 
pressed as a result of the topological constraints in this system. The kinetic 
scaling laws with exponents observed here are consistent with topologically 
allowed annihilation events involving multiple disclinations. The results provide 
insight into two-dimensional pattern formation and may Lead to the successful 
application of block copolymer lithography. 

Striped patterns are produced in a variety of 
disparate systems, including Rayleigh-Be- 
nard convection cells, ferrimagnetic films 
with dipolar interactions, and biological de- 
velopment such as with a zebra's stripes, or 
perhaps closer at hand, in one's fingerprints 
(I). A classic realization of a nondriven 
striped system is the two-dimensional (2D) 
smectic liquid crystal. This system has been 
the focus of intense research since being dis- 
cussed by several seminal articles two de- 
cades ago (2). Although there has been recent 
progress in understanding equilibrium phe- 
nomena such as the role of orientational and 
translational order in 2D smectics (3,4), little 
is known about the kinetics and mechanisms 
by which order evolves in a 2D smectic 
system after being quenched from the disor- 
dered state, although this has been explored 
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by simulations (5-8). The most pressing ap- 
plication for understanding pattern formation 
in 2D smectics is block copolymer lithogra- 
phy-a process that uses self-assembled pat- 
terns (such as single layers of cylinders or 
spheres) as a template to fabricate devices at 
the nanometer-length scale (9-11). There-
fore, our motivation is both fundamental un- 
derstanding of pattern coarsening and optimi- 
zation of microdomain order for copolymer 
lithography, an application that has been used 
to produce an unprecedented density of metal 
dots for information storage (12), and most 
recently, to fabricate InGaAsIGaAs quantum 
dots for laser emission (13). We show that the 
coarsening process is driven by the interac- 
tion of topological defects and that the mea- 
sured kinetic exponents can be understood in 
terms of a dominant annihilation mechanism 
that involves more than two disclinations. 

Our model system consists of microphase 
separated block copolymers in thin films. Block 
copolymers consist of two or more homoge- 
neous but chemically distinct blocks that have 
been connected with a covalent bond (14). 
Microphase separation produces morphologies 
largely set by the volume fraction, such as 
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lamellae, cylinders, or spheres. Although these 
fundamental morphologies have been well 
studied for decades, the factors that determine 
the range of orientational and translational order 
(grain size) are not well understood. The coars- 
ening kinetics in three dimensions have been 
studied (15-17), but no mechanistic under- 
standing of the ordering process has been de- 
veloped, partly owing to lack of data on the 
real-space dynamics during pattern develop- 
ment, which is our focus here. 

A polystyrene-polyisoprene (PS-PI) diblock 
was synthesized by means of living anionic 
polymerization with masses of 30 and 11 kg/ 
mol for the PS and PI blocks (SI 30-1 1) to 
produce PI cylinders in a PS matrix. This 
diblock was applied to carbon-coated silicon 
substrates by spin coating from a dilute solu- 
tion, and order was induced through vacuum 
annealing (Fig. 1A) (18). A representative im- 
age from a similar system shows cylinders 
(lighter) lying parallel to the substrate (Fig. 1B). 
Because samples sizes were on the order of 
square centimeters, there were at least lo5 mi- 
crodomain repeat spacings in any direction, 
thereby negating edge effects. After annealing, 
microdomains were preferentially stained with 
the vapors of OsO, to provide contrast for a 
Zeiss 982 scanning electron microscope (SEM) 
(18-20). The SEM allowed us to image large 
areas of the polymer film at high resolution for 
accurate measurements of the average grain 
size. 

The orientational correlation length (5, ) 
of the pattern was measured as a function of 
annealing time to quantitatively characterize 
the degree of microdomain order. This was 
accomplished by collecting many SEM im- 
ages of each sample and computationally 
measuring the local orientational order pa- 
rameter, $(;) = exp[2i0(;)], where ;is po- 
sition and 0 is the microdomain or stripe 
orientation (similar to director) (21). The 
azimuthally averaged correlation funct~on 
g,(r) = (+(O)+(r)) was then calculated and 
the correlation length 5,  was measured by 
fitting g,(r) with e-''52. Two annealing tem- 
peratures (413 K and 443 K) were examined 

1558  24 NOVEMBER 2000 VOL 290 SCIENCE www.sciencemag.org 



R E P O R T S  

to yield the correlation lengths (Fig. 2A). A 
best-fit power law of (,(t) - * 0.02 is 
measured at 443 K and (,(t) - * 0.02 is 
measured at 413 K, suggesting a fractional 
kinetic exponent of 114. 

To understand the driving force for this 
coarsening process, we studied the role of 
topological defects (22, 23). We first mea- 
sured the densities p, of 2 112 disclinations 
(Fig. 1B ) as a function of time and temper- 
ature.. Using the same data sets as discussed 
above, we plot the time dependence of pi'" 
and p: I", the average distance between dis- 
clination cores (pointlike here) of the respec- 
tive signs (Fig. 2B). The interdisclination 
spacing can be seen to increase with the same 
power law as (,(t), confirming that p - (y2. 
The magnitudes of (,(t) and p(t)-'I2 are with- 
in a geometrical factor of each other (about 
2), confirming that the orientational order of 
the sample is dominated by orientational de- 
fects. The similar values of p;'I2 and p:'" 
throughout the experiment suggest that anni- 
hilation of disclinations of opposite sign is 
occurring, driving the growth of 5,. 

Although SEM was used for the most accu- 
rate measurements of the correlation lengths, 
the necessary OsO, staining arrests all polymer 
dynamics. Therefore, to observe the motion of 
individual defects, we used a nondestructive 
imaging technique that took advantage of the 
modulus difference between the two blocks for 
tapping mode atomic force microscopy (Nano- 
scope IIIa AFM, Digital Instruments) (24). To 
minimize degradation during annealing in the 
AFM, we synthesized another PS-PI diblock, 
and the polyisoprene block was hydrogenated 
to poly(ethy1ene-alt-propylene) (25). This 
diblock, denoted SEP 5-13, forms PS cylinders 
in a PEP matrix, the morphological 'inverse of 
SI 30-1 1. The spin-coated sample was imaged 
at ambient temperature, annealed in air on a 
temperature-controlled heater stage mounted on 
the AFM, and then reimaged after cooling to 
examine the coarsened microdomain pattern. 
By repeating this cycle dozens of times and 
reimaging the same area, we observed the an- 
nihilation processes of disclinations [see Web 
movie entitled "Ordering of Striped Pattem" 
(2611. 

Topological constraints dictate the favor- 
ability of various possible coarsening mecha- 
nisms. For smectic systems, a disclination pair 
(such as shown in Fig. 1B) has an associated 
Burgers vector (27) with magnitude equal to 
twice the separation distance. As the Burgers 
vector is conserved, the annihilation of a discli- 
nation pair produces a number of like-charged 
dislocations equal to the original Burgers vector 
divided by the layer spacing d (Fig. 1). Al- 
though dislocations shed' in this process can 
annihilate with other oppositely oriented dislo- 
cations, this is less favorable than a process that 
produces few or no dislocations. Consequently, 
we rarely observe this coarsening mechanism 

for disclination pairs separated by more than a 
few layers. In contrast, the mutual annihilation 
of two pairs of disclinations forming a quadru- 
pole, where each pair has an oppositely oriknted 
Burgers vector of similar magnitude, reduces 
the net production of dislocations pig. 3 and 
Web movie entitled ''Quadrupole Annihilation" 
(26)l. Quadrupole annihilation events were ob- 
served about 10 times as often as dipole events 
and at all stages of the coarsening process (all 
length scales). 

We now discuss the origin of the measured 
kinetic exponents using the above mechanism 
of coarsening as a guide. The essential topolog- 
ical constraint on the evolution of these stripe 
patterns is that disclination motion requires the 
production or absorption of dislocations, low- 
ering the kinetic exponent from that observed in 
nematic systems (112) (28, 29). Pattern coars- 
ening will progress if the free energy is being 
reduced. Processes involving the creation of 
fewer dislocations are favored because each 
costs a core energy. Thus, the annihilation of a 

pair of disclinations alone is rarely seen because 
this requires transforming the Burgers vector 
into dislocations. Multidisclination annihila- 
tions are more favorable because a third discli- 
nation can act as a source or sink of disloca- 
tions, relieving the topological constraint and 
allowing an oppositely charged pair of discli- 
nations to approach and annihilate. Altemative- 
ly, a set off& disclinations can be arranged so 
they have no net Burgers vector (Fig. 3A, in- 
set); these four may then mutually annihilate 
without net production of dislocations. Only 
about one-half of all disclination annihilations 
could be characterized in.our experiments; of 
these, almost all i n ~ l v e d  tripoles or quadru- 

Fig. 1. (A) Schematic of one layer of polyiso- 
prene cylinders (blue) in a polystyrene matrix 
(red) on a silicon substrate. Polyisoprene lay- 
ers wet the air and substrate surfaces. (B) 
AFM .image of a disclination dipole (Burgers 
vector 6d, +I12 disclination indicated by the blue 
circle, -112 disclination by the red circle), plus six 
additional dislocations, three each of the two 
orientations. Bar, 200 nm. (C) The dipole has 
annihilated after further annealing. Four disloca- 
tions (one example indicated with the orange 
circle) 'of the orientation corresponding to the' 
di~ole's original Bureers vector remain in the field 
oi view. ~dYditional Zslocations have diffused out 
of the image area. This process was observed 
infrequently. (D and E) Schematic of disclination 
dipole annihilation with Burgers vector 3d. The 
strain fields cause the disclinations to annihilate, 
producing three dislocations (one example indi- 
cated with the orange circle) after annihilation in 
(El- 

i : . . . . ..,. ! - . . -1 . . .. 

ld lo4 lo5 lo6 
Annealing time (seconds) 

Fig. 2. (A) Orientational correlation length for 
cylindrical microdomains (St 30-11) as a func- 
tion of time. The red data (top) correspond to 
443 K and the green (bottom) to 413 K. The 
solid blue lines are power-law fits to the data, 
yielding the kinetic exponents of 0.25 2 0.02 at 
443 K and 0.25 2 .  0.02 at 413 K. (B) The 
average spacing between disclinations as a 
function of annealing time for the same data 
sets as shown in (A). The interdefect spacing 
was measured from p;lI2, where p, is the 
disclination density of the respective sign. Be- 
cause of their similar magnitudes, the data 
points for p;llZ (open circles) predominantly 
lie directly on those for p:lI2 (crosses). For 
both annealing temperatures, the correlation 
length increases with a power law similar to 
that for the interdisclination spacing, implying 
that disclination annihilation dominates the 
coarsening process. The solid blue lines are 
power laws with exponents of 114. 
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poles, leading us to consider associated annihi- 
lation mechanisms to motivate the measured 
kinetic exponents. 

For concreteness, consider a discliition 
quadrupole where the average separations are r. 
This discussion pertains equally to a discliia- 
tion dipole and a nearby single discliiation, 
where the unpaired disclination acts as a sink to 
absorb the dislocations produced by the col- 
la~se'of the dipole. Oppositely charged discli- 
nations attract with a potential varying as ln(r). 
This produces forces on the disclitions vary- 
ing as llr. However, the disclinations cannot 
simply move in response to these forces, owing 
to the topological constraint. Let us assume that 
the elementary step that allows a pair of + 112 
disclinations to move together by one layer 
requires the motion of a disloc@ion from one 
disclination pair to another. Thus, a dislocation 
must move a distance r in order for the discli- 
nations to move only one unit. The resulting 
decrease in the free energy of the disclination 
strain field is on the order of AE - llr. The 
force f driving the dislocation's motion is the 
energy change divided by the distance traveled 
r, f - AElr - llr2 (naTvely). If we assume that 
the dislocation motion is viscous with speed 
proportional to force, the dislocation's speed is 
v - llr2. Because the dislocation has to travel 
a distance r, the time for this process (the net 
result of which is only one unit of disclination 

motion dr) is dt - rlv - r3. Thus, the discli- 
nations move toward one another as -drldt - 
llr3, yielding r - (9- t)lI4, where $is the time 
whefi they annihilate. This scenario suggests 
that the typical spacing between the remaining 
discliiations at time t grows as t(t) - tl", 
consistent with our measured exponent in Fig. 
2A. 

In summary, we have demonstrated that a 
2D smectic system has additional topological 
constraints (dictated by periodic translational 
order and hence conservation of Burgers vec- 
tor) that lower the kinetic exponents to 114 from 
the value of 112 observed in 2D nematic sys- 
tems. Pattern coarsening occurs predominantly 
by an annihilation process involving more than 
two disclinations such that a minimum number 
of dislocations is produced. Although this is the 
first suitable experimental system for studying 
2D smectic pattern coarsening on length scales 
that are large compared with the layer spacing, 
the coarsening of layered or striped systems has 
been well explored by simulations during the 
past decade. Though earlier simulations fo- 
cused on the nonconserved dynamics of Ray- 
leigh-Benard cells, (5-7), recent work has es- 
tablished the applicability of this work to smec- 
tic or diblock copolymer systems where the 
dynamics are governed by a conserved density 
field. (8) Simulations produce kinetic expo- 
nents that are in agreement with our measure- 

ments, but have left open the physical mecha- 
nism. Our results suggest that the exponent 
results from disclination annihilation with the 
exchange of dislocations between disclination 
pairs relieving the particular topological con- 
straints of striped systems. This points the way 
to a more rigorous understanding of pattern 
coarsening. 
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