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Time-sequenced atomic force microscof®FM) studies of ultrathin films of cylinder-forming
polystyrene-block-polymethylmethacryld@S-b-PMMA copolymer are presented which delineate

thin film mobility kinetics and the morphological changes which occur in microphase-separated
films as a function of annealing temperature. Of particular interest are defect mobilities in the single
layer (L thick) region, as well as the interfacial morphological changes which occur betwingrk

and adjacent B/2 thick layers, i.e., structural changes which occur during multilayer evolution.
These measurements have revealed the dominant pathways by which disclinations and dislocations
transform, annihilate, and topologically evolve during thermal annealing of such films.
Mathematical combining equations are given to better explain such defect transformations and show
the topological outcomes which result from defect—defect encounters. We also report a collective,
Arrhenius-type flow of defects in localizddthick regions of the film; these are characterized by an
activation energy of 377 kJ/mol. These measurements represent the first direct investigation of
time-lapse interfacial morphological changes including associated defect evolution pathways for
polymeric ultrathin films. Such observations will facilitate a more thorough and predictive
understanding of diblock copolymer thin film dynamics, which in turn will further enable the
utilization of these nanoscale phase-separated materials in a range of physical and chemical
applications. ©2001 American Institute of Physic§DOI: 10.1063/1.1342239

I. INTRODUCTION Moreover, it is not yet precisely known how surface interac-

The behavior of polymer thin films at surfaces and inter_t|ons influence microphase separation and related micro-

faces is of considerable interest because of the immens’%ructural changes which are unique to thin films. Some stud-

technological promise such films hold for high performance'eS have begun to address these isSu2e.g., E. K. Lin

materials and devicdsPolymer thin films exhibit distinct €t @l- have measured slower interdiffusion of pehethyl

structural, optical, mechanical, and thermal properties fronfnethacrylatg chains on silicon oxide substrates with de-
their bulk counterparts due to the presence of strong sutEréasing film thickness using neutron _r(_aflectoméﬂay Sys-
strate interactions and associated confinement in low dimerfématically varying substrates from silicon oxide to silicon
sions. One aspect of this paper will deal with defect mobilitynydride to poly2-vinylpyridine), Zhenget al. have observed
kinetics in thin films and the morphological changes ofMmonomer friction coefficients for each of these polystyrene-
diblock copolymer ultrathin films which occur in surface systems which are greater than the respective bulk
microphase-separated films as a function of annea”ng ten{ner[ values! A substantial decrease in the lateral diffusion of
perature. Another aspect will be to delineate defect dynamicBolystyrene chains on silicon oxide substrates has been ob-
involving dislocation and disclination transformations in served in films thinner than 1500 A.
such films. Before discussing the relevant behavior of these Diblock copolymer dynamics near interfaces and sur-
complex systems, we will begin by briefly reviewing previ- faces are not as well understood as those characteristic of
ous studies involving simpler systems, such as homopolyhomopolymers and blends® Self-diffusion in block copoly-
mers or blends. mer thin films is complicated due to the inherent anisotropy
In the case of homopolymers, previous studies have resf the copolymer motion. The dynamics of microphase-
ported modified thermal or mechanical properties near unseparated diblock copolymers are governed by thermody-
derlying substrate$.®> For example, large changes in the namic penalties for segment contacts, mechanisms for center
thermal expansion characteristics of g@hyvinyl pyridine) of mass mobility, and the temperature dependent monomeric
films supported on acid-cleaned silicon oxide substrates havieiction dependence between the two bloékslamersky
been demonstratédThe presence of surfaces can alter poly-et al. have studied self-diffusion of polgthylene oxide-b-
mer dynamics by inhibiting polymer chain mobility>  ethylethylengdiblock copolymer, PEO-b-PEE, in the gyroid
and cylinder phases using forced Rayleigh scattefiigS
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cylinders due to the greater thermodynamic penalty associve employed this technique to track an individual micro-
ated with diffusion across the cylinders. Similar phenomenalomain of PS-b-PMMA between repeated annealing
were reported for symmetrical pdBthylenepropylene  treatments$® In this paper, we systematically extend these
poly(ethyleneg diblock copolymers near their order—disorder AFM studies to obtain mobilities of cylinder-forming PS-b-
temperature, where diffusion along the lamellae occurred®MMA thin films on a silicon nitride substrate. This is ac-
faster than across the lamelfae. complished by tracking individual topological defects and
Another critical issue governing the properties of associated interfacial motion. We herein report the first direct
diblock copolymer films is the presence of topological de-investigation of interfacial morphological change related to
fects. Defects play a crucial role in determining and limiting such polymer motion. We have previously reported changes
technologically useful properties of these materials. Detailedf local defect structure resulting from thermal annealing,
studies of the dynamics of defect evolution pathways infocusing on local structural changes in PS-b-PMMA
polymer thin films are currently lacking. microdomainsg? demonstrating how microdomains relink
In this paper, we present a comprehensive study of th@nd join to reduce the total number of defects, or to acquire
statistics and dynamics of topological defects in polymericenergetically more stable forms to minimize polymer chain
thin films. The types and configurations of defects which arestretch or compression. We have also described the high de-
commonly observed in diblock copolymer systems are vergree of microdomain alignment that can occur spontaneously
similar to those found in liquid crystal systems where theduring the formation of annular structur&sin the present
defects are well characterizéd:! Topological defects draw Study, we significantly extend our prior examination of topo-
considerable interest because edge dislocations or disclinégical defect interactions, especially interactions between
tions, for example, cannot be eliminated by a simple continupaired disclinations. For the first time, we explicitly track
ous distortion of the surrounding molecular alignméfits. multiple steps involved in defect annihilation and propaga-
The interactions of topological defects within a paired discli-tion, and explain mathematical transformation steps which
nation, and among multiple disclination pairs, are in particulead to the topological outcome extracted from close exami-
lar very intriguing. Previous attempts have been made tdation of recurring disclination pairs.
apply the knowledge gained from defect studies involving
liquid crystals to defects in polymer systems. Amundson and
co-workers utilized this analogy between smectic liquid crys-”' EXPERIMENT

tals and symmetric diblock copolymer domains to character-  Asymmetric PS-b-PMMA (molecular weight 84 000
ize their polymeric systertt. *°Similarly, Turneret al.have  amy was obtained from Polysciences, IfWarrington, PA.
studied edge dislocations in PS-b-PMMA lamellar fl”’ﬁS, The diblock contained 75% PS by Weight with a po|ydisper-
while defects in mixed lamellar PS-b-PMMA films have also sjty of 1.08. The diblock sample was Soxhlet extracted with
been investigated using this methodold@yespite the dif-  cyclohexane to remove excess PS homopolymer. Diblock
ficulties that arise from the differences between polymeriahin films were prepared via spin casting onto ah\gisub-
systems and liquid crystalline systems, the polymer—liquicstrate at 3500 rpm for 1 min. The sample was then subse-
crystal analogy has also been successfully used to study diguently annealed in an argon atmosphere at various tempera-
tortions in polymer microdomains resulting from the exis-tures above its glass temperature, 375 K. Annealing
tence of defect&? temperatures ranged from 513 K to 528 K, with a chosen
To understand the interaction between topological detemperature held constant to within 1 K. The annealing tem-
fects, monitoring defect transformation in real-time is highly perature was preceded by a transient ramp-up rate of 5 K/min
desirable. Tracking such defect evolution was not easily obfrom room temperature, and quenched back to room tem-
tainable until recently due to the limitations of the techniquesperature with a cooling rate of 2 K/min. The average film
typically used to study defects in polymer films, such as highthickness measured by ellipsometry was 50 nm. The sub-
resolution electron microscopfHREM) and transmission strate contained transparent 86X 60 um membranes pat-
electron microscopy(TEM).*~2! Other traditional tech- terned by using methods such as chemical vapor deposition,
niques used to study polymer dynamics including scatteringlectron beam lithography, and anisotropic chemical etching.
techniqueg?=%* forward recoil spectrometryFRES,® and  Detailed procedures for preparing this patterned substrate
secondary ion mass spectromet8IMS)** have other com- have been described elsewh&teTime-sequenced AFM
plications. For example, to monitor diffusion behavior, tag-measurements were then conducted to examine the mobility
ging of polymer chains with isotopes is required for FRESand the interfacial morphology change of the diblock. Pat-
and SIMS. Despite the best efforts with these methods, mucterned membranes on the substrate allowed tracking of an
of the desired details on the dynamics of individual domaingndividual domain between annealing cycles, i.e., all AFM
have not been obtained. What is clearly needed is a straighimaging was done at room temperature followiag situ
forward way to repeatedly observe the dynamics of indi-annealing treatments of the sample. AFM measurements
vidual domains, and the associated interfacial morphologicalvere carried out using a Topometrix Discover; noncontact
changes, noninvasively, on the nanometer scale. AFM imaging was performed with a silicon probe tip, while
Atomic force microscopyAFM) meets these critical re- contact mode scanning was done using a silicon nitride probe
quirements. It has been previously used to study a variety ofith an applied force of 1 nN.
polymeric materials such as polymer single crystals, liquid PMMA favors the silicon nitride substrate because of its
crystals, and biopolymerS.In our previous Communication, lower wetting energy® At the polymer/air interface, the sur-
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FIG. 1. Time lapse AFM images, 300 nn800 nm, showing the interfacial FIG. 2. Time lapse AFM images, 300 nn800 nm, showing the interfacial
morphological transformation gfarallel cylinders tovertical cylinders at morphological transformation ofertical cylinders toparallel cylinders at
the boundary film region betwednand advancing B/2 thick layers after  the boundary film region betwednand retracting 8/2 thick layers after
sequential annealing treatmert&23 K, 1 h duration PMMA (bright) mi- sequential annealing treatmeri&23 K, 1 h duration PMMA (bright) mi-
crodomains in each image are numbered to easily identify them. crodomains in each image are numbered to easily identify them.

arallel to the underlying substratparallel cylinders and
?Iinders oriented perpendicular to the substratertical
cylinders, Fig. 1, and vice versa, Fig. 2, at the interface are
clearly resolved in the AFM images. Such interfacial
changes are directly linked to the expansion and contraction
of L thick regions. Morphological changes between vertical
and parallel cylinders are associated with polymer film thick-
ness changes induced by thermal annealing treatrie8tsh

et al. predicted such transformations between vertical and
parallel morphologies in cylindrical block copolymer do-
mains when the difference in the surface tension between
two polymer components of the block is sufficiently small,
and when the film thickness is less than a few repeat

spacing€? This delicate energetic balance is observed in our
IIl. RESULTS AND DISCUSSION experiments.

This section is divided into five part§A) Interfacial The expansion and contraction of symmetric films
morphology changes between thethick and neighboring Such as PS-b-PMM& and polystyreng-poly(butylmeth-
3L/2 thick film areasi(B) dynamics of topological defects acrylate>* have been studied previously on surface depres-
and mobilities associated with the evolution of the multilay-Sions or elevations which represent areas of different film

ers where collective defect flow is observé@) classifica- thicknesses usingn situ interference microscopy. The
tion of topological defects in PS-b-PMMA ultrathin films 9rowth mechanisms of these two-dimensional domaiims

including relevant background materialp) topological ~ clude expansion and contraction of a domain, coalescence of
characterization of defect—defect interactions and outcome&e€ighboring domains, and the disappearance of smaller do-
and (E) preliminary attempts to observe the intermediateMains f;)zr the Dbenefit of larger domains, i.e., Ostwald
structural transition states which mediate the approach t§Pening:=” Time resolved AFM images of the asymmetric

enough to produce the appearance of both components at t
upper interface of certain film areas when the film is pre-
pared as described aboffeThe film areas with both compo-
nents exposed are herein referred to &sthick” regions,
whereL is 43 nm?® This was determined by combined TEM
and AFM imaging of the same film locatiGA.The PS-b-
PMMA diblock copolymer forms one layer of lying-down
cylindrical microdomains parallel to the substraparallel
cylinders in the L thick layer?® These regions yield AFM
topographical contrast of 1 nm where PMMA is higher than
PS28 The average cylinder spacing in thethick region,
measured by both TEM and AFM, is 50 rffh.

face tension difference between PMMA and PS is smaIE

_ mains where contraction af thick regions(dark areas in the
A. Interfacial morphology change AFM image$ dominates. Also seen is the disappearande of

We observe that thermal annealing induces morphologithick regions as they convert td.-& thick domains.
cal changes at the interface between thehick and the
neighboring &/2 thick region. Time-lapse AFM images in
Figs. 1 and 2 are taken consecutively from the same fil
location after repeated annealing treatments at 523 K. The We now report polymer defect mobility results obtained
morphological transformations between cylinders orientecby examining consecutive AFM images. Such sequences can

n?' Collective defect flow and mobility
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FIG. 3. Time lapse AFM images, ZmXx7 um, showingL and 3./2 thick
regions between sequential annealing treatmésit8 K, 12 h duration
Bright and dark regions arelL32 andL thick film areas, respectively. Sev- 6
eral of the initially present thick regions disappear during annealing. P,

provide information on polymer motion, such as flow pat- nv

terns, velocities, and activation energies under various an-

nealing treatments. Of particular interest is defect mobility 4

within cylindrical microdomains irL thick regions. This is

examined between 513-528 K. Annealing times in these ex- 3.

periments vary due to strong temperature dependence of the

polymer chain mobility. The 513 K and 516 K data sets were YA /7

annealed fo3 h while the 523 K and 528 K data needed only 'f /[

1 h. The annealing cycles were repeated at least four times 0 T T 1

for each of these temperatures. These annealing conditions 0.00190 0.00192  0.00194

were chosen to allow significant measurable defect motion UT (UK)

by post-AFM imaging. Figure @) shows defect motion (B)

monitored before and after an hour of annealing at 523 K.

Relative positions of defects in sequential images were de- _ . , .

termined using at least two fixed reference points on tth IG. 4. (&) AFM_'mage’ 2pm in diameter, showing coherent defect motion
arrows in PS-b-PMMA microdomains followig 1 h of amealing at 523

substrate. We track defects in a given region and record the. see text for positional referencing of sequential imagBs.A plot of

initial (bottom of the arrowsand final (top of the arrows In(V) vs 1/T displaying Arrhenius behavior for defect motion with an acti-

coordinates of nonannihilating defects between annea“ngation energy of 377 kJ/moV is the defect velocity, andl is the tempera-

treatments. We then extract flow patterns and velocities o e

the defect motion in the given area of the film at a chosen

temperature. Various types of defects exist in the polymer

film, and their mobilities can differ between defect types.

Further investigations are underway to precisely correlate dezausing changes in the local film thickness and also possibly

fect types with their corresponding translational activationintroducing film regions that are not completely height-

energies. The defect velocities that we obtained in the experguantized. Thermal annealing will induce coherent polymer

ment were averaged over time and all defect types in a chazhain motion in order to minimize film regions of nonequi-

sen area, bigger than/@2mx 2 um, yielding an average de- librium thicknesses. Within ah thick domain, defects inter-

fect density of about 20 per Am?. We observe a collective act with one another through stress fields produced by the

defect flow in thisL thick domain as shown in Fig. 4. Such necessary stretch or compression of polymer chains around

collective dynamics implies that defect motion is highly cor- their cores=®

related. We hypothesize that this coherent defect motion may Mobilities of polymers change as a function of annealing

come from the heterogeneity in the film thickness which cartemperature. In bulk samples, self-diffusion of a diblock co-

be produced by, for example, the interaction between neighpolymer is determined by viscous drag between polymer

boring domains as displayed in Fig. 3. This interaction re-chains. The viscosity is governed by the Williams, Landel

sults in expansion or contraction of a given domain, therebyand Ferryf WLF) temperature dependent&They found that

-

Downloaded 14 Sep 2004 to 143.106.6.126. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



4734 J. Chem. Phys., Vol. 114, No. 10, 8 March 2001 J. Hahm and S. J. Sibener

a temperature shift factolg;, can be obtained using the
formula,

logjpar=—17.44T—Ty)/(51.6+ T—Ty),

whereT, is the glass transition temperature of the material.
This equation predicts much slower polymer chain motion
when the annealing temperature is closer to its glass transi-
tion temperature. The average velocities of defect motions
are 21 nm/h at 513 K, 74 nm/h at 516 K, 158 nm/h at 523 K,
and 261 nm/h at 528 Kwith a standard deviation of 10
nm/h). We note that, within the limited temperature range of
our experiment, the defect motion also displays Arrhenius
behavior. By plotting the measured velocitiag) (as a func-
tion of temperaturéT), In(V) vs 1/T, the activation energy of
the collective and averaged defect mobility is determined to
be 377 kJ/mol of Fig. ). Defect motion inL thick regions
cannot be identified with diffusion of a specific micro-
domain. However, significant information on polymer chain
mobility and its temperature dependence in thin films is re- ©
flected on the relinking and joining processes of the micro- . ) .
domains which result in defect annihilation and propagationF-IG' 5. Examples of' topo_loglcgl defec_:ts_ which are commonly observe_d in
single layer thick cylinder-forming PS-b-PMMA films. The repeat spacing
Friedman and Porter have developed a semiempiricalf the cylinders is 50 nm, and the average corrugation of the alternating
mixing rule for mixtures of homopolymer samples which cylinders is 1 nm(A) A dislocation of pmma(B) a disclination pair(+1/
was used to fit the viscosity data for PS-b-PMMA block 2Pmma and(~1/2)ps, (C) a disclination pair:(+1/2pmma and(-1/
copolymer bulk sample¥=3° They obtained an activation 2)pmma, andD) a disclination pair(+1/2ps and(~1/2pmma.
energy of 122 kJ/mol for PS-b-PMMA bulk samples where

i 0, - . . . . .
the volume fraction of PS was 75% and the average mOIGC'“l:rystal analogy. Plus and minus disclinations with a strength

lar weight of the diblock was 91000 amu. In our indirect of 1 are commonly observed in diblock copolymer domains

measurement on PS-b-PMMA chain mobility, we observedue to the physical identity oh and —n. To distinguish
much slower mobility and about threefold higher activationdisclination cores consisting of the two components of the
energy in the ultrathin layer regions. This significant diﬁer'diblock, we hereafter label disclination cores consisting of
ence between thin film and pulk behavior likely comes fromeither PMMA and PS with “pmma” and “ps,” respectively,
the presence of the underlying substrate. as subscripts. Disclinations with opposite signs usually
emerge as pairs. Examples of dislocations and paired discli-
nation lines in this asymmetric diblock are shown in Fig. 5.

C. Topological defects in PS-b-PMMA thin films

Topological defects in polymer thin films exhibit con-
f.igu.rations Which are related to those commonly opseryed irb_ Topological defect transformations
liquid crystalline systems. Drawing on the extensive litera-
ture for such defects in liquid crystal$>36~*'we herein We now systematically investigate topological defect in-
extend such ideas to the examination of top0|ogica| defect?ractions and discuss transformation mechanisms within and
in polymer thin films. Defects in ultrathitsingle layer thick ~ between defect pairs. Such transformations can be grouped
polymer films are confined within a two-dimensional sur-into four categoriestl) interactions betweeft1/2 and—1/2
face. Therefore, distortions in such polymer thin films comedisclinations,(2) interactions betweenr and — dislocations,
from splay and bend distortions. These distortions limit the(3) interactions between disclination pairs, af#j interac-
degree of orientational order, while the translational order ofions between dislocations and disclinations. Topological in-
the microphase separated polymer remains fixed at 50 nmteractions categorized in this manner are frequently observed

Edge dislocations are frequenﬂy observed in diblock Cojn our AFM inveStigaﬁon, as summarized in Tables | and Il
polymer thin films. In liquid crystalline systems, these dislo-and related text.
cations are classified by analyzing changes in a director ro- ) o
tation around a dislocation cofeA director n is a vector 1 /nteractions between +1/2 and —1/2 disclinations
which represents the direction of the average molecular Interactions betweef1/2 and—1/2 disclinations can be
alignment. In an actual physical situation, the director exhibsubcategorized into two cases depending on the core types
its various discontinuities in inclination resulting in disclina- and signs of the interacting disclinations. These cases can
tions. Microdomains in diblock copolymer films, resulting produce “stable”(propagatingor “unstable” (annihilating
from the microphase separation of two polymer componentsets of defect pairs depending on their local environment.
of the diblock, can be viewed as alternating layers of poly- a. Annihilating disclinations. Two disclinations of the
mer segments in a two-dimensional surface. Edge dislocasame core type but with opposite signs will interact and an-
tions in polymer thin films can therefore be categorized achihilate when they propagate to the distance of one repeat
cording to their signs and strengths via this polymer—liquidspacing apart from each other, caftbsand[3] of Tables |
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TABLE I. Topological combining cases for allowed defect transformations.

A. Interactions betweenr-1/2 and —1/2 disclinations(4 cases

[1] (+2/2)pmmat(—1/2)pmma—no defect

[2] (+ 1/2)pmmat-(—1/2)ps—(+1/2)ps+(—1/2pmma
[3] (+1/2) pst(—1/2)ps—no defect

[4] (+1/2) pst(—1/2pmma—(+1/2pmmat(—1/2)ps

B. Interactions betweern- and — dislocations(4 cases

[5] (+Dislocationpmmat-(—dislocationpmma—no defect
[6] (+Dislocationpmmat(—Dislocationps—no defect
[7] (+Dislocationps+ (—dislocationps—no defect

[8] (+Dislocationps+ (—dislocationpmma—no defect

C. Interactions between disclination paif¢0 cases

[9K(+1/2pmmat(—1/2pmma+{(+1/2pmmat(—1/2)pmmag—no defect

[10] {(+1/2pmmat(—1/2pmmg-+{(+1/2pmmat(—1/2)ps« (+dislocationpmma or
{(+1/2)pmmat(—1/2)ps

[11] {(+2/2pmmat(—1/2pmma-+{(+ 1/2)ps+(—1/2)ps—no defect

[12] {(+1/2pmmat(—1/2pmmg+{(+1/2)ps+(—1/2) pmmag«(—dislocationpmma or
{(+1/2)pmmat-(—1/2)pst

[13] {(+1/2pmmat(—1/2)ps+{(+1/2) pmmat(—1/2)ps—no defect

[14] {(+1/2pmmat(—1/2)ps +{(+1/2)ps+(—1/2)pg«(+dislocationpmma or{(+ 1/2) pmma-(—1/2)ps

[15] {(+1/2pmmat(—1/2)ps +{(+1/2)ps+(—1/2)pmmag—no defect

[16] {(+1/2)ps+(—1/2)pg +{(+1/2)ps+(—1/2)ps—no defect

[17] {(+1/2)ps+(—1/2)ps +{(+1/2)ps+(—1/2pmmg«— (—dislocationpmma or{(+ 1/2)pmma+(—1/2)ps

[18] {(+1/2)ps+(—1/2pmma+{(+1/2)ps+(—1/2)pmmag—no defect

D. Interactions between dislocations and disclinatidhé cases

[19] (+1/2pmmat-(+dislocationpmma—(+1/2)ps
[20] (+1/2pmmat(—dislocationpmma—(+1/2)ps
[21] (+1/2pmmat(+dislocationps—(+1/2)ps
[22] (+1/2pmmat(—dislocationps—(+1/2)ps
[23] (—1/2pmmat(+dislocationpmma—(—1/2)ps
[24] (=1/2pmmat+ (—dislocationpmma—(—1/2)ps
[25] (—1/2)pmmat(+dislocationps—(—1/2)ps
[26] (—1/2pmmat+(—dislocationps—(—1/2)ps
[27] (+1/2)ps+(+dislocationpmma—(+1/2 pmma
[28] (+1/2)ps+(—dislocationpmma—(+1/2 pmma
[29] (+1/2)ps+(+dislocationps—(+1/2pmma
[30] (+1/2)ps+(—dislocationps—(+1/2pmma
[31] (—1/2)ps+(+dislocationpmma—(—1/2 pmma
[32] (—1/2)ps+(—dislocationpmma—(—1/2 pmma
[33] (—1/2)ps+(+dislocationps—(—1/2 pmma
[34] (=1/2)ps+(—dislocationps—(—1/2pmma

and Il. This annihilation interaction is represented in Equa-between ps and pmma, see casgdsand[4] of Tables | and
tion (1), where— indicates that the forward direction is fa- Il. Alternating +1/2 disclination cores between pmma and ps
vored in the thermal annealing experiment, allows further propagation of disclinations via the consump-
tion or creation of a dislocation. A disclinatiof+1/
2)pmma,ps can change inte-1/2)ps,pmma after an anneal-
This transformation process is not typically energetically fa-ing treatment through relinking of the disclination line with a
vorable, since the evolution of a disclination pair of the sameneighboring microdomain. This core change between pmma
type but of opposite signs has to generate dislocations tand ps produces a dislocation in the relinking process of the
propagate. Indeed, we rarely observed the two annihilatiomicrodomains. A similar process is observed betwee/
cases[1] and[3]; these cases were obsenauly when two  2)pmma,ps and—1/2)ps,pmma disclinations. The reverse
disclinations of the same type but of opposite signs were iprocess also occurs; when a dislocation is located one repeat
immediate proximity, i.e., were located one repeat spacingpacing apart from &+1/2) disclination of pmma or ps, the
away from each other. dislocation can interact with the disclination resulting in a
b. Propagating disclinations. When two disclinations “core type change” of the(+1/2) disclination to ps or
with opposite core types and signs are near each other, thnma. Interaction processes involving an alternation of
outcome of the interaction involving alternation of disclina- £1/2 disclination cores between pmma and ps are summa-
tion core type is frequently observed, i.e., the core type flipsized in Egs.(2) and(3), where« in these equations repre-

(+1/2) pmma,ps-(—1/2 pmma,ps—-No defect. (1)
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TABLE Il. Schematically presented combining cases for topological defect transformations.

A. Interactions between +1/2 and -1/2 Disclinations

B. Interactions between + and - Dislocations
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sents the reversible transformation of the disclination coregquations shown above. The interchange of defect core types

between annealing treatments,

(+1/2)ps,pmma- ( + dislocationpmma,ps

—(+1/2)pmma,ps, 2

(—1/2)ps,pmma- ( —dislocationpmma,ps
—(—1/2)pmma,ps. 3

The bias towards one process winning out over the other is
strongly dependent on the local environment, such as typég

becomes important when a paired disclinatior; 1{2)+
(—1/2), is interacting with another paired disclination.

The interaction of two disclinations of opposite core
types and signs, for example an interaction betwee/
2)pmma and(—1/2)ps, can be understood as a combination
process of Eq92) and(3). In this instance, two disclinations
of different types, but with opposite signs, interact and result
in their annihilation as well as formation of a dislocation via
the core change process. Figure 7 displays such propagating
teractions for a disclination pair of+1/2)ps and(—1/

and signs of neighboring defects. We observe many ex?PmMma. Equatior(4) is an example of a disclination pair
type, generating a dislocation, which in turn can be used tdlisclinations. These disclinations are stable, propagating de-
interact with a neighboring disclination. Figure 6 clearly dis- fects which cannot be removed from the microdomains with-
plays the interchange rules for the cores described by the twout interactions with other disclination pairs or dislocations,
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FIG. 6. AFM images taken before and after the polymer film is annealed fo
a further hour at 523 K where the repeat spacing of the cylinders is 50 n

I

FIG. 7. AFM images taken between repeated annealing treatments of a
further hour at 523 K showing an interaction described in ¢akenvolving

a disclination pair of +1/2)ps and(—1/2pmma. In each image, the repeat
spacing of the microdomains is 50 nts:1/2)ps and(—1/2)pmma disclina-

tions are marked as 1 and 2, respectively, in the schematic representations
which correspond to each AFM image. A series of images display how a
disclination pair of(+1/2)ps and(—1/2)pmma changes into a disclination
pair of (+1/2pmma, marked as 3, ar@1/2)ps, marked as 4.

(+1/2) pmma,ps-(—1/2)ps,pmma
—(+1/2)ps,pmma-(—1/2pmma,ps. 4

Figure 8A) displays images showing the evolution of two
disclinations, (+1/2pmma and(—1/2)ps. First, the(+1/
2)pmma changes its core type (6 1/2)ps with the help of a
nearby dislocation, producing+1/2)ps and(—1/2)ps. The
set of images in Fig. ) demonstrates annihilation of these
two disclinations,(+1/2)ps and(—1/2)ps.

2. Interactions between + and — dislocations

Interactions betweer- and — dislocations can be sub-
categorized depending on the types and signs of the interact-
ing dislocations.

a Two dislocations of the same type but having opposite
signs will interact and eventually annihilate when they
propagate to within the distance of one repeat spacing. This
interaction is schematically shown in cadég and [7] of
Tables | and I,

(+ Dislocation)pmma,ps- (— Dislocation pmma,ps
—No defect. (5)

Two dislocations of the same core type but with opposite
signs need to be one repeat spacing from each other for an-
nihilation to occur. A dislocation embedded in the middle of
highly aligned microdomains is harder to remove from the
film due to its relatively immobile nature, i.e., a high energy
cost is needed to reorient surrounding, stable polymer chains.
However, a dislocation near a disclination is highly mobile,

m.

(A) A dislocation(marked as 1 in the schematic representation of the cor-and plays a crucial role in defect annihilation and propaga-

responding AFM imageinteracts with & +1/2)pmma disclinationimarked
as 2 to produce &+1/2)ps disclination(marked as B see cas¢20]; (B) a
dislocation(marked as Linteracts with a+1/2)ps disclination(marked as
2) to produce &+1/2)pmma disclinatio(marked as B see cas¢28]; and
(C) a (—1/2)pmma disclination(marked as Rinteracts with a dislocation
(marked as fLturns into a—1/2)ps disclinationmarked as B see casg24].

tion.

b When two dislocations with opposite core types and
signs are near each other, their configurations can be associ-
ated with a disclination of one sign and a dislocation of
opposite sign. The combining rules for this case are de-
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scribed in the previous paragraph regarding the alternation afefects. Ideal cases of isolated defect interactions with no
disclination core types. The outcome of “core flip” pro- effects from other nearby defect pairs are rare, partly because
cesses of the two dislocations with opposite core types andefects tend to segregate and cluétérhis is especially true

signs is annihilation as given by cagé$ and[8] of Tables | in film regions near the interfaces between two neighboring

and II. domains. Finding isolated interacting defect pairs is therefore
difficult. However, general insights on multiple disclination

3. Interactions between disclination pairs pair interactions can be extracted by analyzing local micro-

Interactions between multiple disclination pairs are com-domain structural changes. The followings are some ex-
plicated, and depend strongly on the local distribution ofamples of such disclination pair interactions.

a. Annihilating disclination pairs:
{(+1/2) pmma,ps-(—1/2)ps,pmma+{(+ 1/2)ps,pmma- (—1/2)pmma,p$— No defect. (6)

In this case(+1/2pmma,ps of the first disclination pair annihilates withl/2) pmma,ps of the second disclination pair while
(—1/2)ps, pmma of the first pair annihilates with-1/2)ps,pmma of the second pair, see cd4¢€g8 and[18] of Tables | and
Il

b. Propagating disclination pairs:

{(+1/2) pmma,ps-(—1/2pmma,ps+{(+ 1/2)ps,pmma-(—1/2)pmma,p$—,

will be involved
in core flip

{(+1/2 pmma,ps-(—1/2pmma,ps+{(+ 1/2)pmma,ps- (+ Dislocationpmma,ps-(—1/2 pmma,ps-

the outcome of a core flip

(+dislocationpmma,ps. (7)

In this instance(+1/2)pmma,ps of the first disclination pair both dislocations and disclinations has been extensively dis-
can annihilate witi—1/2)pmma,ps of the second pair. How- cussed in the previous paragraphs concerning cases A, B,
ever,(—1/2pmma,ps of the first pair undergoes a core flip-and C. The outcomes of all possible interactions between
ping process where the outcomes drel/2)pmma,ps -+ dislocations and disclinations are given by cadé%-34 of
(+dislocationpmma,ps. This resulting+1/2)ps,pmma anni- Tables | and II.
hilates with (—1/2pmma,ps while(+dislocationpmma,ps
propagates, see cadd®| and[20] of Tables | and II.
Other cases of permutated defect pair interactions can be Topological defect interactions are driven by the stress
predicted similarly using the combining examples shown adields associated with the extension or compression of poly-
cased9-1§ given in Tables | and Il. Figure(8) shows a mer chains around disclinations or dislocations. We have ob-
series of images which display interaction processes for mulserved an intermediate “necking” process that may originate
tiple disclination pairs after repeated annealing treatmentdrom high stress fields around defects in the cylindrical do-
This sequence of AFM images is presented to demonstrat@ains. Figure 1A) displays a series of AFM images show-
specific defect interaction processes such as “core flip” andng the “necking” of a cylindrical domain in the vicinity of
annihilation where each step can be explained with correa defect, and the subsequent relaxation process to a reconfig-
sponding mathematical rules, see figure captions. Defect indred cylindrical domain after further annealing of the thin
teractions involving attraction between disclinations of oppo-film. This process involves a series of steps; an existing cyl-
site sign are seen in the series of images shown in F®). 9 inder balls up to first disconnect from the surrounding micro-
We observe, in many cases, that the core ¢fadisclina- domain, then relinks, and finally relaxes to a modified cylin-
tion readily moves via constant connecting and disconnectdrical domain with a new configuration. This postulated
ing of nearby microdomains, while the core of-a) discli-  relinking mechanism is shown schematically in Fig(B)0
nation is less mobile. This faster mobility of—) In situ variable temperature AFM measurements are needed
disclinations has been previously observed in #1682 dis-  to unravel the precise dynamics for this process.
clination mobilities of a polyester nematic phé4se.

E. Relinking of microdomains

IV. CONCLUSION

4. Interactions between dislocations and disclinations In this paper we have presented a comprehensive view

Dislocations play a crucial role in the interactions of of the topological changes and mobility kinetics for cylinder-
disclinations. This inseparable interaction process involvingorming PS-b-PMMA diblock copolymer thin films. Using
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(B)

FIG. 9. (A) A series of AFM images taken between sequential 1 hour
annealing treatments at 523 K which shows the evolution of three disclina-
tion pairs. Each pair is marked as A, B, and C in the first AFM image. Pairs
A, B and C contain ¢1/2pst(—1/2pmma, (H1/2pmmat
(—=1/2pmma and ¢ 1/2pmmat (—1/2pmma, respectively. Through in-
teraction steps 2 and 3, pair A undergoes a ‘“core type change” following
case[4], leaving (+ 1/2pmmat (—1/2)ps. The annihilation interaction of
pairs B and C is completed after step 2, ci@k Step 3 shows that pair A
converts back to its original configuration via another core change process,
case[4]. (B) Many examples, such as displayed in this figure, show that a
minus disclination moves readily by relinking microdomains towards a plus
disclination which is less mobile. In each image, the repeat spacing of the

FIG. 8. (A) AFM images taken between repedite h amealing treatments ~ Microdomains is 50 nm.
at 523 K showing an interaction involving a disclination pair(ef1/2)ps
and(—1/2 pmma. In this case, the disclination @f 1/2)ps, which is marked

as 1 in the schematic representation, interacts with a nearby dislocatio . .
(marked as Pto change the core type te-1/2)pmma marked as 3, see case Sgery foIIowmg each anneallng CyCIe has allowed us to as

[27). This core change allows annihilation betweerl/2pmma and —1/ sess the likelihood of a given outcome, such as the
2)pmma when the two disclinations propagate to the distance of one repeatnnihilation and/or propagation of defect pairs, depending on

spacing apart from each other as shown(. (B) Annihilation of two  the |ocal structure of the microphase-separggt defect
disclination pairs, i.e., 4 disclinations, where each pair consisté+df . . L .
2)pmma and(—1/2)pmma disclinations, see ca$@]. In each image, the Contam”_]g environment. In e.ssence., a d!SCIIna}tlon C_an
repeat spacing of the microdomains is 50 nm. change its core type by generating a dislocation. Dislocations
play a crucial role in disclination propagation and annihila-
tion. Two disclinations of the same core type, but with op-
atomic force microscopy, we have sequentially imaged indiposite signs, can annihilate while two disclinations of oppo-
vidual domains and defects as a function of thermal anneakite core types and signs propagate. Interactions between
ing conditions. These time-resolved studies have revealepairs of paired disclinations have also been investigated.
fascinating aspects of the dynamics for these systems, sudihese events involve the reconfiguration of polymer chains
as the structural transformations that occur as multilayershrough relinking or joining.
evolve. We have also observed a collective, Arrhenius-type Finally, we have captured time-sequenced images taken
flow of the defects in localized-thick regions of the film.  after ex situ annealing treatments which give us a first
A major focus of this paper has been to examine theglimpse of the intermediate “transition state” which medi-
dynamics of defect—defect interactions. We have delineatedtes transformations from one defect environment to another.
the dominant pathways by which-1/2) disclinations and This process apparently involves “necking” in the vicinity
dislocations interact, annihilate, and topologically evolveof extant defect structures, driven by localized stress fields,
during thermal annealing. Mathematical combining equawhich govern the downhill energy path of the system.
tions are presented which classify such defect interactions, Itis our belief that we are approaching a point where one
and which explain the topological changes which result fromshould be able to accurately predict the dynamical evolution
defect—defect encounters. For example, we have monitoreaf microphase-separating ultrathin polymeric structures
interactions within and between disclination pairs, and giverwhen subjected to thermal annealing. An understanding of
the combining mechanisms which present the possible topdepological defect evolution, when coupled with knowledge
logical outcomes for such events. Time-sequenced AFM imeof the kinetics for polymer flow in contact with supporting

Downloaded 14 Sep 2004 to 143.106.6.126. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



4740 J. Chem. Phys., Vol. 114, No. 10, 8 March 2001

®)

FIG. 10. (A) Time lapse AFM images, 300 n#B00 nm, showing the mor-
phology changes ik thick domains between sequential annealing treat-
ments(523 K, 1 h. PMMA (bright) microdomains in each image are num-
bered to easily identify them as they undergo “necking” where cylindrical
domains in the vicinity of a defect form round, ball-like fragments in order
to disconnect from the original microdomain and relink with neighboring
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