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Thermodynamic and Kinetic Aspects of Defectivity in Directed
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ABSTRACT: We use self-consistent field theory to calculate the energy of defect formation in cylinder-forming diblock copolymers in

laterally confining thin channels. We focus on two isolated defects, dislocations and disclinations and explore a wide range of polymer

and channel characteristics. Our findings suggest appropriate conditions for the design of optimized graphoepitaxial processes, where

defects are limited to very low concentrations. Using the string method, we also investigate the energy barriers and kinetic pathways

of the transition from defective to perfect states. VC 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 40790.
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INTRODUCTION

The self-assembly of block copolymers (BCPs) has emerged in

recent years as a promising patterning tool to overcome the

scaling limits in nanolithography and generate suboptical litho-

graphic patterns.1–10 In the absence of controlled external guid-

ance, block copolymer thin films with lamellar or cylindrical

morphologies exhibit poor long-range order because of ther-

mally excited long wavelength phonon modes that disrupt the

ordering process.1,11–13 Directed self-assembly (DSA) using

chemical or topological features on the film substrate has conse-

quently become an important focus of the advanced lithography

community, with the objective of reducing defect densities

below the requirements of the semiconductor industry (<0.01

defects/cm2).14

While electric fields,15 flow,16 and shear application17 have all

been successfully used to direct alignment in microdomain

structures, chemically prepatterned surfaces (chemoepitaxy)18,19

and topographical confinement (graphoepitaxy)12 are two poten-

tially inexpensive and industry-compatible techniques that can

dramatically reduce the defect density in both lamella- and

cylinder-forming block copolymer thin films. While these epi-

taxial techniques can achieve long-range alignment of microdo-

mains in BCP self-assembly,5,20,21 defects are not completely

eliminated in the resulting patterns.

The directed self-assembly (DSA) of diblock copolymers into

line and space patterns has been demonstrated both experimen-

tally22 and theoretically23,24 with several preferential wetting

conditions.22,25 Park et al.11 produced well-ordered lamellar

structure of polystyrene-b-methymethacrylate (PS-b-PMMA)

block copolymers with up to eight periods in confining chan-

nels and found defective structures in the middle of wide chan-

nels. Ruiz et al.25 reported ten periods of perfect lamellae in

channels using a smaller molecular weight of PS-b-PMMA. The

formation energy of isolated defects in lamella-forming diblock

copolymers has also been estimated theoretically26 and experi-

mentally.27 For example, lamellar structures were obtained on

striped substrates with an estimated defect formation energy of

0.02 kT per nm2.19,28 Using SCFT calculations, Takahashi

et al.29 reported defect formation energies ranging from �50 to

�90 kT for isolated dislocation pairs and �100 to �120 kT for

isolated disclinations in lamellar PS-b-PMMA block copolymers

under lateral confinement. Using the string method,30,31 they

also found kinetic barriers less than 10 kT for the transition

from defective to perfect states. In cylinder-forming block

copolymers, Hammond and co-workers27 reported experimental

estimates of defect formation energies of �14 kT in

polystyrene-b-2-polyvinylpyridine (PS-b-P2VP) systems and

Mishra and co-workers32 extended the range from �10 to �14

kT when varying the volume fraction of the blocks and the

Flory–Huggins interaction parameter.

VC 2014 Wiley Periodicals, Inc.
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In this study, we focus on cylinder-forming AB diblock copoly-

mers with a degree of polymerization N and a minor-block frac-

tion fA, laterally confined in narrow trenches with tunable, but

homogeneous wetting conditions at the sidewalls and the top

and bottom surfaces of the channel. Such selective affinities can

be obtained experimentally using the “lift-off” technique11 or by

use of a bilayer substrate,33 for example. The model equations

governing the self-assembly a melt of AB diblock copolymers in

confinement are based on the standard Gaussian-chain model,

with a Flory-type monomer–monomer interaction parameter, v,

describing interactions between dissimilar (A and B) segments

and Flory-like monomer–wall interaction parameters, vwK,

describing interactions between K-type segments and the con-

fining walls (K 5 A or B). A particle-based model for a system

of interacting polymer chains is converted into a field-based

model of a single chain in an external field through a formally

exact Hubbard–Stratonovich transformation. The resulting sta-

tistical field theory is simplified by imposing a mean-field

approximation, resulting in the well-known equations of self-

consistent-field theory (SCFT).34 Details of the SCFT equations

for a confined melt and the computational implementation can

be found in the literature.23,35 Using our SCFT simulations, a

large number of defects can be generated from random seeds

but we focus in this study on two specific isolated defects,

“dislocations” and “disclinations” because they are abundantly

observed experimentally and can be more easily stabilized over

a wide range of channel and polymer parameters. The density

profiles of the two defects shown in Figure 1 indicate that the

“dislocation” is in fact a tight dislocation pair and the

“disclination” is composed of two disclinations bound to a large

Burger vector dislocation.

We should mention at this point that our SCFT simulations

produce a free energy per chain for a given set of parameters

and morphology. One therefore needs to estimate the number

of chains inside the simulation volume to compute the extensive

free energy of the morphology, which is required to compute

defect formation energies. For an incompressible AB melt in a

volume V, the number of chains is given by:

n5
v

NðFAmA=qA1FBmB=qBÞ
(1)

where mK and qK are the mass and the mass density of seg-

ments of type K (K 5 A, B). Since PS-b-PMMA is the most

widely used polymer in DSA and for consistency with our pre-

vious results,29 we use PS-b-PMMA as the reference polymer

“1” for free energy calculations. For a given segregation strength

vN and A-fraction fA, the extensive free energy of a morphology

in a different block copolymer system “2” (with a different v
value) can be obtained from that of system “1” at the same vN

and fA values using the conversion factor:

F2

F1

5
n2

n1

5
V2N1

V1N2

(2a)

where we have adopted a common average monomer volume,

v05fAmA=qA1fBmB=qB, for the two systems. Furthermore,

because the results are presented for our reference system using

film dimensions expressed in units of the chain radius of gyra-

tion Rg, the two systems should be compared at the same

reduced film volumes ~V i5
Vi=R3

gi
. Hence, the conversion factor

becomes

F2

F1

5
V2N1

V1N2

5
N1R3

g2

N2R3
g1

� N2

N1

� �1=2

5
v1

v2

� �1=2

(2b)

where in the fourth expression we have neglected differences in

statistical segment lengths between the two systems.34 As an

example of the application of this formula, in order to com-

pare with available experimental results for PS-b-P2VP cylin-

der-forming confined melts, the defect energies presented here

must be rescaled using a multiplying factor of 0.58, which

accounts for the differences in v parameters between PS-b-

P2VP and PS-b-PMMA. In the case of polystyrene-b-polydime-

thylsiloxane (PS-b-PDMS) block copolymers, the conversion

factor is 0.35.

The main goal of our study is to determine, from a wide range

of parameters of segregation strengths, polymer compositions,

channel dimensions, and wetting configurations, the most suita-

ble set that favors the formation of a monolayer of defect-free,

horizontal (lying down) cylinders, both thermodynamically and

kinetically. The remainder of the manuscript is organized as fol-

lows. In the next section, we consider confining trenches with

A-attractive sidewalls and neutral top and bottom surfaces. This

configuration allows a direct comparison with lamella-forming

systems for both commensurability aspects and defectivity cal-

culations.29 In section “DSA in A-Attractive Sidewalls and Bot-

tom Substrates and B-Attractive Top Surfaces”, selectivity is

introduced at the top and bottom surfaces and our results will

be compared to experimental results of Mishra et al.32 with PS-

b-PV2P polymers under similar wetting conditions. In section

“Optimal Wetting Conditions DSA in Narrow Trenches”, we

present an extensive exploration of wetting configurations and

determine the best conditions for cylinder formation with mini-

mal defectivity. Beyond thermodynamic aspects, we also intro-

duce in section “Defect Kinetics: Transition Pathways and

Kinetic Barriers” calculations based on the string method to

determine kinetic pathways for the melting of the defects into

perfect structures.

Figure 1. Examples of profiles of the PMMA block (in orange) under lat-

eral confinement, showing a “dislocation” in (a) and a “disclination” in

(b). [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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DSA IN A-ATTRACTIVE SIDEWALLS AND NEUTRAL TOP
AND BOTTOM SURFACES

We first consider a confining channel with A-block-attractive

sidewalls and neutral top and bottom surfaces. This wetting

configuration is usually most suitable for the formation of

standing-up lamellae in lamella-forming block copolymers27,29,36

and thus enables a direct comparison with results of commen-

surability and defectivity from our previous study on lamella-

forming PS-b-PMMA in similar narrow trenches.28

Commensurability

Before we discuss defectivity of cylinder-forming block copoly-

mers in narrow trenches, we determine in this section commen-

surability windows for the perfect alignment of horizontal

cylinders. Similar to commensurability calculations in lamella-

forming systems,28 optimal windows are determined by com-

puting the excess free energy of the perfect cylinder arrangement

in the trench relative to unconfined, bulk configurations. In the

present case, the A-attractive sidewalls induce cylinder forma-

tion very easily from a random initial seed so it is straightfor-

ward to achieve perfectly aligned cylinders for various polymer

compositions and channel dimensions. The minima of the

excess free energies, which include surface and bulk film contri-

butions, thus correspond to optimal channel widths and heights

that favor monolayer films of horizontal cylinders. In the case

of PS-b-PMMA block copolymers with a segregation strength,

vN 5 25, and a PMMA-block fraction, fA 5 0.25, confined in

trenches with PMMA-attractive sidewalls (vwAN 5 232 and

vwBN 5 0) and neutral top and bottom surfaces, commensur-

ability calculations lead to an optimal channel height 5 3.75 Rg,

where Rg denotes the radius of gyration of the polymer, which,

under the present conditions, is �8 nm. This is slightly smaller

than the bulk domain spacing, w0 5 4 Rg, for a block copolymer

with similar values of vN and fA.

For the optimized channel height, we plot in Figure 2 the excess

free energy as a function of the channel width when 3–8

cylindrical periods are stabilized inside the trench. As can be

seen in Figure 2 the formation of a given number of cylindrical

periods is limited to a well-defined window of commensurability.

Inside each domain of width approximately 4 Rg, the excess free

energy has a minimum at the center of the window whereby the

elastic component of the excess free energy is zero while the

residual free energy is due to surface tension. Away from the

optimal width, with the application of either compressive or ten-

sile strains, elastic stresses build up in the polymer and ulti-

mately lead to the creation or removal of a cylindrical period.

Note that similar width commensurability aspects arise in

lamella-forming block copolymers in comparable trenches.29 In

contrast, the height of the channel does not affect the formation

of lamellae, provided the top and bottom surfaces remain

neutral.

Defectivity

We examine in this section the effect of polymer composition

and channel width on the defect formation energy in cylinder-

forming systems and compare our findings with previously

reported calculations in lamella-forming block copolymers.29

We therefore consider a PS-b-PMMA block copolymer with

vN 5 25 and various PMMA fractions, fA 5 0.23, 0.24, and 0.25.

The trench width is varied within a 4-period commensurability

window while the height and the wetting conditions are the

same as those used in the above commensurability calculations.

Using our 3D SCFT simulations, dislocation defects could only

be stabilized for fA 5 0.25 and all defective seeds for fA 5 0.23

and 0.24 resulted in perfect morphologies, preventing calcula-

tions of defect formation energies. Disclinations were however

successfully stabilized for all fractions. The resulting formation

energies are plotted in Figure 3.

Figure 2. Plots of the excess free energy of perfectly aligned cylinders due

to confinement in narrow trenches of height 3.75 Rg and various widths.

Windows of commensurability are shown for 3–8 cylindrical periods.

Here, vN 5 25, fA 5 0.3, the sidewalls are A-attractive (vwA 5 232) and

the top and bottom are neutral. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

Figure 3. Plots of the dislocation (red) and the disclination (blue) forma-

tion energies for PS-b-PMMA block copolymers with various PMMA frac-

tions. Triangles, circles, and squares correspond to fractions, fA 5 0.23,

0.24, and 0.25, respectively. Only dislocations for fA 5 0.25 were stable.

Seeded dislocations for fA 5 0.23 and 0.24 all melted into perfect struc-

tures. Here, vN 5 25, Lz 5 3.75 Rg, the sidewalls are A-attractive

(vwAN 5 232), and the top and bottom are neutral. The inset shows a

dislocation with a branched vertical cylinder. [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]
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As can be seen in Figure 3 disclination defects have higher for-

mation energies than dislocation defects because of the extra

bending energy cost necessary for the formation of disclinations.

For both defects, the formation energies are nonmonotonic

functions of channel width but have a maximum value at pre-

scribed optimal widths where perfect cylinder formation is most

favored. In the case of disclinations, we also observe an increase

of the formation energy with increasing PMMA fractions. This

effect is more pronounced on the tensile side of the commen-

surability window and indicates a greater bending energy cost

in the presence of larger PMMA domains.

Another interesting feature of the plots in Figure 3 is the range

of defect formation energies. From our simulations of the pres-

ent wetting conditions, we found that formation energies are 2–

7 kT for dislocations and �5–20 kT for disclinations. These val-

ues are strikingly smaller than those computed for lamella-

forming systems29 in similar height and width channels where

the defect formation energies are 55–90 kT for dislocations and

95–120 kT for disclinations. In addition to morphological dif-

ferences between the lamellae and the cylinders, the difference

lies mainly in the nature of the resulting defects in both struc-

tures. As can be seen in the inset of Figure 3, defects in

cylinder-forming systems also include small vertical cylinders

branching off the disconnected horizontal cylinders. The pres-

ence of these branched structures induces defect relaxation and

is responsible for the low defect formation energies in Figure 3

relative to lamellar structures.

It should be noted that the emergence of branched defect

structures is a consequence of the neutral wetting conditions

imposed at the top and bottom surfaces. As will be described

below, a modification of the wetting conditions can suppress

branched cylinders and increase defect formation energies.

DSA IN A-ATTRACTIVE SIDEWALLS AND BOTTOM
SUBSTRATES AND B-ATTRACTIVE TOP SURFACES

We extend in this section our investigation of various wetting

conditions and explore, in particular, the effect of selective top

and bottom surfaces, while maintaining the same A-attractive

sidewalls from the previous section. As noted above, when the

top and bottom surfaces are neutral, vertically branched cylin-

ders form oval-shaped A-columns that lower the dislocation

formation energy. In contrast, when the top and bottom surfa-

ces are B-attractive, we have shown in a previous study37 that

the edges of the column become sharper with increasing affin-

ities of the top and bottom surfaces for the B-block. For strong

B-affinities, the column is completely removed and the defect

formation energy is increased. In this study, we will also focus

on strongly B-attractive top surfaces, but we consider only A-

attractive bottom substrates. The new wetting configuration not

only removes the vertical branches of the dislocation defects,

but it is also most appropriate for comparisons with experimen-

tal results of Mishra et al.32 on the self-assembly of cylinder-

forming PS-b-P2VP polymers in confining channels. In these

experiments, P2VP (minority A) blocks wet the silicon substrate

while the PS (majority B) blocks populated the polymer-air

wetting layer because of the different surface energies of the two

blocks.

We therefore consider polymer chains with segregation

strengths vN 5 25, 27, 30, and 33, A-fractions fA 5 0.23, 0.24,

0.25, and 0.27 confined inside channels of optimized height,

Lz 5 5.6 Rg, A-attractive sidewalls and bottom substrates

(vwAN 5 232), and B-attractive-top surfaces (vwBN 5 232). In

our calculations, we also restrict channel widths to those lead-

ing to four periods of horizontal cylinders and introduce a

dimensionless strain ðwidth 2width optimal Þ=ðwidth optimal 3100Þ
that measures relative deviations from the optimal width that

maximizes the formation energy. By comparison, the experi-

ments of Mishra et al.16 used PS-b-P2VP of molecular weights,

21 kg/mol (fPVP � 0.232) and 26 kg/mol (fPVP � 0.258),

translating to vN 5 24.4 and 30.2 which are very close to our

model parameters.

Effect of Volume Fraction

The dislocation and disclination formation energies for confined

PS-b-PMMA block copolymers with vN 5 30 and various A

Figure 4. Plots of the dislocation (a) and the disclination (b) formation

energies for confined PS-b-PMMA block copolymers with various PMMA

fractions as function of the dimensionless strain. Triangles, circles, squares,

and diamonds correspond to fractions, fA 5 0.23, 0.24, 0.25, and 0.27,

respectively. Here, vN 5 30, Lz 5 5.6 Rg, the sidewalls and bottom sub-

strates are A-attractive (vwA 5 232) and the top surface is B-attractive

(vwB 5 232). [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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(PMMA) block fractions are plotted in Figure 4 as function of

the dimensionless strain. As can be seen in Figure 4, when

changing the fraction from 0.23 to 0.27, the maximum defect

formation energy increases from �17 to �24 kT for disloca-

tions and from �31 to �43 kT for disclinations. As discussed

in the introduction, the corresponding formation energies for

PS-b-P2VP systems can be estimated by rescaling with a factor

of 0.58. Accordingly, the predicted dislocation formation ener-

gies for PS-P2VP block copolymers are very close to the experi-

mental values of �10–14 kT reported by Mishra et al.32 for

similar systems. As the fraction of P2VP is further decreased

below 0.23, the formation energy should significantly decrease

(also experimentally observed), due to the low energy

“disconnection” defects that result from the decay of the thin-

ning P2VP bridge in dislocations.

Furthermore, we find from our simulations that the optimal

width where the strain is zero also increases from �19 Rg to

�21 Rg with increasing A-fractions. This is not a negligible shift

as it represents almost half of the domain spacing.

Effect of vN

The dislocation and disclination formation energies for confined

block copolymers with fA 5 0.25 and various vN are shown in

Figure 5. The maximum dislocation defect formation energy

increases from �13 kT and �26 kT as vN is increased to 30 and

this result is again similar to the experimental values (10–14

kT), when the values are rescaled for PS-b-P2VP systems (7.5–

15 kT). In the case of disclinations, the formation energies are

about 30% larger than those observed for dislocation defects.

We also found that the position of the maximum free energy in

the dislocation case only increases from �20 Rg to �20.7 Rg.

This is a smaller change than that observed when the composi-

tion is varied. The major difference between defect structures is

the size of the minor-block bridge between the two parallel cyl-

inders. When vN is small (vN 5 25) the minor-block bridge is

thinner than the bridge when vN is large (vN 5 33). This is

shown in the A-block density snapshot in Figure 6 with the

bridge area circled in red.

OPTIMAL WETTING CONDITIONS DSA IN NARROW
TRENCHES

We extend our investigations in this section to elucidate condi-

tions in terms of the segregation strength, polymer composition

and wetting conditions that are most amenable to creating

defect-free monolayers of horizontal cylinders in thin, laterally

confining channels. Using 3D SCFT simulations, we have com-

puted defect formation energies for dislocations and disclina-

tions in polymers with various vN and fA, confined in channels

of various widths (although allowing for only 4 periods) and

several combinations of wetting scenarios at the sidewalls, top,

and bottom surfaces of the channel. The full formation energy

variations with channel widths were all found to follow the

same nonmonotonic trends shown in Figures 5 and 6. For sim-

plicity, we only report maximum values of the formation energy

at the optimal width. Our results are summarized in Figure 7

for vN effects and Figure 8 for composition effects. As men-

tioned earlier, the reported values correspond to PS-b-PMMA

block copolymers. Values for other polymers can be obtained

using the scaling in eq. 2a.

Our findings suggest that using higher vN parameters enables

cylindrical DSA with linearly higher defect formation energies

(see Figure 7). For a fraction fA 5 0.25, the plots indicate that

for vN values ranging from 25 to 38, the maximum defect for-

mation energies are in the order of �10–39 kT for dislocations

and 18–57 kT for disclinations. This increase is mainly due to

the increase in the A–B interfacial energy in the distorted area

generated by the defect. As vN increases, the cost of generating

the area distortions also increases which results in turn in an

increase in the defect formation energy. Kinetic considerations

aside, large values for vN are thus preferable. One way to

increase vN is to increase the total molecular weight of the

polymer. This implies however that both the pitch and the

domain size will also increase which can be highly undesirable

if one wishes to produce reduced-size features. Moreover, high

molecular weight polymers can be problematic during the

annealing process, especially in the entangled regime, as they

Figure 5. Plots of the dislocation (a) and disclination (b) formation ener-

gies for confined PS-b-PMMA block copolymers with various vN as func-

tion of the dimensionless strain. Triangles, circles, squares, and diamonds

correspond to vN 5 25, 27, 30, and 33, respectively. Here, fA 5 0.25, Lz

5 5.6 Rg, the sidewalls and bottom substrates are A-attractive (vwA 5

232) and the top surface is B-attractive (vwB 5 232). Note that disclina-

tions in (b) were not stable for vN 5 25. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]
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can induce kinetically trapped defects that will require very long

times to heal. Choosing a diblock copolymer with a higher v
value, such as PS-b-P2VP or PS-b-PDMS for example, can

alleviate this problem and enables larger vN while maintaining

relatively low molecular weights.

Similar to the effect of segregation strength, higher fractions of

the A-block result in higher defect formation energies. For

vN 5 30, Figure 8 shows that an increase of fA from 0.23 to 0.3

yields an increase of the maximum formation energy by �5–10

kT for dislocations and by �10 to �15 kT for disclinations.

While this is highly desirable, the minor block composition can-

not exceed fA 5 0.33, which is the upper boundary before lamel-

lar structures are formed.38

Figure 6. Examples of dislocation defects with thinning bridge between the two central cylinders. The sidewalls and bottom substrates are A-attractive

(vwAN 5 232) and the top surface is B-attractive (vwAN 5 232). When vN is small (vN 5 25, right), the minor-block bridge is thinner than the bridge

when vN is large (vN 5 33, left). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 7. Plots of the dislocation (a) and the disclination (b) formation

energies for confined PS-b-PMMA block copolymers as a function vN

inside channels with various wetting conditions at the sidewalls(s), bottom

substrate (b) and top (t) surfaces. Triangles, squares, circles, and diamonds

correspond to [A(t), B(s 1 b)], [A(s 1 b), B(t)], [A(s 1 b 1 t)], and [A(s)]

wetting configurations, respectively. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

Figure 8. Same as Figure 7 for the effect of varying fA. [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.

com.]
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Turning on either B- or A-selectivities at the top and bottom

surfaces whilst maintaining A-attractive wetting conditions only

on the sidewalls [the A(s) wetting configuration in Figures 7, 8]

enables an additional formation energy gain of �5–10 kT for

both dislocation and disclination defects. This is mainly the

result of the wetting conditions that remove the formation of

vertically branched cylinders at the end of the defect area as

shown in section “Defectivity”. As can be seen in both Figures 7

and 8, B-attractive sidewalls and bottom substrates and A-

attractive top surfaces (A(t) 1 B(s 1 b)) yield the highest defect

formation energies for both dislocations and disclinations. If

the selectivities are switched to (A(s 1 b) 1 B(t)), the formation

energies are lowered by �5 kT. An additional decrease of �5 kT

is also observed with all A-attractive surfaces (A(s 1 b 1 t)).

Finally, as mentioned above, setting the top and bottom surfaces

to neutral, yields the lowest formation energies and is therefore

most conducive for stable defects in the narrow trenches.

While the results shown above can provide useful guidelines for

the design of optimized and low defect-density graphoepitaxial

processes, annealing conditions and kinetics of defect melting

into perfect structures are equally important. The transition

pathways and the kinetic barriers are discussed in the next

section.

DEFECT KINETICS: TRANSITION PATHWAYS AND KINETIC
BARRIERS

Outline of the String Method

The string method30,31 is a numerical technique capable of find-

ing local minimum energy paths (MEPs) between two locally

stable wells (in our case a metastable defect state and a stable

perfect state) in a high-dimensional free energy landscape. This

technique entails creating a discrete sequence, or string, of field

configurations with endpoints lying within the basin of at-

traction of the two metastable states. The intermediate

Figure 9. (a) Example of a kinetic pathway for the melting of a dislocation defect when vN 5 33, width 5 18 Rg, vwN 5 264. (b) Density profiles of the

5 extrema states in (a). The metastable state at a 5 0.53 corresponds to the single-bridge-double-contact (SBDC) defect (blue circle). [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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configurations are initialized in such a way that they gradually

cross the barrier, or barriers, from one basin of attraction to the

other. This can be accomplished, for example, via a linear inter-

polation between the two endpoints, although this is by no

means the only way to initialize the string. The string is then

evolved according to the following two-step algorithm. First,

each image is relaxed individually for one time step in the

direction of a local force calculated from gradients in the mean

field (SCFT) free energy landscape. Following the update step,

each configuration will have relaxed towards the nearest basin

of attraction. To offset this effect and avoid skewed distributions

of field configurations along the string, a second reparameteri-

zation step is performed using a smooth interpolation between

neighboring configurations. This two-step process is repeated

until the intermediate configurations lie along a local MEP con-

necting one basin to the other, with each endpoint at the bot-

tom of its respective stable or metastable well. The string

method is guaranteed to converge to a local MEP, but the global

free energy landscape may contain several local MEPs (e.g., a

symmetric path and asymmetric path for disclination melting),

in which case the local MEP to which the string eventually con-

verges depends on how the interior configurations are initial-

ized. For this reason, in addition to the simple method of linear

interpolation between endpoints, our implementation also

allows us to load custom interior configurations to seed multi-

ple expected pathways.

The detailed implementation of the string method and its par-

ticular application to field theories for block copolymers can be

found elsewhere.30,31,39

Melting Mechanisms

The string method outlined above was implemented using NVI-

DIAs CUDA framework to develop fast and efficient GPU-based

3D calculations of transition pathways in DSA environments

and, in particular, for our current DSA application of cylinder-

forming block copolymers in narrow trenches. Following the

extensive study of optimal wetting scenarios in section “Optimal

Wetting Conditions DSA in Narrow Trenches”, we only consider

for string calculations trenches with B-attractive sidewalls and

bottom substrates (vwBN 5 232) and A-attractive top surfaces

(vwAN 5 232). While this wetting configuration is more easily

established for PS-b-PDMS systems,13,36 the energy barriers and

transition rates presented in this section are calculated for PS-b-

PMMA for consistency with the thermodynamic calculations

above. A scaling factor of 0.35 should be introduced for energy

barriers in PS-b-PDMS systems.

For a PS-b-PMMA block copolymer with vN 5 33, and

fA 5 0.3, we plot in Figures 9–11 examples of MEP calculations

for the transition of dislocations and disclinations to perfect

states in channels with width Lx 5 18 Rg and height 5 6 Rg.

All our string calculations, exemplified in Figure 9(a), led to

MEPs with multiple transition barriers for dislocations, con-

trasting with previous calculations on lamella-forming block

copolymers where all dislocations resulted in melting mecha-

nisms with a single barrier.29 A closer look at the density pro-

files of Figure 9(b) reveal that, starting at a dislocation

(a 5 0), the chains in the defect core region must rearrange to

connect the two ends of the broken cylinder forming the dis-

locations. The excess interfacial area during this step results in

the first kinetic barrier (first local maximum along the MEP),

at a transition state a 5 0.12. Once the two ends have fully

merged, the melting of the defect proceeds until a second met-

astable state is reached at a 5 0.53. As shown in Figure 9(b),

the intermediate metastable defect consists of a narrow single

A block bridge between the two continuous cylinders. For dis-

cussions below, this single-bridge-double-contact defect will be

referred to as a SBDC defect. When the system has crossed the

second barrier at the transition state a 5 0.59, the bridge con-

necting the two A-cylinders breaks and a defect-free configura-

tion is formed at a 5 1. As seen in Figure 9(a), the two

kinetic barriers for the melting of a dislocation are very small

(less than 1–2 kT), mainly resulting from the minimal mixing

of the A- and B-blocks during the melting process.

In the case of disclinations, the examples in Figures 10 and

11 show that the melting pathways of disclinations are not

unique, a feature that was also observed in a previous appli-

cation of the string method to lamella-forming block copoly-

mers.29 When the string is initialized with a simple linear

interpolation between the disclination and the perfect struc-

ture, a symmetric 2-barrier melting pathway takes place in

Figure 10(a). In this process, after crossing a first transition

state at a 5 0.13, the two PMMA bends of the double-

disclination defect simultaneously and symmetrically meet to

form a new metastable defect at a 5 0.55. In contrast to the

melting of dislocations, the inner metastable defect has two

narrow bridges between the two adjacent cylinders, with a

roughly circular hole dividing them. It will consequently be

referred to as a double-bridge-double-contact, or DBDC

defect. A subsequent thinning of the two bridges culminates

at a second kinetic barrier at a transition state a 5 0.62, after

which perfect cylinders are produced. The symmetry of this

mechanism can be broken (through thermal fluctuations for

example) in favor of asymmetric pathways. For example,

when the initial string is seeded with a dislocation at some

interior field configuration, an asymmetric 4-barrier melting

pathway develops during the transition from a disclination to

the perfect state. In this process, Figure 11(a) of the con-

verged 4-barrier MEP string shows that a first kinetic barrier

is found at the transition state a 5 0.08 whereby a single con-

nection develops between the two bends and produces a sec-

ond metastable defect at a 5 0.26, referred to henceforth as a

double-bridge-single-contact, or DBSC defect. The two dis-

connected parts of the center cylinder are now fully merged

and the other two parts from the adjacent cylinder and

joined to the center cylinder by narrow bridges, remain to be

connected. As the melting proceeds, one of the two bridges

connecting the broken ends to the center cylinder weakens

until it disappears and gives way to a new metastable state at

a 5 0.53, found to be a dislocation. From this point on, the

pathway proceeds to a perfect morphology following the 2-

barrier mechanism described above for the melting of disloca-

tions. While the barriers for both the symmetric and asym-

metric pathways are relatively small (<2 kT), the strings in

Figures 10 and 11, suggest that the low barrier leading to a
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dislocation in the asymmetric pathway will result in faster

melting rates compared to symmetric pathways.

Commensurability Effects

Beyond elucidating the melting mechanisms and the details

about the minimum energy paths, such as the presence of inter-

mediate metastable states and additional barriers to the final

state, we have also explored the effect of commensurability on

kinetic barriers during the melting of both disclinations and

dislocations.

As shown in Figure 12(a), the symmetric pathway for the melt-

ing of disclinations entails large and substantially different

kinetic barriers. While both barriers are nonmonotonic, they

have minimum values at different channel widths. The first bar-

rier, corresponding to the transition of the disclination to the

DBDC defect, has a minimum at a width �18.1 Rg, close to

the channel commensurability width of �17.9 Rg. However, the

minimum value of the second barrier occurs at a slightly nar-

rower channel width of �16.8 Rg. Note also that for most chan-

nel dimensions (�18.6 Rg), a symmetric pathway will produce

DBDC defects from disclinations at a slower rate than the com-

plete melting of the former into perfect structures; the second

barrier (�1–2 kT) is lower than the first barrier (�2.2–4.2 kT)

for channel widths <18.6 Rg. As the channel width is increased

beyond 18.6 Rg, more DBDC defects will be long lived in the

melt as their production rate (first barrier � 2.5–3 kT) will

exceed their removal rate (second barrier � 2.5–7 kT).

The presence of DBDC defects is also contingent on the pro-

duction of DBSC and dislocation defects during the asymmetric

melting of disclinations. The kinetic barriers for the four transi-

tion states of the asymmetric pathway are plotted in Figure

12(b), as a function of channel widths (note that the third and

fourth barriers correspond to the first and second barriers for

the melting of dislocations). Similar to the symmetric case, the

Figure 10. (a) Example of a symmetric kinetic pathway for the melting of a disclination defect when vN 5 33, width 5 18 Rg, vwN 5 264. (b) Density

profiles of the five extrema states in (a). The metastable state at a 5 0.55 corresponds to the double-bridge-double-contact (DBDC) defect (red circle).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.4079040790 (9 of 14)

http://wileyonlinelibrary.com
http://onlinelibrary.wiley.com/
http://www.materialsviews.com/


first and second barriers, leading to dislocations, can vary quite

broadly over changes in channel dimensions. Likewise, the rela-

tive magnitudes of the two barriers also depend on channel

width, thereby affecting the rate of production and removal of

the DBSC and dislocation defects. In addition, the third and

fourth barriers are quite small, with values �0.25 kT in the

vicinity of the commensurability width. Away from optimal

conditions, these barriers increase sharply to �2 kT, resulting in

a �6-fold increase in the time required for the annihilation of

dislocations. The plots of the third and fourth barriers also sug-

gest that the production of SBDC defects will always be faster

than their decay into defect-free morphologies (the third barrier

is always lower than the fourth barrier). Overall, the barriers for

the melting of dislocations and SBDC defects are quite small as

compared to barriers for the melting of DBDC, DBSC, and dis-

clination defects. In other words, if a certain distribution of

defects is initially present in the melt, dislocations will be the

fastest to heal to perfect structures, even when disclinations fol-

low a symmetric pathway that avoids the formation of interme-

diate dislocations. In what follows, we present a quantitative

description of the melting rates and the time-evolution of a

population of isolated, independent defects in the melt.

Melting Mechanisms: Examples of Reaction-Rate Calculations

By solving simple reaction-rate equations connecting stable or

metastable states identified from the converged MEPs, we can

estimate the concentrations of the various defective morpholo-

gies present in the melt at any given time. The melting of dislo-

cations can be represented by the following reaction:

DISL�SBDC�P; (3)

where (DISL) and (P) are the dislocation and the perfect states,

respectively, and the intermediate SBDC defect is shown in

Figure 11. (a) Example of an asymmetric kinetic pathway for the melting of a disclination defect when vN 5 33, width 5 18 Rg, vwN 5 264. (b) Density

profiles of the first five extrema states in (a), showing the melting of the disclinations into a dislocation. The extrema states from the dislocation to the

perfect state are similar to those shown in Figure 9(b). The metastable state at a 5 0.26 corresponds to the double-bridge-single-contact (DBSC) defect

(red circle). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 9(b). Likewise, the symmetric and asymmetric pathways

for disclinations, respectively, can be written as:

DISC�DBDC�P; (4)

DISC�DBSC�DISL�SBDC�P; (5)

where (DISC) is the disclination defect and the other defects are

shown in Figures 10(b) and 11(b). Using a Kramers-like

approach, the kinetic rate, k1!2, of the transition from state (1)

to state (2) is

k1!25s21
0 e2Eb=kT (6)

where Eb is the barrier height for the transition from (1) to (2)

and s0 is the time necessary for diffusion of chains parallel to

the microdomain interfaces over a distance comparable to the

size of the defect.29 In the case of PS-PMMA at a molecular

weight corresponding to vN 5 25 for example, s0 � 9 s.29

To better illustrate the tradeoffs outlined above with regard to

commensurability, we consider three different channel

widths 5 18, 19.4, and 16.4 Rg, corresponding to widths very

close to, wider than, and smaller than the perfect state

commensurability width, respectively. The barrier heights of the

various transitions in eqs. 3–5 are summarized in Table I.

Assuming Boltzmann statistics for the initial defect distribu-

tions, one can set the initial defect concentrations based on

their formation energies. From our converged MEP strings, we

found that the formation energies of SBDC defects are several

tens of kT smaller than those of all other defects, resulting in a

unimodal initial defect distribution that very quickly relaxes to

a defect-free structure given the low kinetic barrier for the melt-

ing of SBDC defects [<1–2 kT from Figure 12(b)]. Nevertheless,

since other defects can also be kinetically trapped initially in the

melt and to keep our approach simple and informative, we con-

sider a situation where only disclinations are present in the melt

at time, t 5 0 and monitor the evolution of the various defect

Figure 12. (a) Plots of the first (square) and second (circle) barrier heights,

Eb, as a function of the channel width for the symmetric melting of disclina-

tion defects. (b) Plots of the first (square, black), second (circle, black),

third (square, red), and fourth (circle, red) barrier heights, Eb, as a function

of the channel width for the asymmetric melting of disclination defects.

Note that the third and fourth barriers correspond to the first and second

barriers for the melting of a dislocation defect. [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]

Table I. Barrier Heights of the Various Transitions in Eqs. 3–5 for Three

Different Channel Widths 5 18, 19.4, and 16.4 Rg

Reaction Kinetic barriers (in units of kT)

18 Rg 19.4 Rg 16.4 Rg

DISL ! SBDC 0.13 2.29 0.46

SBDC ! DISL 21.54 20.96 17.93

SBDC ! P 0.42 3.10 0.50

P ! SBDC 14.16 10.79 13.21

DISC ! DBDC 2.13 2.60 3.26

DBDC ! DISC 27.01 21.98 25.19

DBDC ! P 1.18 6.60 0.91

P ! DBDC 34.70 28.30 27.26

DISC ! DBSC 1.19 4.45 4.66

DBSC ! DISC 16.00 17.03 12.66

DBSC ! DISL 2.88 6.97 4.57

DISL ! DBSC 13.11 10.05 8.08

Figure 13. Time evolution of the relative concentrations of the five meta-

stable defects and the perfect state inside channels with width 5 18 Rg.

The four pie chart insets represent the relative concentrations of the six

states at times, t 5 3 s0, 6 s0, 25 s0, and 40 s0. [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]
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concentrations at later times t, plotted in Figures 13–15 for the

three channel widths introduced above.

In channels close to optimal widths, Figure 13 shows the

annealing time required for a 99% melting of all defects is

�100 s0, several times smaller than for defect annihilation in

channels away from commensurability. The plots in Figures 14

and 15 show the same annealing times are 3000 s0 and 500 s0

at channel widths 19.4 Rg and 16.4 Rg, respectively, emphasizing

not only the thermodynamic but also the kinetic role of optimal

design for the confining trenches.

More specifically, the plots in Figure 13 indicate that the initial

disclinations under optimal conditions first transform into

DBSC and DBDC defects; at time t 5 3 s0 [DBSC] � 47% and

[DBDC] 5 12%. As the disclinations start to melt, the formed

DBDC defects from the symmetric pathway are removed at fast

rates in favor of perfect structures while the concentrations of

DBSC defects continue to grow. This situation is shown in the

pie chart in Figure 13 at times t< 10 s0. As time proceeds, the

remaining DBDC defects continue their melting at slow rates.

The ensuing dislocations almost immediately change into DBSC defects, which themselves change into perfect structures at a

similar rate; thereby, maintaining both dislocations and SBDC

defects at low concentrations (<5%). The pie chart at times

t> 20 s0 exemplifies the fast production and removal of disloca-

tion and SBDC defects.

At a channel width 5 19.4 Rg, Figure 14 indicates the initial discli-

nations quickly and almost completely merge to form DBDC

defects following a symmetric melting pathway. After t 5 100 s0,

the distribution of defects is dominated by DBDC defects as shown

in the pie chart of Figure 14. At later times, the DBDC defects

slowly decay into perfect structures due to the relatively high

kinetic barrier governing this process (�6.60 kT from Table I).

Beyond t 5 500 s0, the melt also contains some DBSC defects,

albeit at lower concentrations (<10%). Other defects also remain

at very low concentrations during the melting, never exceeding 1%.

The melting pathways are the simplest when the channel width

is at 16.4 Rg. As seen in Figure 15, the initial set of disclinations

is slowly removed from the system with the appearance of

Figure 14. Same as Figure 13 for a channel width 5 19.4 Rg. [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 15. Same as Figure 13 for a channel width 5 16.4 Rg. [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 16. (a) Plots of the first (square) and second (circle) barrier

heights, Eb, as a function of vN for the symmetric melting of disclination

defects in channels with width 5 18 Rg. (b) Plots of the first (square,

black), second (circle, black), third (square, red), and fourth (circle, red)

barrier heights, Eb, as a function of vN for the asymmetric melting of dis-

clination defects in channels with width 5 18 Rg. Note that the third and

fourth barriers correspond to the first and second barriers for the melting

of a dislocation defect. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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transient DBDC and DBSC defects during the process. Other

defects are generated and removed from the melt at nearly simi-

lar rates and hence their concentrations are kept at very low lev-

els, below 1–2%.

Effect of vN

We now consider the effect of the segregation strength on tran-

sition barriers. The two barriers for the symmetric melting of

disclinations are plotted in Figure 16(a) at a height 5 6 Rg and

a width 5 18 Rg, very close to the commensurability widths at

each vN of interest. Likewise, the four barriers for the asymmet-

ric pathways are plotted in Figure 16(b) at similar channel

dimensions. (Note again that the third and fourth barriers of

the asymmetric pathway are the same as the first and second

barriers for the melting of dislocations.)

While the kinetic barriers for the melting of dislocations remain

rather low (<1 kT) when vN is increased, the first and second

barriers for the symmetric and asymmetric melting of disclina-

tions can range from 1 to 4 kT. The first barrier always

increases with vN as it is associated with an excess interfacial

area and stretching of the chains necessary to connect the two

broken parts of the center cylinders leading to DBDC and

DBSC defects. In contrast, the second barriers are associated

with a thinning of the bridges between the cylinders. Since this

process apparently does not require an excess interfacial area or

additional stretching of the chains, the second barrier is a

decreasing function of vN. The two opposite trends of the first

and second barriers indicate that the segregation strength will

greatly influence the production and removal rate of various

metastable defects in the melt, thereby affecting their overall

concentrations during the annealing process.

CONCLUSIONS

The application of block copolymer lithography to semiconduc-

tor IC patterning requires the strong suppression of native

defects that form during the self-assembly process. Optimization

of directed self-assembly strategies and identification of condi-

tions that deter defect formation are required in order to

achieve defect densities consistent with ITRS targets of 0.01

defects/cm2. Using polymer SCFT-based simulation methods,

we have demonstrated an approach for investigating equilibrium

defect densities, as well as for determining kinetic pathways,

free-energy barriers and an estimation of kinetic rates for

removing trapped metastable defects through annealing. We

have shown that, at equilibrium, the density of isolated

dislocation-type and disclination-type defects in cylinder-

forming diblock copolymers confined to a narrow trench with

strongly selective wall wetting conditions can be well below tar-

get densities. After optimizing the wetting conditions, we find

that the least defective structures follow from major-block wet-

ting at the side walls and substrate, together with minor-block

wetting on the top (polymer–air) surface.

The free energies of defect formation for both dislocations and

disclinations in cylinder-forming block copolymers are approxi-

mately 30–50% of those found in lamellar-forming composi-

tionally symmetric diblock copolymers. We find that the free

energy of defect formation can be made to exceed a critical

value required to achieve equilibrium defect concentrations

below the ITRS target. The remaining concern is then the ability

to rapidly “melt” trapped metastable defects that can occur at

much greater than equilibrium concentrations during quench.

Melting of elementary defects into a perfectly ordered state

requires overcoming one or more kinetic barriers, which we

have calculated under various interaction conditions using the

combination of SCFT and string methods. Working at optimal

(commensurate) trench widths, the free-energy barrier for

removal of defects is approximately 10% of that found for

lamellar-forming symmetric block copolymers. We therefore

predict that trapped dislocation and disclination defects can be

annealed out (down to equilibrium concentrations) within tens

of seconds for cylinders, whereas the same process would

require several minutes to many hours for lamellae. In this

regard, we predict that cylinder-forming block copolymer for-

mulations will be superior to lamella-forming counterparts for

attaining low-defectivity DSA patterning. Our findings should

provide useful guidelines for the design of optimized patterning

processes with low defect concentrations.
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