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ABSTRACT: Monolayer arrays of polystyrene—poly(2-vinylpyridine) diblock copolymer cylinders with
excellent orientational order and a very low density of dislocations are prepared by cooling slowly from
above the bulk order—disorder temperature (ODT) ~212 °C within silicon oxide channels one cylinder
spacing a in depth and 2 ym in width. The translational order of this array, however, is short range with
a correlation length of ~12a. If such an array is heated to a temperature above the glass transition
temperature of the block copolymer (100 °C) but well below the ODT, a finite density of thermally generated
dislocations is observed, which leads to a decrease in the translational correlation length and an
appearance of quasi-long-range orientational order such that the orientational correlation function gs(r)
decays as a power law, i.e., g2(r) ~ (r/a)™2D), The state of disorder at any given temperature appears to
be an equilibrium one since cylinder arrays with similar dislocation densities and correlation functions
can be obtained either by heating from the well-ordered state or by cooling slowly directly to the final
temperature and holding at that temperature for a sufficient time. Above a temperature of 195 °C, the
orientational order becomes short range (g2(r) decaying exponentially with r), and a large density of
disclinations is observed in addition to the dislocations. The cylinder array becomes isotropic above this
temperature, which is ~20 °C below the bulk ODT. These results are in qualitative agreement with the
theory of Toner and Nelson! which describes the thermal generation of disorder and ultimate melting of

a two-dimensional smectic.

Introduction

The 10—100 nm length scale of the self-assembling
structures formed in block copolymers has driven recent
interest in using these materials in inexpensive, large-
area, “bottom-up” device fabrication.?? Thin copolymer
films have been demonstrated to serve effectively as
nanoscale templates for patterned magnetic and elec-
tronic devices.*® An obstacle in realizing the full
potential of this method has been the lack of tools for
gaining control over the long-range ordering and ori-
entation in the copolymer domains. Exerting this control
requires (a) introducing a preferred grain orientation
and (b) minimizing “lattice” defects. In the case of block
copolymer cylinders lying in the film plane, the system
studied here, varying degrees of success in these efforts
have been achieved by the use of applied electric
fields,”8 directional crystallization,® and the application
of shear.!? In the present work, we employ graphoepi-
taxy,!l a combined top-down/bottom-up approach in
which shallow channels prepatterned into the substrate
guide the copolymer alignment, an approach first used
for cylinders by Sundrani and Sibener.'2~1* Harrison et
al. have also shown that the edges of long block
copolymer islands will also guide cylinder alignment,
and these authors have investigated the order as a
function of distance from these island edges.1?

En route to achieving this control over copolymer
orientation and defect structures, the often very slow
kinetics by which this ordering is achieved must also
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be carefully considered. Harrison et al. at Princeton
have produced several thorough studies of the dynamics
of coarsening in block copolymer cylinder monolayers
quenched from the disordered (as deposited) state,
determining that defect motion and annihilation are of
paramount importance.!®17 Figure 1 summarizes the
types of topological defects observed in these systems:
dislocations (Figure 1a) and disclinations (Figure 1b).

The topological barriers to coarsening presented by
disclinations, in particular, were emphasized. At tem-
peratures high enough above the copolymer glass tran-
sition (yet still strongly segregated) the cylinder orien-
tational correlation length, &5, was shown to grow as &g
~ t4, Significantly, the same power-law exponent of 1/,
was also observed in the growth of the average spacing
between disclinations (measured as the inverse square
root of the disclination density).

Further work by the same group showed that ex-
tremely long orientational correlation lengths could be
achieved by sweeping a thermal gradient over the
sample, provided that the gradient starts above the
copolymer order—disorder transition (ODT) and ends
well below it.18 However, no correlation was found
between the direction of the temperature gradient and
the cylinder orientation. In this work, we take a
somewhat similar approach, uniformly heating our films
to the disordered state and then slowly cooling the
sample into the ordered regime. We show that the
combination of this simple thermal treatment and the
use of prepatterned substrates allows for the rapid
creation of highly ordered cylinder arrays.

The reader may wonder, as we did, whether even
faster ordering of the monolayer might be achieved by
annealing at temperatures just below the order—
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Figure 1. Defect structure schematics in which cylinder cores
are represented by the black lines. (a) An elementary disloca-
tion. The Burgers vector b is indicated by the blue arrow. (b)
A pair of oppositely charged disclinations, each characterized
by winding number s = ;. The s = —1/5 disclination is
indicated by the orange dot and the s = +'/; disclination by
the green dot. Note that a dislocation is composed of a tightly
bound pair of disclinations of opposite sign. (¢) The disclination
pair shown in (b) can be thought of as causing a long-range
strain field equivalent to that which would be introduced by a
single dislocation with Burgers vector equal to that of three
elementary dislocations. (d) As the oppositely signed discli-
nations become further separated, the disorientation resulting
from these defects increases.

disorder transition temperature (ODT) and then quench-
ing, rather than by slowly cooling. Our results show
conclusively, however, that the monolayer order that
can be achieved after long isothermal anneals is a
steadily and strongly decreasing function of increasing
temperature. The disorder results primarily from an
equilibrium density of dislocations and, at higher tem-
peratures, disclinations in the monolayer of cylinders,
rather than from kinetic limitations. Remarkably, these
results correspond closely to those predicted by Toner
and Nelson more than 20 years ago.! The theory
describes the melting of a two-dimensional smectic
liquid crystal. While 2D smecticlike patterns have been
shown to arise in a diverse set of systems, including,
for example, ferrimagnetic domains in thin garnet films
and Rayleigh—Benard convective rolls, our quasi-2D
block copolymer monolayers provide an excellent model
system for testing the theory. Figure 2a shows a 2D
smectic in the x—z plane in which a mass density wave
persists in the z direction. Figure 2c presents a simple
theoretical phase diagram for such a 2D smectic system.
True smectic ordering is predicted to be possible only
at T'= 0, above which phonons are sufficient to destroy
long-range translational order. This creates a “nematic”
phase, where in the present case the local cylinder
normal in the plane of the monolayer plays the role of
nematic director, as shown in Figure 2b. Additionally,
a finite density of thermally generated dislocations is
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Figure 2. (a) Schematic representation of molecular (nem-
atogen) arrangement within a two-dimensional smectic, which
can be described as a mass density wave in the z direction.
Only liquidlike correlations exist within each individual layer,
i.e., in the x direction. (b) Schematic drawing of cylinders in
the nematic phase, showing the local layer normal, 7(r), and
layer orientation, O(r). Note that the position vector r = (x,2).
(c) A simple phase diagram applicable to 2D smectic systems.
In layered materials, the apparent lower critical dimensional-
ity is d = 3. Thus, in d = 2, phonons are sufficient to destroy
layered (translational) order, pushing the smectic—nematic
transition down to 7' = 0 K.! The nematic phase, which arises
because of these fluctuations as well as the presence of
dislocations, is characterized by long- or quasi-long-range order
in the orientations of the layer normals. Upon heating through
Txi, this orientational order is lost due to a disclination
unbinding process, producing an isotropic phase.

predicted by Toner and Nelson to be present above T' =
0. Since in 2D isolated dislocations are point defects,
they are predicted to occur with density

np~a, > exp(—Ep/kpT) 1)

where a. is the dislocation core radius and Ep is the
energy required to create a dislocation.! In such a
layered system the strain field of a dislocation decays
exponentially with distance from the core, giving rise
to a finite value of Ep even in an infinite 2D plane.1®
Upon further heating, Toner and Nelson predict the
2D system to undergo a disclination unbinding process
at some temperature T'xi, producing an isotropic phase
in which both translational and orientational order are
short range; i.e., the respective correlation functions
decay exponentially with distance. During this nematic-
to-isotropic phase transition, the tightly bound discli-
nation pairs that make up individual dislocations
become separated by a distance of one or more repeat
spacings, creating disclinations as they are more com-
monly envisioned (Figure 1b,d). In this work, we show
that the laterally confined cylinders studied here follow
this phase diagram as the annealing temperature is
increased, as determined from equilibrium densities of
dislocations and disclinations as well as by quantitative
measures of translational and orientational order. Equi-
librium properties are investigated by comparing results
of annealing initially well-ordered samples at a given
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temperature with those obtained from samples cooled
from the disordered state and annealed at the same
temperature. While this paper was in preparation we
learned that the group at Princeton have observed
defect-controlled melting of initially well-ordered 2D
arrays of block copolymer cylinders that are qualita-
tively similar to those that we report below.20 Signifi-
cantly, however, the nematic—isotropic transition that
we observe occurs ~20 °C below the bulk (3D) order—
disorder transition for our block copolymer as measured
by small-angle X-ray scattering.

Experimental Section

Diblock Copolymer. Polystyrene-b-poly(2-vinylpyridine)
(PS—PVP) with overall molecular weight M,, = 26 000, poly-
dispersity index 1.07, and mole fraction of PVP mers fpyp =
0.25 was synthesized via anionic polymerization. 2-Vinylpy-
ridine (Aldrich) was dried over calcium hydride and vacuum-
distilled. Residual traces of water and alcohols were removed
by the addition of a small amount of triethylaluminum
(Aldrich) and distillation under a reduced pressure of purified
nitrogen gas. The 2-vinylpyridine monomer was stored under
dry nitrogen until use. THF was dried in a column packed with
activated alumina and collected in a dried flask. A small
amount of styrene monomer (Aldrich) was added to the flask,
followed by excess sec-butyllithium (Aldrich). The orange color
of the living styrene ion ensured that the solution was
completely dry at that point, after which the THF was vacuum-
distilled into a dried flask for the polymerization. The styrene
monomer used in the polymerization was purified by addition
of dibutylmagnesium (Aldrich) followed by vacuum distillation
directly into the reaction flask containing the THF. After the
styrene polymerization (initiated by sec-butyllithium), a small
aliquot was removed for determination of the PS block mo-
lecular weight by gel permeation chromatography, and the
2-vinylpyridine monomer was introduced. The volume fraction
of the PVP block was measured by elemental analysis, and
the total molecular weight was calculated. In bulk, this
copolymer orders into hexagonally packed cylindrical PVP core
domains in a PS matrix, with a nearest-neighbor spacing of
22 nm.

Small-Angle X-ray Scattering. SAXS patterns were ob-
tained at the Materials Research Laboratory X-ray facility at
UCSB from a 0.8 mm thick compression-molded PS—PVP
sample. The sample was molded within a copper washer, to
one side of which had been attached a Kapton sheet using
high-temperature compatible, solventless epoxy (Duralco 4701,
Cotronics Corp.). The copolymer was then sealed in place using
another Kapton sheet and the same epoxy. Care was taken to
prevent epoxy from coming into contact with the copolymer
sample or fouling the Kapton windows. This procedure ensured
that no copolymer material was lost as the sample was heated.
The sealed sample was put into an Instec heat stage, and the
entire assembly was placed in the beam path for in-situ
temperature-dependent measurements. The temperature was
varied from 190 to 236 °C, and data from both heating and
cooling were collected to check for reversibility. The sample
temperature was held constant for 15 min at a given temper-
ature to allow equilibration before turning on the X-ray beam,
followed by 45 min of data collection. A fine focus (0.2 mm)
Rigaku rotating anode generator provided copper Ko radiation
(1.54 A), the beam spot size of which was ~1 mm?2. A Bruker
HI-STAR multiwire area detector, located 1.5 m from the
sample, was used to record the scattering patterns.

Substrate Fabrication. Silicon oxide layers 20 nm thick
were deposited onto native-oxide covered silicon wafers by
plasma-enhanced chemical vapor deposition. A series of long
(500 um) channels were created in this layer by standard
photolithography and etching in an inductively coupled CHF'3
plasma. The channels were etched down to the Si/SiOg
interface, and the native oxide was allowed to regrow, resulting
in a 20 nm channel depth. The plateaus separating the
channels were universally ~1 um, and although channels of
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varying width (1—10 um) were created, we present here only
results from 2 ym wide channels. Photoresist and etch residues
were removed with thorough photoresist stripper treatment,
followed by rigorous cleaning in 80 °C “piranha” etchant.

Film Deposition and Thermal Treatment. PS—PVP thin
films were deposited via spin-coating from dilute (~1%) toluene
solution. All thermal treatments were carried out in a high-
vacuum furnace operating at base pressures <107¢ mbar.
Samples were quenched to below the glass transition temper-
ature of both blocks of the copolymer (T, = 100 °C) by quickly
backfilling the vacuum chamber with high-purity nitrogen gas
and placing the small (~0.25 ¢cm?) samples on an aluminum
block at room temperature, a procedure that took ~10 s.
Specifics of the various thermal treatments (ramp rates, soak
temperatures, and soak times) are detailed later in the text.

The wetting conditions in this system are such that the PVP
is strongly attracted to the silicon oxide interfaces, creating a
uniform brush layer upon which subsequent layers of cylinders
sit, while PS wets the vacuum interface. Thus, upon annealing
above T, islands or holes?!~2 form in films where the initial
thickness, h, does not satisfy the condition

h=na+p (2)

where n is an integer, a is the thickness of one cylinder layer
(approximately equal to the (10) plane spacing in bulk, 19 nm),
and f is the brush thickness. We cast our films at a thickness
less than a + f such that holes form in the cylinder monolayer
in areas with no substrate topology. In the patterned regions,
however, the holes in the channels act as sinks for excess
material, and copolymer material from the mesas flows into
the channels.?* Films were spun-cast with thickness such that,
after annealing, the channels contained a full monolayer and
the mesas were covered only by the brush.

Copolymer Microstructure Imaging and Image Pro-
cessing. The top surface of the film is smooth on a nanometer
height scale. Thus, to reveal the cylinder ordering, the films
were etched down to the PVP cylinder core midplane using
the Og" ion beam of a Physical Electronics 6650 dynamic
secondary ion mass spectrometer (dSIMS). The primary beam,
operated at 1 kV beam voltage and 20 nA beam current, was
rastered over an 0.16 mm? area. A defocused, static 500 eV
electron beam was concurrently directed at the beam crater
in order to maintain charge neutrality. Etch depth was
controlled by monitoring secondary ion counts of CN~, which
serves as a proxy for PVP volume fraction. The etch was
stopped just past the first maximum in CN~ ion counts. The
PVP cores etch slightly faster than their PS matrix, giving
rise to a 1—2 nm height contrast that was subsequently imaged
using a Digital Instruments MultiMode scanning force micro-
scope operated in tapping mode. Unfortunately, the destructive
nature of this sample imaging technique prevents further
annealing of a given sample.

The stretching or compression of SFM images in the slow
scan direction has been documented.?” In the case of the
randomly oriented 2D cylinder arrays we observed at higher
temperatures, this effect was observed in the Fourier trans-
forms of the images; what should be an isotropic, circular
Fourier transform was found to be elliptical. All such images
were digitally stretched or compressed to recover this isotropy.
In the case of images showing aligned cylinders, no such
correction was possible (or necessary, for that matter, since
the cylinder axes were deliberately aligned with the slow scan
axis).

Defect Counting. Although automated defect detection is
possible,’” and was implemented, it was found that the
reliability of the results of this process greatly depended on
the quality of the image used as input. Specifically, image
noise, even after Fourier filtering, often introduced an unac-
ceptable number of “false positives”. Manual defect counting,
though laborious, proved to be more reliable for the images
we were able to obtain. To facilitate this process, images (1
um?, from the center portion of the channel) were imported
into Adobe Illustrator, the cylinder cores were carefully traced,
and the original image was removed. The defects in these
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tracings were easily classified as either dislocation, +1/5
disclination, or —%; disclination and counted. Since we deter-
mined that the densities of +/; and —; disclinations in any
sample were approximately equal as expected, we report
hereafter only the +'/; disclination density.

Orientational Correlation Function Calculation. Ori-
entational correlation functions were calculated using 1 um
wide x 2 um tall SFM images, taken from the center portion
of the channel. Because of some combination of nonuniformity
in the etching process and instrumental difficulties imaging
these samples with SFM, even the best images contain some
long wavelength background and significant amounts of short
wavelength noise. Before automated determination of the
cylinder normals, the images were therefore subjected to
careful Fourier filtering,?® followed by gray scale thresholding
and low-pass filtering. The orientation field 6(r) of these
normals was then determined by measuring the local gray
scale intensity gradient, following the work of Harrison et al.'”
(The orientation angles were defined with respect to the image
horizontal axis, although any arbitrarily chosen direction
would yield identical results.) The orientational order param-
eter field yq(r) was subsequently calculated according to

Po(r) = expl2i6(r)] (3)

The factor of 2 is included in the exponential to reflect the
2-fold symmetry of the system.

From this order parameter field, the orientational correla-
tion function

ga(r) = [y™(0) yo(r)0 (4)

was calculated, where the angular brackets imply an averaging
over all pairs of points. (Note the subtle change in notation,
as “r” refers here to the vector separating each pair of points
being correlated, rather than the position vector (x,z) in the
order parameter field.) While averages of ga(r) for specific
directions of r are possible to obtain, we simply present below
the azimuthal average of this function, ga(r).

Translational Correlation Function Calculation. The
most suitable input for the calculation of translational cor-
relation functions turned out to be the cylinder tracings
produced for counting defects, as just described. The transla-
tional order parameter is

Ye(r) = expliG-r] (5)

where G is the dominant wave vector determined from the
Fourier transform of a given image. The order parameter was
then correlated in the usual way:

8a(r) = Wg*(0) ye(r) (6)

where again we have changed notation such that r refers here
to the vector separating the points being correlated, and the
results azimuthally averaged to give gg(r).

Computer Simulation Methods. We employ self-consis-
tent-field theory (SCFT), a type of mean-field theory,?6=2° to
model the temperature-dependent compressional modulus B(T)
of the cylinder-forming diblock copolymer monolayers consid-
ered in this work. This theory, which has been able to
successfully encapsulate important features of the equilibrium
behavior of block copolymer melts, reduces the problem of
calculating the partition function for an entire system of
interacting chains to that of finding a constrained partition
function ¢(r,s) for a single chain segment beginning at point r
of polymerization index sN in a spatially fluctuating inhomo-
geneous chemical potential field. In a diblock copolymer with
a volume fraction f of A blocks, q(r,s) satisfies the modified
diffusion equation

aq(r,s)

P R V?q(x,s) — w(r) q(r,s) (7)
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subject to the initial condition ¢(r,0) = 1, where i = A for s <
f,i =B fors > f, and R, is the unperturbed radius of gyration.
The local reduced density operators pa(r) and pg(r) may be
calculated via

pa) = 5 15 a9 q'r)

pp(®) = % j}: 'ds q(r,s) q'(r,s) (8)

where g'(r,s) is the solution to (7) subject to ¢'(r,1) = 1. @ is
the single-chain partition function whose relationship to q(r,s)
is given by

Q=1 [drq0r) (9)

At a saddle point these fields must satisfy

wy = xNpar) + &) (10)

wg = ¥Npg(r) + &(r) (11)

pA(®) + pp(r) =1 (12)
__Vie

palr) = Q ow, (13)
__Vie

pp(r) = Q wg (14)

where &(r) is a pressure field chosen to satisfy (12). At a saddle
point the single chain free energy F may be calculated as

F _1
BT V. dr (xNp,(r) pp(r) — wyps(r) — wepp) — In @

(15)

The modified diffusion equation was solved using the
combined real-space/Fourier-space, or “pseudospectral”, algo-
rithm as described in detail elsewhere3®

q(r’ s+ AS) ~ e*W;(I‘)AS/?(7-*1(e*Angzkz(ffr(e*w;(P)AS/zq(r’s)))
(16)

where 7 denotes the Fourier transform. Saddle-point (mean-
field) configurations were calculated using an iterative semi-
implicit relaxation scheme devised by Ceniceros and Fredrick-
son.3!

Here the PS—PVP monolayer is represented as a confor-
mationally symmetric /' = 0.25 AB linear diblock copolymer.
The linear array of cylinders in the plane of the substrate is
essentially equivalent to a 2D periodic array of cylinders
situated on a square lattice with p4m plane group symmetry;
we neglect the effects the polymer/substrate and polymer/air
interfaces that are encountered in the experimental case,
which to a good approximation serve only to shift the free
energy by a constant. The free energy of a single unit cell of
such an arrangement was calculated to within 10-8kgT using
(7)—(16) with a 96 x 96 grid and a value of As = 0.006 in (10),
where the initial chemical potential fields wa and wg were
constructed using the first harmonic of the p4m plane group.
Iterative adjustment of wa, wp, and the length scale of the
simulation volume allows the simultaneous satisfaction of (4)—
(8) and the requirement of vanishing internal stress, which
may be calculated pseudospectrally according to

2k TR,? _
0; = (%)fdrj;ds q(r,s)ViVth(r,s) a7

Calculations conducted in this manner yield a minimal free
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Figure 3. Results from azimuthally averaged SAXS patterns
obtained from the PS—PVP sample as a function of temper-
ature. Data from the heating cycle are on the left and from
the cooling cycle are shown at right. At 210 °C and below, the
/3¢* peak (indicated by arrows) indicates relatively good
hexagonal ordering in the cylinders. Above 210 °C, the +/3¢*
peak disappears and the g* peak broadens significantly.

energy F* with respect to the constraint of p4m symmetry at
some preferred cell size d. = d, = d*.

The compressional modulus B(T) is related to the change
in free energy OF arising from a uniaxial extension ¢ from the
initial p4m state. For small extensions, a linear stress—strain
relationship may be anticipated so that the appropriate
expression for OF becomes

OF 1 Vo
&= §(B(T)ﬁ,)e (18)

and B(T) may be evaluated via

RT &(OF)
B(I) =5~

(19)

o€

where V is the molar volume. The function 0F(¢) may be
evaluated within the SCFT by varying the shape of the
simulation cell, i.e., changing d. at fixed d, = d*. Tyler and
Morse have made similar calculations regarding the linear
elasticity of bulk cubic block copolymer phases in a recent
publication.??

Results and Discussion

Temperature Dependence of Ordering in Bulk.
Before presenting results from the 2D studies, we
present results from 3D samples of the same copolymer
to establish a useful basis for comparison. Figure 3
displays azimuthally averaged SAXS scattering pat-
terns of our PS—PVP block copolymer, obtained during
both heating and cooling. Scattering data from succes-
sive temperature steps are offset by one decade from
each other for easy visualization. Qualitatively, at
temperatures below 215 °C, relatively sharp ¢* and
V/3q* peaks are visible, indicating a reasonably well-
ordered hexagonally packed cylinder structure. At 215
°C and above, the \/%q* peak disappears and the g*
peak broadens significantly, signaling the disappear-
ance of the hexagonal structure. In Figure 4, the square
of the ¢* peak half-width is plotted against 7. Values
of the product y(T)N, where N is the degree of polym-
erization of the diblock copolymer and y(7) = —0.033 +
63/T is the Flory—Huggins segment—segment interac-
tion parameter for PS—PVP,?3 are plotted on the top
axis. Data points from both heating and cooling fall on
the same lines, indicating that the sample was suf-
ficiently equilibrated at each temperature step and that
the entire process is reversible. A large discontinuous
jump in 6%(q*) occurs between 210 and 215 °C, providing
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Figure 4. Summary of SAXS data showing the temperature
dependence of the square of the ¢* peak width. The discon-
tinuous jump in o(g*)? between 210 and 215 °C indicates the
ODT. Additionally, the coincidence of heating (filled squares)
and cooling (open circles) data onto the same lines indicates
that the ordering/disordering process occurred reversibly.

a clear indication of the order—disorder transition (ODT)
at ~212.5 + 2.5 °C.

Laterally Confined Monolayer Film Results. a.
Films Annealed above the Bulk ODT. In the later-
ally confined monolayer films, samples annealed above
the bulk ODT show highly disorganized cylinder order,
regardless of the presence of the confining channel
walls, as shown in Figure 5a, an SFM micrograph of a
sample annealed for 1 h at 215 °C. One edge of the
channel is visible on the left side of the image. The film
exhibits a dislocation density of ~70 um™2 and a
comparable disclination density. Figure 6 (star symbols)
shows the azimuthally averaged orientational correla-
tion function from the sample. The x-axis has been
normalized by the cylinder repeat spacing, a = 22 nm.
Fitting to go(r) = exp(—r/&s) yields the orientational
correlation length & = 37 nm or &y/a = 1.7. At this
temperature and above, this pattern does not coarsen,
and the densities of dislocation and disclinations do not
decrease, after longer annealing time.

b. Films Slowly Cooled from above the Bulk
ODT and Then Quenched. A set of samples was
prepared by heating them above 215 °C, subsequently
cooling slowly (~1 °C/min), and quenching each sample
at a given temperature on this cooling trajectory. In
these samples, increasingly better order was found as
the slow cooling was allowed to proceed further, as can
be seen for example in Figure 5b, from a sample
quenched at 150 °C. Note that there are no disclinations
in the image, and the sample exhibits a high degree of
orientational order. The dislocation density in this
sample is ~8 um 2. Figure 6 displays go(r) for this
sample (squares) as well as one quenched at 185 °C, in
which ngisiocations ~ 22 /411172 and Ngisclinations ~ 4 ﬂm72
(circles). Qualitatively different behavior in the orien-
tational correlation functions for these latter two samples
relative to that of the sample quenched from 215 °C is
observed. The orientational correlation function go(r) can
no longer be fit to a simple exponential decay.

c. Films Subjected to Thermal Treatments De-
signed To Yield Equilibrium Structures. To probe
the equilibrium behavior of the system, two sets of
complementary samples were produced. The first set,
referred to here as the “cooling experiments”, was
heated above the bulk ODT, slowly cooled (~1 °C/min)
to a given temperature, annealed at that temperature
for 4 h, and quenched. The second set of samples
(“heating experiments”) were preordered by heating
above the bulk ODT and slowly cooling to 100 °C (the
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Figure 5. (a) SFM image (2.25 um?) of a sample annealed at
215 °C for 1 h showing highly disorganized cylinders. One edge
of the confining well is visible on the left. (b) Similar image;
however, after the 1 h anneal at 215 °C, the sample was cooled
(1 °C /min) to 150 °C and quenched. After this cooling step,
the cylinders have adopted the orientation of the wall (visible
at left).

glass transition temperature of the PS—PVP block
copolymer) over the course of 12 h. They were each then
heated to a given temperature, annealed for 4 h, and
quenched. Figure 7 summarizes these annealing pro-
tocols. As will be shown, results from the cooling and
heating experiments were consistent, implying that the
degree of ordering, defect density, etc., obtained at each
temperature approach the equilibrium properties of the
system at that temperature.

Figure 8 displays several representative 1 um? square
images taken in the center of the channel of films from
the heating experiments, beginning with a sample
imaged after the preannealing treatment (Figure 8a).
For practical purposes of plotting the properties of this
sample, we label it as “100 °C”, the PS—PVP T,. This
sample shows superb orientational ordering and no
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Figure 6. Azimuthally averaged orientational correlation
function results for laterally confined cylinder monolayers
annealed above 215 °C, cooled (~1 °C/min) to the indicated
temperatures, and immediately quenched.
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Figure 7. Details of thermal annealing protocols for cooling
(left) and heating (right) sample sets. Note that after the long
“preordering” annealing phase in the heating sample set these
samples were heated from the well-ordered state.

defects within the field of view. All other samples in the
heating experiment presumably began in this highly
ordered state. After reannealing at 180 °C (Figure 8b),
a high degree of orientational order is maintained,
although a significant number of dislocations are present.
Upon further increases in temperature, a finite density
(~30 um~2) of unbound disclinations begin to cause the
first significant disorientations (190 °C, Figure 8c), until
finally the cylinder array becomes highly disoriented
and disclination-rich (200 °C, Figure 8d). Images from
the cooling experiments (not shown) display the same
temperature-dependent behavior.

d. Dislocation and Disclination Density Mea-
surements. The results of our defect counting analysis
of the image of films from the heating and cooling
experiments confirm the assertion that a near-equilib-
rium population of defects is produced by both types of
experiment. As shown in Figure 9a, the dislocation
density rises slowly between 100 and 180 °C and then
increases much more rapidly at higher temperatures.
While the dislocation density after heating and cooling
is similar at all temperatures, it is somewhat larger for
the samples produced by cooling compared to that
produced by heating at temperatures below 180 °C. This
result indicates that while an equilibrium dislocation
density is approached, it is never quite achieved in this
temperature range. The disclination density, on the
other hand, remains at or very near zero until 180 °C,
above which it increases dramatically as shown in
Figure 9b. These plots of defect density vs temperature
are remarkably consistent with the predictions of Toner
and Nelson.! Below a certain temperature, 180 °C in
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Figure 8. SFM images (1 um?) of etched, laterally confined PS—PVP cylinder monolayer samples from the heating experiments.
(a) Preordered sample (“100 °C”) showing excellent orientational order and no topological defects within the field of view. Preordered
samples subsequently annealed at 180 °C (b) and 190 °C (c) show progressively more defects and less orientational order, until
at 200 °C a highly disoriented, highly defective monolayer is observed (d). The images were taken from the middle portion of the

2 um wide channels.

our case, the monolayer of cylinder domains has an
increasing dislocation density but no disclinations. In
the Toner—Nelson nomenclature this regime consists of
the nematic phase. Above a certain temperature, the
nematic-to-isotropic transition temperature 7T'Ni, some
of these dislocations can thermally dissociate into their
component disclinations, and the system is predicted to
undergo a transition to the isotropic phase. This pro-
gression of defect formation is exactly what we observe.
The thermal generation of dislocations should give rise
to a dislocation density that increases as exp(—Ep/ksT)
(1), where Ep is the energy of the dislocation. Figure 10
shows that between 135 and 180 °C roughly such an
exponential increase in dislocation density occurs.

Chandrasekhar and Ranganath3* derived a simple
expression for the energy per unit length ¢p of a
dislocation in a smectic liquid crystal, which, because
the strain field is short-ranged,?® does not depend on
an outer cutoff radius as does the energy of a dislocation
in an atomic crystal, viz.

2
€p = }2%3 + €, (20)

whose first term describes the contribution of the elastic
strain field around the dislocation and whose second
term is the energy that results from the local perturba-
tion of polymer chains at the dislocation core. The elastic
constant B is the compressional modulus normal to the
layers, b is the dislocation Burgers vector, and a. is the
radius of the dislocation core. The “penetration depth”
A is defined in terms of the ratio of the Frank constant
for bending the cylinders (splay of the polymer mol-
ecules) K7 to the compressional modulus B, as 1 = (K7/
B)Y2, Amundson and Helfand36 have estimated that 1
~ 0.1a for a lamellar block copolymer whose lamellar
spacing is a and roughly independent of temperature
as the ODT is approached. If we set b ~ a. ~ a for our
2D cylinder layer we can simplify eq 20 to read

Ep~ al2B(T) + ¢ ~ 0.050aB(T) + e, (21)

where o is the layer thickness and the right-most
equality results from substituting the Amundson—
Helfand result for 4. From the simulations described
above we have extracted values for B(T) as the ODT is
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Figure 9. Dislocation (a) and +/; disclination (b) densities
plotted against annealing temperature for heating (filled
squares) and cooling (open circles) experiments. Also shown
are defect densities for the samples quenched immediately
after cooling, as described in the text relevant to Figures 5
and 6 (x’s). In the defect schematics drawn here, cylinder cores
are represented by black lines.

approached and find that
B(T)~B,—B'T (22)

where By = 537 kPa and B' = 0.58 kPa/K. The slope of
the straight line in Figure 10 over the range 135—180
°C should be thus —(0.050a2By + o€.)/kg where oo = 19
nm and ¢ = 22 nm. The term —0.050a2By/kg = —17900
K, a number that is in order of magnitude agreement
with the experimental value for the slope, —6000 + 2000
K, of the line in Figure 10. This comparison also
assumes that the core energy of the dislocation is small
enough that it can be disregarded. Clearly, more elabo-
rate simulations will be needed to determine B, 1, and
€. more accurately, an endeavor that is certainly possible
given current SCFT methodology for studying defect
states. For instance, Netz et al.3” and Matsen3® have
made calculations of chevron defects in lamellar block
copolymers, reproducing the “chevron” to “omega” tran-
sition as the angle between grains is increased. How-
ever, we are encouraged by the fact that the simple
calculation reported here yields an approximate disloca-
tion energy that predicts a strong temperature depen-
dence of the dislocation density that is close to the
experimental result.
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Figure 10. Semilogarithmic plot of the dislocation density
data presented in Figure 9a vs inverse temperature. Data from
temperatures at which we observe a significant disclination
density (to the left of the dotted vertical line) was disregarded
for the linear fit (solid line), as was the data point at 100 °C.
This line yields Ep/ksg = 6000 + 2000 K; at the annealing
temperatures here, Ep corresponds to approximately 13—
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Figure 11. Selected translational correlation function results
for confined cylinder monolayer samples equilibrated at the
following temperatures: “100 °C” (filled triangles, heating),
135 °C (open circles, cooling), 170 °C (filled squares, cooling),
190 °C (open diamonds, cooling), and 200 °C (filled stars,
cooling). Exponential decay in gg(r) is observed in all cases
(dashed line fits), with progressively shorter correlation lengths,
&g, determined from a fit to gg(r) = exp(—r/&g), upon increasing
temperature (b).

e. Translational and Orientational Correlation
Function Analysis. Translational correlation function
data for samples at several temperatures are shown in
Figure 11a plotted on a semilogarithmic scale. At all
temperatures it can be seen that the translational
correlation function decreases exponentially with r/a;
i.e., gg(r) shows only short-range order

gq(r) = exp(—r/&g) (23)

where &g is the translational correlation length. How-
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ever well ordered the sample depicted in Figure 8a
appears, thermal fluctuations (phonons) are still suf-
ficient to produce a cylinder array with only short-range
order with a correlation length of £z ~ 12a. As the
temperature is increased, this translational correlation
length decreases as shown in Figure 11b, eventually
falling to ~1a at 200 °C. This behavior is qualitatively
what would be expected for a 2D smectic (“nematic”) as
the temperature is increased.

On the other hand, as seen directly from the images
in Figure 8a,b, samples equilibrated at lower temper-
atures exhibit a high degree of orientational ordering.
Representative orientational correlation function results
for both the heating and cooling experiments are
presented in Figure 12, as a log—log plot in Figure 12a
and a semilog plot in Figure 12b. Universally, samples
equilibrated at lower temperatures exhibit a go(r) that
decreases roughly as a straight line on a log—log plot,
implying that go(r) shows a power law decay with r as
r increases, 1.e.

g5(r) ~ (rla) """ (24)
Materials with correlation functions that decay as a
power law are said to exhibit quasi-long-range order,
order that can be characterized by a temperature-
dependent power law exponent 72(7"). Below a temper-
ature of 195 °C such a power law relation holds with
exponents that increase with increasing temperature,
as shown in Figure 12¢. At temperatures above 195 °C
the fit of go(r) to an exponential decay, i.e., go(r) = exp-
(—r/&2), is much better as can been seen in Figure 12b.
Thus, at these temperatures the orientational order is
short range, and while the correlation lengths decrease
with increasing T, the array of cylinders is essentially
isotropic. The combination of quasi-long-range orienta-
tional order and short-range translational order in
samples equilibrated at T' < 190 °C is the hallmark of
the 2D “nematic” phase so we conclude that a transition
from the “nematic” to the isotropic phase of the 2D
cylinder array occurs at a temperature close to 195 °C.
The question arises whether the isotropic 2D phase we
observe above 195 °C is the analogue of the 3D isotropic
or disordered phase. We observe no further qualitative
changes in order, and little further decrease in trans-
lational or orientational correlation length, up to tem-
peratures approaching 250 °C, well above the 3D ODT.
We believe, but cannot yet prove, that the local cylinder
order we observe in this range, e.g., Figure 5a, is the
result of fluctuations frozen when we quench the
cylinder array below its glass transition temperature.
If this hypothesis is correct, the “nematic”-to-isotropic
transition temperature of the 2D layer of block copoly-
mer cylinders corresponds to its order—disorder transi-
tion temperature, a temperature that lies well below the
3D order—disorder temperature of ~212 °C. That reduc-
ing the dimensionality of the system down to (quasi)
2D lowers the nematic-to-isotropic transition tempera-
ture, T'ny, is demonstrated succinctly in Figure 13. This
sample, which was equilibrated at 205 °C (between the
bulk ODT and the value of 195 °C that we take for T'xy),
was made with a slightly thicker PS—PVP film such
that regions with one layer of cylinders in the channel
coexist with regions (“islands”) with two layers of
cylinders in the channel. In the areas with monolayer
cylinder coverage, the cylinder array is isotropic, as we
have just described. In the areas with bilayer cylinder
coverage, however, the cylinders are highly ordered.
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Figure 12. (a, b) Azimuthally averaged orientational correla-
tion function results for the cooling experiment (open symbols)
and the heating experiment (filled symbols). Data from the
following temperatures are shown: 200 °C (diamonds), 195
°C (stars), 190 °C (triangles), 180 °C (circles), 135 °C (cooling,
open squares), and “100 °C” (heating, filled squares). Results
are plotted on a log—log scale in (a), showing algebraic decay
in go(r) for temperatures of 190 °C and lower, i.e., go(r) ~ r7e®d
(dashed line fits). Results are plotted on a semilog scale in (b),
demonstrating the exponential decay of go(r) at 200 and 195
°C (cooling) (dashed line fits). (c) Algebraic decay exponent 72-
(T), obtained from fitting go(r) data shown in (a). The dotted
line at 52 = Y4 represents a condition set forth by Toner and
Nelson for the nematic—isotropic transition. 7, steadily in-
creases over the temperature range of the experiments,
exceeding /4 at ~192 °C.

Toner and Nelson predict that the nematic-to-isotropic
transition occurs when the temperature is high enough
that the disclination pairs of individual dislocations
unbind. We observe that the density of disclinations
increases abruptly from near 0 at about 180 °C in both
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Figure 13. Height (a) and phase (b) scanning force microscopy
images showing the effect of reduced dimensionality on the
ordering of laterally confined cylinders. This sample is a
slightly thicker film showing a region with monolayer coverage
(top portion of images) adjacent to a region with a bilayer of
cylinders (bottom portion) and was annealed above the bulk
ODT, cooled slowly (~1 °C/min) to 205 °C, and held at 205 °C
for 4 h. One edge of the channel is visible on the left side of
the images. In the area of bilayer coverage, the cylinders in
the second layer show a high degree of ordering, while the
cylinders in the area of monolayer coverage are isotropic.

heating and cooling, significantly below the 195 °C we
take to be Tni. On the other hand, Toner and Nelson
predict that the transition occurs at the temperature
where the power law exponent 72(7) exceeds 0.25
(shown as the dotted line in Figure 13c). This occurs at
about 192 °C, in good agreement with our value for T'xy.
We observe that the great majority of the disclinations
seen in our monolayers between 180 and 195 °C occur
as close pairs, an example of which is shown in Figure
1b where the +1/5 and —1/; disclination are separated
by 1.5 cylinder spacings (1.5a). As can be seen qualita-
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tively in Figure 1b, the long-range disturbance produced
by such a disclination close pair is not dramatically more
than that produced by a dislocation (Figure 1a). In fact,
as can be seen by comparing Figure 1b with Figure 1c,
the long-range displacement field of the disclination
close pair is equivalent to that of a dislocation with a
Burgers vector 3 times as long as that of the single
dislocation in Figure 1a.?? Increasing the distance
between disclinations in the pair expands substantially
the range of disturbance in the orientational order
(Figure 1d). The data suggest that while disclination
close pairs begin to be thermally generated at 180 °C,
they do not dissociate significantly until 195 °C, where
we see the first appearance of short-range orientational
order. To be concrete, at 190 °C and below, the vast
majority of the observed disclination pairs have com-
ponent disclinations that are separated by a distance
of 1la or less, and the greatest separation between
opposite poles of the disclination pair that we have
observed is 2a. On the other hand, at 195 °C and above,
we regularly observe disclination pairs in which the
component disclinations are separated by 2.5a or more.
This situation is analogous to what is observed at the
transition from the hexagonal 2D crystal to the hexatic
where dislocation close pairs are observed but which
then dissociate at higher temperatures to form the
hexatic phase.??

Our experiments occur within a channel of width 2
um. Given the very short translation correlation lengths
(<12a) observed, it is unlikely that the edges of the
channel have any effect on the translational order.
However, obviously at the lowest temperatures these
edges profoundly affect the orientational order, even in
the 1 um x 1 um central region of the channel where
the SFM images were obtained. Dislocations, which are
responsible for most of the disorder at relatively low
temperatures, are repelled at short range from the hard
edges by an image force (from a dislocation of the same
Burgers vector).?® Disclinations, which have longer
range strain fields, are repelled from the edges by
similar, but longer range, image forces.?® Thus, one
might imagine that the presence of such edges would
stabilize the “nematic”, much as the presence of similar
walls stabilizes the hexatic in arrays of block copolymer
spheres,* resulting in the “nematic”-to-isotropic transi-
tion temperature that we measure being somewhat
above the Tn1 that would be observed in a 2D cylinder
array of infinite extent. While the details of the edge
effects in our system are a subject for future character-
ization, the basic observations we report here should
be unaffected, namely the gradual injection of disorder
into the cylinder array by thermal generation of disloca-
tions as the temperature is increased, followed by an
unbinding of the disclinations in some of these disloca-
tions to form an isotropic cylinder array at a tempera-
ture significantly below the 3D order—disorder transi-
tion in the bulk block copolymer.

Conclusion

The graphoepitaxially ordered diblock copolymer cyl-
inder monolayers studied here, though possessing the
local symmetry of a 2D smectic, do not display the long-
or quasi-long-range translational order necessary to be
correctly called such. Instead, in agreement with theory,
fluctuations and a finite density of thermally generated
dislocations disrupt translational order, yet persistent
order in the cylinder orientations remains, yielding a
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phase more properly described as a nematic. As the
temperature is raised, an increasing density of disloca-
tions is observed, until finally disclinations begin to
appear, signaling the onset of the transition to an
isotropic phase, characterized by a high density of
disclinations and orientational correlations that decay
exponentially, with an orientational correlation length
of only a few repeat spacings. This N—I transition occurs
~20 °C lower than the corresponding order—disorder
transition observed in the bulk. These results carry
implications for the application of block copolymer
cylinders for nanolithography. Specifically, if true trans-
lational order is necessary, additional tools to achieve
that order will need to be developed and employed.
Presumably those tools will require patterning the
substrate on length scales of similar order of magnitude
as the copolymer repeat spacing.
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