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ABSTRACT: The edges of channels etched into topographically patterned substrates impart orientational order
to monolayers of poly(styrene-2-vinylpyridine) cylinders. Quantitative measures of orientational order as well

as defect densities are presented for cylinder arrays confined in channels of width varying betweeruinand 3

with little, if any, difference observed between these different channel widths. As the temperature is raised, the
cylinder monolayers undergo a nematic-to-isotropic disordering transition. However, above this transition
temperature, orientational order is retained within several cylinder repeat spacings next to the channel edges
(distances significantly less than the channel widths considered here). This effect arises from an effective repulsion

of defects from those edges, as confirmed by position-dependent defect density measurements.

Introduction

The self-assembling properties of block copolymers make
them potentially very useful as low-cost, large-area templates
for the fabrication of nanoscale structutésnabling a variety
of magnetic storage and semiconductor applicatfoR&or the
most demanding applications, however, exquisite control over
the domain orientation and registry in the copolymer thin film
is required. In the case of copolymer cylinders lying in the film

to be short-ranget. Thus, the locally layered phase observed
at low temperatures is most properly termed a nematic (char-
acterized by short-range translational order and quasi-long-range
orientational order). In the case of copolymer cylinder mono-
layers, the local normal to the cylinders plays the role of the
nematic director. At these low temperatures, disclinations in the
confined cylinder arrays were rarely observed and, when
observed, occurred only as “close pairs”, in which the compo-

. . 1 i i i i
plane, various strategies have been employed to overcome thd'€Nt="/2 disclinations were separated byl.5 repeat spacings

tendency of the cylinders to form the characteristic fingerprint-
like pattern, including the use of electric fielél$directional
crystallization? the application of shedrand graphoepitaxy,
an approach first applied to block copolymer sph¥rasd later
applied to cylinderd!~14in which shallow channels prepatterned
in the substrate force the copolymer domains into registry with
the topographic features.

We have recently reported on the equilibrium temperature
dependence of order in monolayers of polystyremly(2-
vinylpyridine) (PS-PVP) cylinders confined within long chan-
nels of 2um width, finding that the order obtained in the
monolayer is a strongly decreasing function of increasing
temperaturé? in agreement with theordp. At low temperatures
(well below the copolymer’s bulk ordedisorder transition
temperature (ODT)), this is primarily due to the thermal
generation of dislocations, which were found to occur with a
density

Ny~ 8, expEp/ksT) €Y

wherea. is the dislocation core radius arih is the energy
associated with the creation of a dislocation. It has been noted

that block copolymer cylinder monolayers possess the symmetry

of a two-dimensional smectic liquid cryst&ll” However, in
two dimensions, the long-range translational order that is
characteristic of the smectic phase is possible only=t0; at
finite temperatures thermal fluctuations and thermally generated
dislocations cause the translational order in 2D smectic system
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or less. At higher temperatures, however, a higher density of
both dislocations and unbound disclinations were observed,
reducing the orientational order of the cylinders to short-range
and creating an “isotropic” phase which we speculate is really
the two-dimensional analogue to the 3D disordered phase in
which local volume fraction fluctuations give rise to a diffuse
scattering peak. The phase progression smeetitematic—
isotropic is analogous to the crystal hexatic— liquid-phase
behavior observed in 2D hexagonal arfdys® with the excep-
tion that the solid phase in the striped system exists sol€ely at
— 0_15

In this paper we describe the behavior of our graphoepitaxially
confined cylinder monolayer system near the channel edges.
Sibener et al. have observed the mechanism by which polystyrene-
b-poly(ethylenealt-propylene) (PSPEP) cylinder multilayers
align within patterned channels, showing that2lcylinders
align with the channel walls very rapidlj. On continued
annealing, this cylinder alignment ripened across the entire
channel width at random locations along the channel length,
and these aligned domains grew at the expense of unoriented
regions until the alignment persisted along the entire channel
width and length. Their early-time observation suggests a strong
stabilization of aligned cylinders near the channel edges.
Segalman et al. observed stabilization of the hexatic phase of a
monolayer of PSPVP spheres near the edges ofuth wide
channels, whereas in the center of the channels the spheres were
in the liquid staté’! Here, we report a similar stabilization of
cylinder order near the confining edges, although the stabiliza-

Stion only persists over distances on the order of several repeat

spacings. This stabilization takes the form of an increased
alignment of the cylinders near the walls and a corresponding
depletion of defects near the walls. We also report measurements
of cylinder order within channels of three different widths,
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namely 1, 2, and @m, and find that the cylinder order observed points, and we have employed a subtle shift in notation such that
is nearly independent of channel width. in eq 3r represents the vector separating the two points being
correlated. We report below simply the azimuthal average of this
function, gu(r). Additionally, 1o(r) was correlated with the orienta-
tion of the channel edge, specifically as a function of the distance
from that edge, viz.

Experimental Section

Diblock Copolymer. Polystyrends-poly(2-vinylpyridine) (PS-
PVP) with overall molecular weigh¥l, = 26 000, polydispersity
index 1.07, and mole fraction of PVP mefs,, = 0.25 was
synthesized via anionic polymerization as previously descrbed.
This copolymer orders in bulk into hexagonally packed cylindrical
PVP core domains in a PS matrix, with a nearest-neighbor SpaCingwhereqpedgez exp[2(0)] = 1 since the angle that the edge normal
of a= 22 nm. The bulk ODT for this copolymer was measured to  makes with the image horizontal is?®The result is normalized
be ~212°C1 by the number of correlation paif$ involved in the calculation.

Substrate Fabrication. Plasma-enhanced chemical vapor depo-  Finally, we calculate the-dependent one-point correlation functions
sition was employed to deposit 20 nm thick silicon oxide layers in both thex andz directions
onto native-oxide covered silicon wafers. These layers were
patterned with a series of 5Q0n long, 20 nm deep channels via
standard photolithography and etching in an inductively coupled
CHF; plasma. Channel widths of 1, 2, andu& were produced.
Prior to copolymer film deposition, the patterned substrates were
cleaned thoroughly to remove photoresist and etch residtues.

Film Deposition, Annealing, and Imaging.PS—PVP films were
spin-coated from dilute~{1%) toluene solution with a thickness ) ) ] ] ) )
such that, upon annealing, the channels contained a monolayer ofvhere a is the cylinder-cylinder repeat spacing, which give
copolymer cylinders (lying atop a brush layer), while the mesas Mmeasures o_f the_: orientational correlation _between neighboring
separating the channels were covered only with the brush¥4g&r.  cylinders g direction, eq 5a) and between adjacent segments along
Samples were annealed (within a high-vacuum furnace operatingthe length of a given cylindex(direction, eq 5b). Th& functions
at base pressures better tharél@bar) at 220°C for 1 h, cooled are norr_nallzed by the number of correlation pairs involved in the
slowly (~1 °C/min) to a given temperature, held at that temperature Calculation,N.
for 4 h, and quickly quenched below the PBVP glass transition . .
temperature Ty ~ 100 °C). We report here results from samples Results and Discussion
whose final annealing temperatures were 295, 200, 195, 190, 185, PS-PVP cylinder arrays confined within-13 um channels
180, 170, and 150C. As we have shown previously, these thermal show excellent alignment with the channel edges when cooled
treatments yield copolymer structures which can be regarded for s, above the 3D ODT to sufficiently low final annealing

practical purposes as being at equilibritim. : :
To image the PSPVP microstructure, the copolymer films were temperatures. Figure 1a_shows an SFM phase image of such a
sample, annealed at a final temperature of 160within a 2

etched with the & ion beam of a Physical Electronics 6650 . . ) .
dynamic secondary ion mass spectrometer, as previously de£M wide channel. The cylinders are clearly aligned with the

scribed! This etching results in42 nm deep pits corresponding ~ channel edge (visible at the extreme left of the image). This
to the PVP cylinder cores, which were imaged using a Digital alignment extends over the entire channel width (not shown),
Instruments MultiMode scanning force microscope (SFM), operated and similar results are obtained for channel widths of 1 and 3

gz,edgéz) = Z[Wedgg 1/)2()(’2)] (4)

1
V(29 = N sz*(x,z)-wz(x,a—a) (5a)

1
V(9= N Z%*(X,Z)‘%(XJF&Z) (5b)

in tapping mode. Images were corrected for stretching or compres-um. In samples annealed at 180 (Figure 1b), the cylinders

sion along the SFM slow scan direction as necessdsy.

Defect Counting.Defect densities were determined from many
1 um? images in which the cylinder cores were carefully traced,
facilitating the identification of dislocations and disclinations. The
positions of the individual defects relative to the channel edges,

and to each other, were thus easily recorded. In the case of

disclinations, the densities afl/, disclinations were found to be
essentially equal, as expected, and therefore we only refgdst
disclination densities here.

Calculation of Orientational Correlation Functions. The

also adopt the channel edge orientation, although a higher
density of dislocations is present. At 198 (Figure 1c), a
temperature just above the nematisotropic transition tem-
perature, Ty, the cylinders in the center of the well no longer
adopt the edge orientation. However, in a narrow region directly
adjacent to the edge, the PBVP cylinders are aligned with
the edge.

These observations are quantified by analyzing the cylinder-
edge orientational correlation functiogz eqgé2), as a function

image processing protocols we have used to determine the localof temperature, as shown in Figure 2a. Below 290 gy edge

cylinder orientation, based on the methods of Harrison ét hhye
been previously reported Briefly, the orientation fieldd(r) of the
cylinder normals was determined by calculating the local gray scale
intensity gradients within a given processed SFM image, with the
angle® defined relative to the image horizontal (perpendicular to

the channel edges). Subsequently, the orientational order paramete?

field y,(r) was calculated according to

Po(r) = exp[A6(r)] @
where the factor of 2 accounts for the 2-fold degeneracy of the
cylinder normal direction. This order parameter field could then
be used to find the orientational correlation functi@a(r), as
follows.

9,(r) = Wy (Q)yy(r)0 ®)

Here the angular brackets imply an averaging over all pairs of

remains nearly constant&0.9 across the entire channel (cross
and square symbols). At 19T (open circle symbols), just
below Tni, 02edge rfemains nearly constant-Q.8) across the
channel width but is enhanced in a region withinI0 repeat
pacings from the edge. At temperatures ab®ye(star and
open diamond symbols), the cylinders are essentially uncorre-
lated with the edge direction, except in a region within1D
repeat spacings from the edge. Similar trends are evident in the
one-point orientational correlation function; (Figure 2b) and

W, (Figure 2b). These functions, in practice, measure the cosine
of the difference in orientation angle between points separated
by one repeat distance in tlze and x-direction, respectively,
averaged over all points in the image. An image with perfectly
uniform orientation would yieldV, = W, = 1. As evidenced

in Figure 2b, at temperatures abolg (star and open diamond
symbols),W; is clearly enhanced in a region directly adjacent
to the well edge, extending only several repeat spacings. Si@B{{p
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Figure 1. Tapping mode SFM phase images of cylinder arrays confined
within 2 um wide, 20 nm deep channels. One edge of the channel is
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Figure 2. (a) Orientational correlation functions with respect to the
well edge, as a function of reduced distance from the edge, for the
following temperatures: 15%TC (x's), 180°C (squares), 190C (open
circles), 195°C (stars), and 200C (open diamonds). (b, c) One-point
orientational correlation function¥/ (b) andWx (c), as a function of
reduced distance from the well edge for the same temperatures as in

@)

tional energy associated with layer bending was on the order
of 10 times lower than that for layer compression or dilatién.
That is, introducing splay between adjacent cylinders (which
requires layer compression and dilation) is more difficult than
bending a cylinder along its axiconsistent with our observa-
tion thatW, > W, for samples in the nematic regime. This fact
can be easily observed in a pseudo-color rendering of the
orientation field,d(r), for an image of a well-ordered sample
shown in Figure 3. A brief inspection shows that cylinder

visible on the left-most edges of the images. The samples were annealedfientations are more highly correlated in the direction perpen-
as described in the Experimental Section, with final temperatures of dicular to the cylinders than in the parallel direction.

150 (a), 180 (b), and 198 (c). A set of axes is included in (a) marking
the notational conventions used in this work; #direction is that of
the average cylinder normal (in the nematic regime), and-tiieection

runs parallel to the cylinders.

behavior is exhibited inPy. It is interesting to note, however,
that the value ofPy in the ordered samples (lower temperatures)
is significantly less than that dP,. The elastic properties of a
(3D) smectic are governed by the constaKtsandB, the Frank

Short-Ranged Repulsion of Defects from Well EdgeOur
previous experiments, in agreement with theory, showed that
defects mediate the disordering of the confined cylinder afrfays.
The stabilization of cylinder order near the channel edges, even
at high temperatures, coincides with an exclusion of defects from
a region near those edges, as can be observed in parts a and b
of Figure 4, plots of dislocation density arel/, disclination
density, respectively, as a function of distance from the channel

constant for bending the layers (due to molecular splay of the edge for temperatures of 18Q (squares), 198C (open circles),
polymer chains) and the layer compressional modulus, respec-and 195°C (stars). At temperatures lower than 180, the
tively. Harrison and co-workers, studying monolayers of overall dislocation density was too low to get reasonable
polystyreneb-polyisoprene cylinders, showed that the distor- statistics for data of this type. The same is true for HBV
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Figure 4. Dislocation (a) and+Y/, disclination (b) densities as a
function of distance from the channel edge for-f8/P monolayers
confined within 2um wide channels, annealed at 180 (squares),
190°C (open circles), and 19% (stars). Note that at 18@ the overall
disclination density is too low to allow statistically significant data to
be obtained. In (a), the fits are to the functiGhexp[—®pailZ.)/ksT]

6(r), for an image of a sample annealed at a final temperature of 150 using the values fo€' andB described in the text.

°C within a 2um channel. Regions of correlated color (orientation)

are highly elongated in thedirection, perpendicular to the cylinders,

indicating that bending along the length of the cylinders is associated = x/A and § = (z-z,)/1.* The energy per unit length of an

with much less distortional energy than introducing splay between jsglated dislocation in a smectic liquid crystal is
adjacent cylinders.

A?

disclination density below 19%C. Figure 4a shows that for the _
€p = zc B+ €c

three temperatures represented dislocations are strongly excluded
from the first~2—4 repeat spacings next to the channel edge.

Beyond that distance, the dislocation density quickly saturates ) ]
to a near-constant value. Similar behavior is observed in the Wherebis the magnitude of the Burgers vector agdepresents

disclination density plot in Figure 4b, although disclinations are the contribution of the local perturbations at the dislocation core
evidently repelled from a slightly larger zone near the edge of Of radiusac The excess elastic energy (above and beyond
~4—8 repeat spacings. that described in eq 7) of an isolated dislocation located a

. . _distancez, from the wall (the case illustrated in Figure 5a),
Pershan has calculated the stress fields associated W'thobtained by integrating eq 6, is

dislocations within layered systeiissuch as the PSPVP
cylinder monolayers studied here and the resulting forces
between dislocations and between dislocations and solid sur-
faces. In the latter case, a dislocation should be repelled from
a solid surface as if from an “image dislocation” of the same
Burgers vector located an equal distance on the _opposite side(Ioer unit lengthP* Adding eqs 7 and 8 and multiplying by the
of the surface (as shown, for example, as dislocatoasdo’ thickness of the cylinder monolayer{9 nm) gives the energy,

in Figure 5a). For the general case of two dislocatienand Ebp, that should be used in eq 1 to predict the dislocation density.
f, as in Figure 5b, separated by ¢ — z.), Pershan gives the ¢ formng ~ exp(—z,~22) thus obtained would imply a much
z-component of the force (per unit length) exerted on dislocation longer-range repulsion of dislocations from the channel edge
o due to the strain field of dislocatiof, f*#, as than what we observe in Figure 4a.

2
wi_ Sup@B £ [ ] p(_é_)
E 8A(w0)Y2 g1l 28 1] ex 4(g|

(7)

A

0(z) = B3] 7 ®)

However, the pairing of dislocations with opposite Burgers
vectors, as shown schematically in Figure 5b, can dramatically
reduce the overall strain field relative to that created by
individual dislocations. To estimate the repulsion of such a
wheres, s = —1 if a andf have opposite Burgers vectors (as dislocation pair from the channel wall, all of the various
is drawn in Figure 5b) ang, s = +1 if a andp have the same interactions must be includedi—o', f—f', a—p, f—a, a—f',
Burgers vectord = (Ky/B)Y2is the “penetration depth”, angl andf—ao' (by symmetry,f—o = o—f andf—ao' = a—f").

(6)

CbhV
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Figure 5. Schematic representations (cylinder cores represented by
dark lines) of dislocation configurations described in the text. In (a),
an isolated dislocation at positienis repelled from a hard wall (vertical
line with hash marks) by an image force from a dislocation'atin

(b), a pair of oppositely signed dislocations interact to decrease the
overall strain field relative to that of two isolated dislocations, thus
reducing their repulsion from the well edge. The conventions used in
the text for distances of the dislocations from the edgendz, as

well as the distance between them in the direction parallel to the edge,
X, are indicated.

We obtain, using the substitutiods = zJ/A, (g = z3/A, and&
= XA

1aB| 1 1
(I)pair(cwgﬂ’g) = g 2T/2 (ZCa)lIZ (2;8)1/2 o
2 exp{ £ } .
1Ca — oI 418, — G4l

2 exp{
G+ )"

By looking at the relative positions of pairs of dislocations with

_52
4@, + Cﬁ)]

9)
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Figure 6. Dislocation (a) and+Y/, disclination (b) densities as a
function of final annealing temperature for PBVP cylinder arrays
confined within channels of width Am (stars), 2«m (squares), and 3

um (open circles), measured from the center regions of the respective

channels. In the defect schematics shown here, the black lines represent
cylinder cores.

compressional modulus are4—6 times less than those
estimated previously through self-consistent-field theory (SCFT)
simulations'* However, our previous estimate of the dislocation
self-energy, obtained from fitting experimental defect density
data, implied that the SCFT results overestima®egerhaps
by as much as a factor of'3.Given the present uncertainties
(both experimental and in estimates of quantities such aad
A), we believe the values oB used for these fits to be
reasonable. Finally, we note that/, disclination pairs can be
treated to a first approximation as “super dislocations” with
Burgers vectors equal to some multiple of the repeat distéhce.
Thus, the above arguments should also apply to the functional
form with which disclination pairs are repelled from the channel
edges.

Properties within Different Channel Widths. Given that
thermal defect generation and disclination unbinding are
responsible for the nematigsotropic cylinder disordering

opposite Burgers vector in the sample represented by the squargroces$* and that at sufficiently high defect densities pairs or

points in Figure 4a (annealed at 180), we found that such
pairs were separated on averagexby 2a andzs — z, ~ 4.5a.

Combining eqs 7 and 9 with eq 1, using the estirtfate=
0.1a, and settingx = 2a andz; = 7, + 4.53, we were able to
fit the data from Figure 4a via

nD(Zu) =C exp[_q)pair(zrx)/kBT]

with only two adjustable parameters, nam€ly and B. The
parameters used for the fits ar€'[ B, temperature] [17, 60
kPa, 180°C—solid line], [35, 50 kPa, 190C—dashed line],
and [58, 40 kPa, 195C—dotted line]. It is logical thaB should
decrease with increasing temperature, typically linearly within
the nematic regime and faster in the vicinity f;. Similarly,

the increase IfC' with increasing temperature reflects the fact
thatC' incorporates a term expB(T)/ksT] from the dislocation

(10)

other groupings of defects can be configured such as to minimize
the overall lattice strain (causing them to be excluded only from
a narrow region next to the channel edge), it should perhaps be
unsurprising that the nematigsotropic transition temperature

is quite insensitive to the channel widthFigure 6 displays
dislocation (Figure 6a) anttl/, disclination (Figure 6b) densities
measured from the center regions of cylinder arrays confined
within channels of km (stars), 2«m (squares), and 3m (open
circles) width as a function of final annealing temperature. Very
little significant difference is discernible in these data with
respect to the different channel widths. Similar invariability in
Tni is suggested by the azimuthally averaged orientational
correlation function @(r)) results presented in Figure 7. The
cylinder nematic-to-isotropic transition is indicated by a change
from algebraic decay igy(r) (yielding a straight line fit on a
log—log scale, as seen in Figure 7a) to exponential decay in

self-energy (eqs 7 and 1). We also note that these values of theg,(r) (which is easily viewed as a straight line fit on a semilé»BV
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Figure 7. Azimuthally averaged orientational correlation function
results for samples annealed at 18D (black symbols), 190C (red
symbols), 195C (blue symbols), and 20T (green symbols), plotted
on a log-log scale (a) and a semilog scale (b). Qualitatively similar
results are obtained at all temperatures for all three channel widths: 1
um (stars), 2um (squares), and gam (open circles). Specifically,
algebraic decay is observed at I'¥and below in (a), and exponential
decay ingx(r) is observed for 195 and 20C in (b). Algebraic decay
exponentsy,(T), obtained from fitting the data in (a) are plotted in (c)
for the three channel widths. The dotted lineyat= Y/, represents the
condition set forth in ref 15 for the nematicsotropic transition. For

all channel widthsy, increases steadily over the temperature range
plotted here, exceeding, somewhere between 191 and 193

scale, Figure 7b). At all temperatures, qualitatively identical
behavior is obtained between the different channel widths; the
transition from algebraic to exponential decaygefr) occurs
between 190C (red symbols) and 195C (blue symbols) for

Diblock Copolymer Cylinder Monolayers1543

all channel widths. Fitting the data in Figure 7a to algebraic
decay, i.e.

go(r) ~ r "0 (11)
yields the algebraic decay exponems, which is predicted to
exceed a value df, at the N-1 transition temperatur® These
values are plotted in Figure 7c, showing thatexceeds/,
(dotted line) somewhere between 191 and 4@3or all channel
widths. These data may indicate a slight depression-(bf 2
°C) in Tni as the channel width is increased from 1 taur8.
However, given the scatter in the data, we hesitate to attach
much significance to this.

Conclusion

The channel edges that confine the H8/P arrays studied
here impart orientational order to the copolymer cylinders.
Below the nematic-to-isotropic transition temperature, that
orientational order persists across the entire width of channels
up to 3um wide, with similar defect densities and measures of
orientational order observed at a given temperature for all three
channel widths. Above the nematic-to-isotropic transition tem-
perature, however, the orientational order imparted by the
channel edges dies out after several cylinder repeats. This local
stabilization of ordered cylinders near the channel edges arises
from the repulsion of defects from the edge. Qualitative
agreement with the form of the measured defect density as a
function of distance from the confining edge is obtained using
model equations for the strain fields associated with dislocation
pairs and rough estimates for the relevant physical properties
of the system.
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