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I
ntegration density of silicon chips has
witnessed a steady growth over the past
few decades with simultaneous reduc-

tion in the cost per chip.While themeans for
patterning has essentially remained optical
lithography, device miniaturization by reso-
lution enhancement techniques and use of
smaller wavelength sources has brought
down the critical length scale of devices
from the micrometer scale to 160 nm on a
routine basis today.1 However, this rate of
growth cannot been maintained indefi-
nitely as the industry is approaching the
fundamental resolution limit for optical
lithography, and attaining a pitch size smal-
ler than 32 nm is proving to be increasingly
expensive. The international roadmap for
semiconductors has identified devising an
efficient and relatively cheap route to over-
come this resolution limit as one of the
biggest challenges faced by the semicon-
ductor industry.2 Block copolymers are
being considered as a potential solution to
this problem, particularly for dynamic ran-
dom access memories and potentially for
circuit fabrication, as well. The sponta-
neously formed dense array of nanometer-
sized domains in block copolymer systems
can be used as templates for subsequent
patterning operations. Successful examples
of block-copolymer-assisted fabrication in-
clude creation of quantum dots,3 magnetic
storage media,4 semiconductor capacitors,5

or nanowires.6�8 Moreover, the processing
steps involved in block-copolymer-assisted
fabrication, namely, spin coating, thermal
annealing treatment, and dry etching, are
already a part of existing manufacturing
lines for photoresist treatment, which can
facilitate easy integration of block copoly-
mer lithography into existing facilities.

However, in the absence of an external
guiding force, the patterns formed by block
copolymer assembly typically consist of ran-

domly oriented grains with a considerable

density of defects. Thermally excited long

wavelength phonon modes are sufficient to

destroy long-range order in infinite 2D hex-

agonal lattices (spherical morphology block

copolymers and vertically oriented cylinders)
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ABSTRACT Directed assembly of block co-

polymer thin films is recognized as a high-

throughput, low-cost complement to optical

lithography with the ability to overcome the

32 nm natural resolution limit of conventional

lithographic techniques. For bulk block copol-

ymer systems, desired feature sizes ranging from 5 to 100 nm can be obtained by controlling the

molecular weight and composition of a block copolymer, as long as the bulk order�disorder

temperature (ODT) is such that the copolymer is well-segregated at the processing conditions.

However, our studies on graphoepitaxially aligned cylindrical morphology block copolymer

monolayer and bilayer films demonstrate that, as domain sizes are reduced, the block copolymer

becomes increasingly susceptible to an unacceptably high density of thermally generated defects,

resulting in a significant reduction of the ODT. Thus, in thin films, the minimum feature spacing

accessible is limited by thermal defect generation and not by the bulk ODT. Our experimental

studies on monolayer films of cylindrical morphology polystyrene-b-poly(2-vinyl pyridine) with

microdomain spacings approaching 20 nm reveal that defect densities and the ODT are

surprisingly sensitive to variations as small as 2 nm in the microdomain spacing. Additionally, the

monolayer and bilayer ODT differ by nearly 100 �C when themonolayer domain spacing is 20 nm,
while the difference is only 20 �C when the monolayer domain spacing is 22 nm. We explain this
behavior using a quantitative estimation of the energetic cost of defect production in terms of

the domain spacing, χN, and block copolymer composition. These studies reveal unexpected

consequences on the equilibrium defect densities of thin film block copolymers which must be

accounted for when designing a block-copolymer-based directed-assembly process.

KEYWORDS: block copolymer . lithography . defects . thin films . directed
self-assembly . graphoepitaxy
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and 2D and 3D smectics (lamella and monolayers of
horizontally oriented cylinders).9�11 There have been
several efforts to direct alignment in the microdomains
through use of an external field such as chemical12 and
topographical patterning,13 electric field,14 flow,15 or
application of shear.16 Of particular interest is grapho-
epitaxy, first demonstratedby Segalman and co-workers13

for spherical morphology block copolymers and by
Sundrani and co-workers for cylinder-forming systems,17

where coarse scale patterns created using conventional
photolithography can direct alignment of the block
copolymer domains on a finer scale, driven either by
the tendency of one of the close packed rows of the
pattern to align parallel to an edge4,13 or by the prefer-
ential wetting of the pattern walls by one of the
blocks.17,18 The physical confinement on a lateral scale
may also cut off the longwavelengthphononmodes that
are responsible for destruction of order.
Even though these epitaxial techniques can direct

long-range alignment in the block copolymer micro-
domains, the resulting pattern is not free of point

defects because of their low cost of generation. Pre-
vious studies indicate that defects are in the form of
dislocations at low temperatures and disclinations as
the order�disorder temperature is approached.19�22

In infinite 2D lattices exhibiting six-fold symmetry
(spheres and cylinders aligned perpendicular to the
substrate), dislocations always occur as bound pairs
because their energy as isolated defects diverges with
the size of the system, while in smectic-like patterns
(parallel cylinders or lamella), isolated dislocations
have finite energy.20,21 However, microelectronics fab-
rication requires high fidelity in pattern shape, domain
size, and placement; for example, defect tolerance in
bit-patternedmedia is of the order of 1 in 104�6 dots.18

Achieving defect-free block copolymer patterns over
large areas using epitaxy demands relatively tight
restrictions on the coarse directing pattern,12,20,23,24

which cannot be easily realized using common fabrica-
tion techniques. While several efforts have focused on
improving guiding techniques to direct alignment and
achieve long-range order in block copolymer
patterns,25�27 it is also important to investigate the
influence that the intrinsic properties of the block
copolymer may have on defect densities, as that may
supersede any external influences. This will also assist
in selecting an appropriate block copolymer for pat-
terning applications. The annealing temperature of
block copolymers is another important processing
parameter that significantly affects the quality of the
pattern and the processing time. While kinetics of
defect removal during annealing are expedited by
higher processing temperatures, as we approach the
bulk order�disorder transition (ODT) temperature, the
density of thermally generated defects will also in-
crease. One can imagine that the bulk ODT tempera-
ture must provide an upper limit Tm for processing

temperature;a temperature at which the density of
defects is increased to the extent that the arrangement
of the microdomains is completely disordered. How-
ever, for nanolithography applications, the block co-
polymer is typically in the form of a resist-like thin film,
and as thin film equilibrium behavior has been seen to
be different from that of the bulk,20,28,29 the bulk ODT
may not be an accurate estimate for Tm.
To answer this set of questions, we have examined

factors that affect Tm in thin films of graphoepitaxially
aligned diblock copolymer cylinders layered parallel to
the substrate. A recent study has demonstrated fabri-
cation of dense arrays of metallic nanowires using a
similar system,6 as shown schematically in Figure 1.
While for linear striped patterns, perpendicular lamellae-
forming block copolymers are preferred over cylindri-
cal morphology block copolymers for many industrial
applications because of their better etch resistance,
the parallel orientation of lamella with respect to
the substrate is more commonly observed in experi-
mental systems. Monolayers of cylindrical morphology
block copolymers can produce similar features as
perpendicular lamellar microdomains, with the advan-
tage that the parallel orientation of cylinders is more
common than cylinders oriented perpendicular to the
substrate, and it exhibits faster kinetics of defect
annihilation compared to lamella-forming block copo-
lymers of similar molecular weight.18 In our studies,
we have probed the effect of microdomain spacing
on defect densities in, and Tm of, monolayers and
bilayers of cylinder-forming copolymers. In order to
determine if the microdomain spacing affects equilib-
rium defect densities in block copolymer patterns, we
compared the equilibrium structure in thin films of
block copolymers with different natural domain spa-
cings. As one of the aims of block copolymer assembly
is to overcome the 32 nm limit of optical lithography, in
our study, we used polymers designed such that the
natural domain spacing of the block copolymer was
smaller than that limit. Since we have defined Tm to be
the temperature at which the epitaxially ordered array
of microdomains converts into a disordered arrange-
ment, for convenience, we shall refer to Tm as the thin
film order�disorder transition temperature (TODT,f).
The deviation of the thin film ODT from the bulk ODT
was studied as a function of film thickness and micro-
domain spacing. Cylinder-forming block copolymers in
a monolayer form a model 2D system compared to
bulk block copolymer melts which form a 3D system.
Moreover, the number of layers required to achieve
true 3D behavior is not known. Hence a comparison

Figure 1. Fabrication of dense arrays of nanowires using
directed self-assembly.
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between TODT of amonolayer of cylinder-forming block
copolymers with the bulk (3D) and bilayers (which
cannot be characterized as either 2D or 3D systems)
can help elucidate the effect of dimensionality on
order�disorder transitions.

RESULTS

The block copolymer employed in this study is
poly(styrene-b-2-vinyl pyridine) (PS-P2VP) with poly-
(2-vinyl pyridine) as the minority block. Three block
copolymers that differed in either their molecular
weights or their composition were prepared by anionic
polymerization. The cylinder spacing and order�
disorder transition temperature in the bulk for these
block copolymers were determined by temperature-
dependent small-angle X-ray scattering (SAXS). For
thin film studies, polymer films with thicknesses de-
signed to produce either a monolayer or a bilayer of
cylinders were spin coated on photolithographically
patterned silicon wafers. The wafers were patterned
with a 2 cm � 2 cm array of 2 μm wide silicon oxide
channels separated by 2 μm wide mesas. These films
were then subjected to thermal annealing under high
vacuum conditions by heating above the bulk ODT to
erase all processing history, then slowly cooled to the
annealing temperature at a rate less than 0.05 �C/min
and held for more than 1.5 days. The films were then
cooled at a rate faster than 0.5 �C/min to room tem-
perature before removing from vacuum. The structure
of the films was imaged using atomic force microscopy,
and grazing incidence small-angle X-ray scattering
(GISAXS) was used to obtain statistically representative
structural data averaged over large areas.28,30�32

The three PS-PVP block copolymers used in this
study are PS-PVP0.22 (Mn ∼ 21 kg/mol, minority block
volume fractionφPVP = 0.217, polydispersity index (PDI) =
1.085), PS-PVP0.23 (Mn ∼ 21 kg/mol, φPVP = 0.232, PDI =
1.09), and PS-PVP0.26 (Mn ∼ 26 kg/mol, φPVP = 0.258,
PDI = 1.075). The characterization data of the block
copolymers are provided in the Supporting Informa-
tion. The natural domain spacing in bulk was charac-
terized using SAXS. SAXS profiles for samples annealed
at 160 �C are shown in Figure 2. The average cylinder
spacing in bulk, which is related to the first-order peak
position q* in SAXS by a = 4π/

√
3q*, was calculated to

be 22.1 ( 0.5, 23.7 ( 0.5, and 24.6 ( 0.5 nm, respec-
tively. Hence the block copolymers differ only slightly
in terms of their nearest neighbor spacing. The bulk
order�disorder transition temperatures were deter-
mined using temperature varying SAXS measure-
ments, where the ODT is characterized by a sharp
drop in the intensity and significant broadening of
the first-order Bragg peak. As an example, temperature
varying SAXS data for the PS-PVP0.22 copolymer are
shown in Figure 3, while the data for the other two
block copolymers can be found in the Supporting

Information. The ODTs for PS-PVP0.22, PS-PVP0.23, and
PS-PVP0.26 were determined to be 195 ( 10, 210 ( 5,
and 260 ( 10 �C, respectively. This trend is consistent
with the block copolymer molecular weights and
volume fractions, given the universality in bulk block
copolymer behavior in terms of χN and the volume
fraction of the minority block.
In the next section, we address the order�disorder

transition in thin films, specifically films consisting of
either a monolayer or a bilayer of microdomains. We
used scanning probe microscopy to image the structure
of the films that had been subjected to rigorous thermal
annealing treatments at different temperatures. Figure 4
shows the sequence of steps leading to disorder in a
monolayer of the PS-PVP0.23 polymer annealed at differ-
ent temperatures. The behavior we observe here is

Figure 2. Line profiles obtained by azimuthal integration of
the 2D X-ray scattering maps for bulk samples of the PS-
PVP0.22, PS-PVP0.23, and PS-PVP0.26 copolymers at 160 �C.
Themicrodomain spacing in bulk is related to the inverse of
the first-order peak position.

Figure 3. (a) Variation of intensity with scattering wave
vector for a bulk sample of the PS-PVP0.22 polymer obtained
by azimuthal integration of the scattering patterns at
various temperatures. The sharp drop in intensity (b) and
broadening of the first-order peak (c) demarcates the
order�disorder transition temperature.
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consistent with previous studies by Hammond et al.,20

where at temperaturesmuch lower than the bulk ODT of
210 �C, the cylindrical microdomains show nearly perfect
alignment with the channel walls; however, a finite
density of defects can be detected in the system even
at annealing temperatures 60 �C lower than the bulk
ODT. The defects are exclusively dislocations, whose
density increases as the annealing temperature is in-
creased. As thebulkODT is approached, unbindingof the
dislocation intopairs of disclinations takesplace, resulting
in complete disorder when the disclination density be-
comes greater than about 20/μm2. The system first loses
its translational order by generation of dislocations and
then its orientational order by generation of disclinations.
This behavior is analogous to the smectic to nematic to
isotropic transition exhibited by liquid crystals, where the
microdomains in monolayers of cylindrical morphology
block copolymers are analogous to the smectic layers.
Atomic force micrographs of bilayer thick films (see
Supporting Information) also showed a similar sequence
where the order�disorder transition was mediated by
generation of dislocations and disclinations; however, the
temperature atwhich thefilmdisorderedwashigher than
that for the monolayer. We shall refer to the temperature
at which both translational and orientational order is lost
in a thin film as the “ODT”, although evidentlymicrophase
separation of the blocks is still present when slightly
above that threshold. This distinction between the ODT
and the loss or onset of microphase separation is not as
apparent in bulk block copolymer systems.
In order to study the effect of microdomain spacing

and film thickness, we compared the ODT temper-
ature for monolayers and bilayers of the three block

copolymers and found unexpected differences. Using
GISAXS and atomic force microscopy, the in-plane
microdomain spacings for monolayers of PS-PVP0.22,
PS-PVP0.23, and PS-PVP0.26 copolymers were deter-
mined to be 20.3 ( 0.5, 22.3 ( 0.5, and 24.2 (
0.5 nm, respectively. Atomic force micrographs for
the PS-PVP0.22 and PS-PVP0.23 block copolymers an-
nealed at different temperatures are shown in Figure 5.
The PS-PVP0.23 monolayer ODT occurred at 190( 5 �C,
which is 20 �C less than the bulk ODT temperature.
However, the PS-PVP0.22 monolayer showed complete-
ly isotropic arrangement of its microdomains even at
temperatures as low as 120 �C, which is about 75 �C
lower than its bulk ODT temperature. As the glass
transition temperatures of polystyrene and poly(2-
vinyl pyridine) are both about 100 �C, annealing tem-
peratures lower than that limit could not be employed.

Figure 4. Nature of the order�disorder process in 2D for
cylindrical morphology block copolymer. Shown here are
atomic force micrographs for a monolayer of the PS-PVP0.23
block copolymer. The transition process is mediated by ther-
mal generation of dislocations, which unbind into disclina-
tions at higher temperatures. The circles are examples of
dislocations,while thediamonds showa fewdisclinationpairs.

Figure 5. AFM micrographs for monolayer thick films of (a)
PS-PVP0.22 and (b) PS-PVP0.23 copolymers as a function of
temperature. The monolayer ODT for the PS-PVP0.23 block
copolymer is 35 �C lower than its bulk ODT, while that for
the PS-PVP0.22 block copolymer is more than 90 �C lower
than the PS-PVP0.22 bulk ODT. Scale bar = 100 nm.
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Hence, while the bulk ODT temperatures for the two
block copolymers differ by 10 �C, their monolayer
order�disorder transition temperatures differ by more
than 70 �C. In all previous works on graphoepitaxy,
there has been no report where the orientation of the
copolymer microdomains were unaffected by epitaxy
as long as the annealing temperature is below the bulk
order�disorder transition temperature and above the
glass transition temperature. In fact, Hammond et al.33

reported that even above the order�disorder transi-
tion temperature the microdomains in the cylinder-
forming block copolymer closest to the hard edge still
retain their orientation along the edge. Hence, the
behavior of PS-PVP0.22 monolayer is unexpected. The
ODT for the PS-PVP0.26 monolayer was determined to
be 235 �C, 30 �C lower than its bulk ODT.
Even more remarkably, the bilayer of the same

PS-PVP0.22 block copolymer showed almost perfect

alignment at 130 �C with fewer defects than 1 defect
per 20 μm2 area, even though some defects originate
from visible dirt or wall edge roughness (Figure 6). The
bilayer loses its order by unbinding of disclinations at
190 ( 5 �C, which is very close to the bulk ODT
temperature. Hence a monolayer and bilayer of the
sameblock copolymer showdrastically different defect
densities at the same temperature. Bilayers of PS-
PVP0.23 and PS-PVP0.26 polymers also disorder at a
temperature higher than that of their corresponding
monolayers; however, the extent of depression of the
monolayer ODT seems to vary strongly depending on
the block copolymer.
Ideally, a reliable quantification of the positional and

orientational order in the block copolymer thin films
can be obtained using X-ray scattering in the grazing
incidence mode, where the elongated path of the
beam through the film compensates for the low con-
trast and small polymer volume resulting in intense
scattering even from very thin films when high-energy
synchrotron sources are used. Each sample was first
aligned with the channel walls parallel to the direction
of the incident X-ray beam by rotating the sample in
the azimuthal direction Φ about the sample normal
(see Figure 14). Line profiles extracted from 2D scatter-
ing images for samples annealed at different tempera-
tures for the PS-PVP0.22 bilayer and PS-PVP0.23
monolayer in this Φ = 0 position are shown in Figure
7. Positional order quantification can be extracted from
the line shape of the first-order peak, while the order
parameter quantifying orientational order can bemea-
sured by recording the intensity of the first-order peak
as the sample is rotated in its plane. The details of this
study are the subject of another publication.34 Since a
disordered state is characterized by short-ranged

Figure 6. Contrast between the melting behavior of the (a)
monolayer vs (b) bilayer for the PS-PVP0.22 block copolymer.
The monolayer ODT is more than 75 �C lower than its bulk
ODT, while the bilayer ODT is only 5 �C lower than the PS-
PVP0.22 bulk ODT. Scale bar = 100 nm.

Figure 7. (a) In-plane scattering profiles for a bilayer of the
PS-PVP0.22 polymer obtained by grazing incidence scatter-
ing, at various temperatures. (b) Full width at half-maximum
of the first-order peak for PS-PVP0.22 bilayer as a function of
temperature. (c) Full width at half-maximum of the first-
order peak for a PS-PVP0.23 monolayer as a function of
temperature.
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orientational order, we estimated the thin film ODT to
be the temperature at which the orientational order
showed a sudden drop. The temperatures thus esti-
mated are in good agreement with the ODT estimation
based on the atomic forcemicrographs of thin films. By
combining the information extracted from GISAXS and
the AFM micrographs, we determined the cylinder
spacing in a monolayer and the order�disorder transi-
tion temperatures of monolayer, bilayer, and bulk for
the three block copolymers, and the results are sum-
marized in Table 1. The differences in the TODT,monolayer

for polymers with small differences in molecular
weight and composition are striking. Monolayers of
block copolymers that differ by just 2 nm in their
microdomain spacing can exhibit ODT temperatures
differing by 90 �C in the monolayer, while in the bulk,
the difference in ODTs may be less than 15 �C.

DISCUSSION

Our experimental results show that, irrespective of
the block copolymer molecular weight or minor block
volume fraction, the monolayer films disorder at a
lower temperature than bilayers, which disorder at
temperatures close to but slightly lower than the bulk
order�disorder transition temperature. The extent of
depression of the monolayer ODT from the bulk ap-
pears to be strongly correlated to the nearest neighbor
spacing. Literature review reveals one study18 where
lamellar-forming block copolymers with an intrinsic
period of 32 nm formed a disordered structure under
conditions where a cylinder-forming block copolymer
with periodicity of 37 nm displayed much higher
degree of order. However, no explanation was pro-
vided for this behavior. Moreover, using an oriented
cylinder underlayer for the lamellar block copolymer
stretched the periodicity of the lamellae to 35 nm,
which showed drastically improved order.
One significant structural difference between bulk

and thin films is the distortion of the unit cells asso-
ciated with the microdomains as we confine the poly-
mer to a thin film.35 As shown schematically in Figure 8,
the equilibrium unit cell associated with the cylindrical
microdomains in the bulk phase is hexagonal, which
gets distorted to a pentagon in a bilayer and a square in
amonolayer. These distortions are expected to result in
free energy penalties because of increased packing
frustration of the polymer chains in the square and

pentagon configuration compared to the six-fold sym-
metry of the hexagonal unit cell.
In order to confirm and quantify these differences,

we used self-consistent field theory to calculate the
free energy per chain for a AB cylinder-forming block
copolymer in monolayer, bilayer, and bulk geometries
as well as in the disordered (or completely mixed
homogeneous) state as a function of χN, where χ is
the temperature-dependent Flory�Huggins interac-
tion parameter.While it is known that SCFT calculations
break down close to the order�disorder transition due
to neglect of thermal fluctuations, the motivation
behind this treatment was to determine the relative
free energies of the three geometries. The SCFT treat-
ment followed here is detailed in an earlier paper.36We
utilized a “masking” technique37 to confine the poly-
mer to a thin film bound by planar interfaces by
imposing a “wall” density field that expels the polymer
from the interface. In the simulations, for simplicity, we
assumed symmetric boundary wetting conditions
where the majority block was preferentially attracted
toward both the polymer�substrate and polymer�air
interfaces and the strength of the interaction param-
eter between the majority block and the interface
was set equal to zero while the strength of theminority
A block interaction with the wall χAW was set equal
to χAB. The fraction of the minority block φwas fixed at
0.25. The free energy of the homogenously mixed
state was approximated as the interaction energy fdis =
χNφ(1 � φ).38 As a rough approximation, the tem-
perature at which the calculated free energy per
chain in the ordered state became equal to that of
homogenouslymixed statewas taken to be the order�
disorder temperature.
The results of the SCFT calculations are shown in

Figure 9. For a fixedblock copolymer sizeN, at the same
temperature, we find that fmonolayer > fbilayer > fbulk,
where f is the free energy per chain, which is consistent
with our expectations based on distortion of the unit
cell. Hence, on the basis of our approximation, their
ODT follows the opposite sequence TODT,monolayer <
TODT,bilayer < TODT,bulk. Note that the definition of ODT
assumed here deviates from our experimental defini-
tion of the thin film ODT where the two blocks are not
completelymixed to lose all compositional order. From
the SCFT calculations we obtain χNODT,monolayer =
23.8, χNODT,bilayer = 20.5, and χNODT,bulk = 18. Hence
χNODT,monolayer � χNODT,bulk = 6, while χNODT,bilayer �
χNODT,bulk = 2.5. Since χ is of the form (A/T)-B, for a block

TABLE 1. Order�Disorder Transition Temperatures and

Microdomain Spacings for the Three Block Copolymers

block

copolymer

monolayer cylinder

spacing (nm)

monolayer

ODT (�C)

bilayer

ODT (�C)

bulk

ODT (�C)

PS-PVP0.22 20.3 ( 0.5 <110 190 ( 5 195 ( 5
PS-PVP0.23 22.3 ( 0.5 190 ( 5 210 ( 5 220 ( 5
PS-PVP0.26 24.2 ( 0.5 235 ( 5 260 ( 10

Figure 8. Confinement of cylindrical morphology block
copolymer to thin films causes distortion of unit cell asso-
ciated with each microdomain from hexagonal to square.
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copolymer with a degree of polymerization N, the
order�disorder temperature for the monolayer can
be estimated as

TODT;monolayer ¼ AN

23:8þ BN
(1)

A similar estimate can be made for the bulk phase.
Thus, the difference between the monolayer and bulk
ODT will be of the form

TODT;bulk � TODT;monolayer ¼ 6AN
(18þ BN)(23:8þ BN)

(2)

According to this equation, the difference in the
order�disorder transition temperatures of the mono-
layer and bulk increases weakly with increase in N.
However, the SCFT simulations simply reveal the en-
ergetic penalty of distortion of unit cells and do not
account for defects. Evaluating eq 2 for N = 200 using
the Flory�Huggins interaction parameters A = 63 and
B = 0.033 reported for the PS-PVP system, we find that
TODT,monolayer should be lower than that of the bulk by
100 �C. While this is much higher than our experimen-
tal value, the discrepancy could be due to the fact that
the fluctuations that are not accounted for in mean-
field theory will shift the ODT lower than the mean-
field estimate. Moreover, our simulations treat the
disordered state to be a homogenously mixed state,
whereas in experiments, the disordered state still has
compositional inhomogeneities (i.e., microphase
separation) with liquid-like arrangement of the cylindri-
cal micelles. Furthermore, contrary to the assumption
here, the free energy of the “disordered” state in thin
films will be different from the “disordered” state in
bulk, due to the presence of the surface.
Another possible explanation for the lower ODT

exhibited by monolayers can stem from the pinning
effects of adjacent layers on the orientational degrees
of freedomof a given layer. Our definition of theODT in
thin films refers to loss of positional and orientational

order rather than attaining compositional homogene-
ity. The cylindrical microdomains in a monolayer can
wander in-planemore freely than in a bilayerwhere the
corrugation imposed by the other layer would tend to
produce energy barriers to bending/wandering of
cylinders. This effect cannot be captured in our 2D
SCFT simulation; however, it can explain the decrease
in the ODT as the number of cylinder layers are
reduced.
While the SCFT simulations do confirm that the

distortion of the unit cells increases the free energy
of the thin films relative to bulk, the treatment does not
account for the energetics or entropy of defects. Since
from Figure 4 it is evident that the disordering propa-
gates by generation of point defects, in order to get a
more accurate measure of TODT,film, we have to incor-
porate loss of order induced by defects in our calcula-
tion. Defects are generated when the energetic cost of
producing the strain field of the defect is less than the
free energy decrease due to the entropy gained by
introduction of the defect. Since monolayers of block
copolymer cylinders are similar to thermotropic smectic-
A liquid crystals, we employed the elastic contin-
uum theory that has been used in the past for layered
smectic systems20,39�42 to estimate the factors that
affect the energetic cost of producing a defect. As
dislocations are thermally generated point defects,
their densities are expected to scale exponentially with
their formation energy Ed

nd∼
1
a2c
exp�Ed=kBT (3)

where Ed is the energy of a single dislocation and ac is
the dislocation core radius. Note that isolated disloca-
tions have finite energy in layered systems43 unlike in
hexagonal 2D crystals where the energy of isolated
dislocations scales logarithmically with the size of the
system.44 If we consider a system consisting of a single
grain of perfectly oriented cylinder cores, the inclusion
of a defect in this structure gives rise to a strain energy
field in the vicinity of the defect due to the bend and
splay of the displaced microdomains. This strain field
surrounding an isolated edge dislocation was first
calculated by deGennes42 and studied in detail by
Pershan.41 Accounting for the symmetries of the smec-
tic-A phase and discarding elements of the distortion
field that involve uniform translation or rotation, the
elastic free energy density relative to the undistorted
state in the first-order linear theory can be expressed as

F ¼ 1
2
B

Du
Dz

� �2

þ 1
2
K (r 3n)

2 (4)

where n is the local director normal corresponding to
the direction of preferred orientation of the microdo-
mains, K is the elastic constant corresponding to splay,
and B is the compressionmodulus normal to the layers.

Figure 9. Differences in free energy per chain of the block
copolymer in a monolayer, bilayer, and bulk phase, com-
pared to the disordered state free energy.
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One can define a length scale λ= (K/B)1/2 in terms of the
two distortion elastic constants, which is known as the
penetration depth. Assuming the displacement “u”

does not vary in the film thickness direction “y”, the
displacement field u was evaluated by Chandrasekhar
and Ranganath39 byminimizing the total energy of the
system E =

R
Fdr. The energy per unit length of an

isolated dislocation can then be obtained as εd =R R
Fdxdz, where F is calculated for the dislocation field

u using eq 4, which gives us the form

εd∼εo þ λb2B

2ac
(5)

where b is the length of the Burgers vector associated
with the defect. Thus, the energy per unit length of a
dislocation is composed of the energy of the disloca-
tion core εo and the elastic strain energy around the
defect. The length of the Burgers vector b is simply the
in-plane cylinder spacing a. The penetration depth
λ was estimated by Amundson and Helfland to
be ≈0.25Rg for lamellar-forming block copolymer
systems.40 From our SCFT calculations, a ∼ 4Rg, hence
we can approximate λ as 0.06a. The total energy
associated with a defect Ed is obtained by multiplying
the energy per unit length εd by the depth of the
defect. The interlayer spacing in cylinder-forming block
copolymers is about a for a monolayer and 0.866a for
bilayers, hence the depth of the defect scales as na,
where n is the number of layers. Using ac∼ a, we obtain
the following form for the defect density Ed

Ed ¼ naεo þ 0:03na3B (6)

Thus, if we ignore the contribution of the core energy
as is usual in dislocation theory, Ed scales approxi-
mately as a3. Since the number density of defects
decreases exponentially with Ed (eq 3), we can expect
a small change in the characteristic spacing a to have
dramatic effects on the defect densities, depending on
the magnitude of the compression modulus B. From
the GISAXS data, the characteristic cylinder spacing in
the monolayer of each block copolymer at 140 �C was
found to be 20.3, 22.3, and 24.2 nm for PS-PVP0.22, PS-
PVP0.23, and PS-PVP0.26, respectively. Assuming B to be
a linear function of temperature B = B�� B0T, by fitting
defect densities obtained from atomic force micro-
graphs versus temperature for the PS-PVP0.23 mono-
layer, 0.03a3B� was estimated for the PS-PVP0.23 block
copolymer monolayer by Hammond et al. to be
6000kB;

20 that is, Ed is approximately 14kBT. Assuming
B to be a function of temperature alone, the number
density of dislocations for the three block copolymers
can then be calculated using a simple scaling argu-
ment from eq 3, and these are shown in Figure 10.
The large differences in the values for dislocation
density arising from a 2 nm difference in microdomain
spacing show that small variations in polymer size and

composition can lead to drastic differences in the thin
film TODT. The general form of Ed for PS-PVP cylinder-
forming block copolymer monolayers can be approxi-
mated as Ed ∼ 0.0013kBTa

3, where a is in nanometers.
Note that since Ed scales linearly with the depth of the
defect (i.e., the number of layers), the dislocation
energy for a bilayer would be nearly twice that of the
monolayer and hence the dislocation density at the
same temperature would decrease dramatically as the
film thickness is increased. Although formally bilayers
are similar to columnar liquid crystals instead of smec-
tics, the form of the strain energy has the same
dependence on a.45

Although the above calculation calculates density of
dislocations only and does not take disclinations into
account, it has been predicted theoretically46 and
observed experimentally20 that the density of disclina-
tions which arise from the unpairing of disclinations
that comprise the dislocations only can increase once
the dislocation density reaches a certain level nd,*. An
estimate for TODT that accounts for dislocation defects
can be obtained by comparing the temperature at
which the number density of dislocations becomes
larger than nd,*. On the basis of the data extracted from
atomic force micrographs for the PS-PVP0.23 mono-
layer, nd,* ≈ 40 μm�2. This estimated temperature
scales as a3/kBLn(a

2nd,*). This implies that as the micro-
domain spacing of the block copolymers becomes
smaller, the monolayer ODT temperature decreases
much faster than the form AN/(23.8þ BN) predicted by
eq 1 based on distortion of the unit cell upon confine-
ment, which is consistent with our experimental
observations.
Since the calculations above depend on the Ed

extracted from quantitative analysis of atomic force
micrographs, we wanted to obtain an independent
estimate for Ed. As can be seen from eq 5, the energy of
the defect also scales linearly with the layer compres-
sion modulus B. In order to determine the effect of
various factors on B, we used self-consistent field
theory to calculate B, similar to the approach adopted

Figure 10. Dependence of defect density on microdomain
spacing for monolayer films as estimated by eq 6.
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by Hammond et al.20 The compression modulus B can
be estimated by calculating the change in energy per
chain f when the layer dimensions are changed by
small strain amounts ε.

Δf

kBT
¼ BV

2RT
ε2 (7)

where V is the molar volume of the copolymer. Unlike
Hammond and co-workers who calculated the compres-
sion modulus using a square unit cell with periodic
boundary conditions in all directions, we simulated the
thin film geometry by confining in the film thickness
direction by imposing a “wall” density profile. Since both
a and B for a monolayer can be obtained from SCFT, we
can obtain a theoretical estimate for Ed using Ed ∼
0.03na3B. For simulation conditions designed to mimic
the experimental conditions of PS-PVP0.23 block copoly-
mer, we obtain Ed = 5428kB, which is very close to the
value of 6000kB obtained fromatomic forcemicrographs.
Hence the SCFT simulations can be used to extract a
reliable estimate for the parameters that determine Ed
from smectic elasticity theory. Our estimate is different
from the number calculated by Hammond et al., which
maybebecauseof differences inour useof a constrained,
rather than unconstrained, simulation volume. Further-
more, they approximated λ ≈ 0.25Rg as 0.1a, while our
simulations show that a more accurate estimate is λ ≈
0.06a. The experimental results for PS-PVP0.22 and PS-
PVP0.23 show that block copolymers with nearly equal
molecular weight but different compositions can show
significant differences in defect densities. To confirm if
such a dependence is expected theoretically, we calcu-
lated theeffectof varying thepolymer compositionon Ed.
Figure 11 shows the variation in normalized values of Ba3

with composition φ at a fixed χN= 30, as calculated using
SCFT. We see that decreasing φ lowers Ba3, and the
decrease is sharper at lower values of φ, which is con-
sistent with our experimental observations. We also
studied the effect of varying χN on a block copolymer
keeping the composition fixed and found that Ed can be
manipulated by changing χN;an increase in χN in-
creases the monolayer compression modulus and layer
spacing, as shown inFigure 12. Apower lawfit forBversus
χN results in the following form

BV

2RT
¼ 3:26 � 352(χN)�1:6 (8)

This shows that, at χN∼ 18, the compressionmodulus for
amonolayer of anyblock copolymerwith aminority block
volume fraction of 0.22will be nearly zero. An exponential
fit for (0.05Ba3V)/(RgRT) versus χN fromFigure 12 gives the
following general form of the dependence of defect
densities on χ and N for a fixed minority fraction.

nd ¼ 1
a2c
exp �(14 � 28exp�0:04χN)R3gNA

V

" #
(9)

This shows that nd can bemanipulated by an appropriate
choice of χ. For a fixed molecular weight, apart from
lowering the temperature, χ canbe increasedby choice of
suitable block copolymer components. For the PS-PVP

Figure 11. Change in Ba3 (normalized) with varying com-
position φ at a fixed χN = 30. A smaller fraction of minority
block φ leads to a decrease in themicrodomain spacing and
layer compression modulus, which reduces the energetic
cost ∼Ba3 of producing the dislocation.

Figure 12. Effect of χNon the normalizeddislocationenergy
for a block copolymer with a fixed composition of φPVP =
0.22. An increase in χN increases both a and the compression
modulus B.

A
RTIC

LE



MISHRA ET AL. VOL. 6 ’ NO. 3 ’ 2629–2641 ’ 2012

www.acsnano.org

2638

systemusedhere, χ∼ 0.1,which limits theminimumpitch
of the patterns obtained to about 20 nm, but a poly-
(styrene-b-dimethylsiloxane) block copolymer, whose
Flory�Huggins interaction parameter between the seg-
ments is about 1.5 times higher,47 can be used to produce
features smaller than that limit.
We now attempt to define a minimum cylinder spac-

ing a0 that can be obtained for a block copolymer
characterized by degree of segregation χN and volume
fraction of minority block φ. Since the number density of
defects scales as exp[�Ed/kBT], Ed/T should be larger than
a limit to achieve a well-ordered structure at that tem-
perature. Since Ed scales as 0.03Ba

3, this poses a limit on
the smallest a0 that can be obtained. We assume that B
can be approximated by the product of power law fits for
its dependence on φ and χN shown in Figure 11 and
Figure 12. The details of the derivation are given in the
Supporting Information. Using our experimental result

for a0 = 20 nm for PS-PVP block copolymers to evaluate
the proportionality constant, we obtain an approximate
relation for the minimum pitch that can be obtained
using cylindrical morphology block copolymer mono-
layers, givenby eq10. The formof thedependence on χN
and φ is illustrated in Figure 13.

a0 (nm) ¼ 25

(χN � 18)0:167(φ � 0:197)0:027

 !
(10)

CONCLUSION

We have found that there is a lower limit to the
microdomain spacing that can be achieved in a mono-
layer of any block copolymer. These results have
striking implications for directed assembly block
copolymer lithography. One of the advantages of block
copolymer lithography is that features much smaller
than the physical limit of optical lithography can be
easily accessed by choosing an appropriate molecular
weight. This work reveals that there is a significant
downside to this strategy;when a decreases, Ed
decreases significantly, which will result in a higher
density of defects even well below the bulk ODT.
Hence the allowable window of processing tempera-
tures and polymer choices is shrunk drastically. We find
that a possible technique to overcome this drawback is
to employ block copolymers with larger values of
Flory�Huggins interaction parameters. At smaller mol-
ecular weights, the sensitivity of defect densities to the
film thickness and volume fractions increases substan-
tially, which implies that a bilayer and monolayer film
can have drastically different defect densities at the
same temperature and slight variations in polymer
compositions could lead to complete loss of order in
the self-assembled patterns.

METHODOLOGY
The block copolymer employed in this study is poly(styrene-

b-2-vinyl pyridine) (PS-P2VP) with poly(2-vinyl pyridine) as the
minority block. The strong dependence of the Flory�Huggins
interaction parameter between styrene and vinyl pyridine on
temperature48 (χ = 63/T(K) � 0.033) makes it amenable to
studies of the temperature dependence of order and defects.
Three block copolymers which differed in either their molecular
weights or their composition were prepared by anionic poly-
merization, resulting in polydispersity of less than 1.1. The cylinder
spacing and order�disorder transition temperature in the bulk
for these block copolymers were determined by temperature-
dependent small-angle X-ray scattering. Bulk samples were
prepared by packing the block copolymer in a copper washer
sealed using PMDA-ODA polyimide (Kapton) and a vacuum-
compatible epoxy adhesive. The bulk samples were preordered
in a vacuum of 10�6 bar by heating up to 270 �C, slowly cooled
to 160 �C, and held for 1.5 days. These preannealed samples
were heated to progressively higher temperatures and allowed
to anneal at each temperature under continuous nitrogen
overflow for 3 h before the SAXS data were collected. Bulk
small-angle X-ray scattering measurements were performed at

the in-house setup at the Materials Research Laboratory at
UCSB. The setup is powered by a XENOCS Genix 50W X-ray
microsource producing a beam size of about 0.8 by 0.8 mm and
X-rays of wavelength 1.54 Å. The scattered X-ray intensity is
recorded by a Bruker HI-STARmultiwire area detector and saved
as a 1024 � 1024 16 bit image.

Substrate Fabrication. For thin film studies, patterned sub-
strates for graphoepitaxy were prepared in the UCSB nanofab-
rication facility. Silicon oxide of desired thickness was deposited
on cleaned silicon wafers using plasma-enhanced chemical
vapor deposition. The deposited oxide thickness was varied to
match the thickness of the monolayer or bilayer film for the
different block copolymers employed in this study. The wafers
were cleaned by sonicating in acetone, isopropyl alcohol, andDI
water for 3 min each and baked in a convection oven at 120 �C
for 1 h to remove all adsorbed water. The substrate was primed
with hexamethyldisilazane (HMDS) to promote photoresist
attachment and coated with AZ4110 photoresist. The wafer
was then subjected to a 1 min pre-exposure bake on a hot plate
at 95 �C to remove all volatile components of the photoresist,
followed by exposure using a Karl SussMJB3 contact aligner and
developed in a 1:4 AZ400K/DI water solution. A 2 cm � 2 cm

Figure 13. Estimatedminimumcylinder spacing that can be
obtained for a given block copolymer characterized by
degree of segregation χN and volume fraction of minority
block φ.
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array of 2 μmwide channels separated by 2 μmwidemesas was
etched into the silicon oxide layer with CHF3 gas using a
Panasonic inductively coupled plasma etcher. The photoresist
was removed by soaking overnight in a stripper solution held at
80 �C, followed by a 1 min oxygen plasma etch. After etching,
the wafers were exposed to air, thus allowing a thin ∼1.5 nm
thick layer of native oxide to regrow on the silicon bottoms of
the channels.

Thin Film Preparation. Polymer films with thicknesses de-
signed to produce either a monolayer or a bilayer of cylinders
were deposited on these photolithographically patterned sub-
strates by spin coating from a well-mixed solution of the
polymer in toluene. These films were then subjected to thermal
annealing under high vacuum conditions by heating above the
bulk ODT to erase all processing history, then slowly cooled to
the annealing temperature at a rate less than 0.05 �C/min and
held for more than 1.5 days. The films were then cooled at a rate
faster than 0.5 �C/min to room temperature before removing
from vacuum. Quenching of the samples was not performed
because of the tendency of the films to dewet from the
substrate because of PVP degradation when exposed to air
even for a few seconds at temperatures close to 200 �C. Because
of the different surface energies of the two blocks, the PVP
blocks formed a brush layer next to the silicon substrate, while
the PS formed the polymer�air wetting layer. The spin coating
parameters were controlled such that only a brush layer was
formed on the mesas after annealing, and the microdomains
were located only within the channels.49 The heights of the
oxide mesas were also designed to obtain a flat polymer film
after annealing. A Physical Electronics 6650 dynamic secondary
ion mass spectrometry (SIMS) setup was used to etch through
the film with a focused 2 keV, 40 nA O2

þ oxygen beam that was
rastered over a 300 μm by 300 μm area with simultaneous
charge compensation using a 0.6 KeV electron beam. Secondary
ion mass spectrometry enabled us to identify the number of
cylinder layers in each film by tracking the CN� signal, which is
unique to P2VP, and to etch through the PS brush to expose the
buried P2VP cylinders for imaging using atomic force micro-
scopy (AFM).

GISAXS for Thin Films. In addition to atomic force microscopy,
grazing incidence small-angle X-ray scattering (GISAXS) was
used to obtain statistically representative structural data aver-
aged over large areas.28,30�32 In the GISAXS geometry, a well-
collimated X-ray beam impinges upon the sample at a very
small angle, giving rise to an elongated footprint (∼1.5 cm) that
results in intense scattering even from very thin films when a
high-intensity synchrotron X-ray source is used. GISAXS has
been shown to be a very sensitive high-resolution means to
probe the fine structural details that may remain undetected
using microscopy. GISAXS measurements were performed at
Sector 8-IDE at the Advanced Photon Source at Argonne
National Laboratory. A transmission diamond monochromator
provided intense radiation of wavelength of 0.1686 nm that was
focused to a beam spot size of 100 μm by 50 μm. The beam
impinged upon the sample at a controlled angle of incidence,
and the scattered intensity was recorded by a MAR-2 CCD area
detector and stored as a 2048 � 2048 16-bit tiff image. A lead
beamstop was used to block the specular beam. Each sample
was first aligned with the channel walls parallel to the direction
of the incident X-ray beam by rotating the sample in the
azimuthal direction Φ about the sample normal. The lateral
periodic structure of the gratings patterned on the substrate
leads to several orders of diffraction. Intersection of the grating
truncation rods with the Ewald sphere leads to a series of
diffraction spots located on a semicircle when the gratings
were parallel to the incoming beam.50 A slight misalignment of
the channel walls with the beam direction showed up clearly as
asymmetry in this semicircle on either side of the primary
beamstop. This allowed us to determine the aligned position
Φ = 0� with an accuracy of 0.05�. A secondary beamstop was
used to block the strong, very low angle reflections arising from
the periodic pattern on the substrate. Datawere collected in this
nominal Φ = 0� position with two exposures per sample
position, and the exposure timewas varied tomaximize scatter-
ing intensity without saturating the detector counts. The data

reported in this paper were collected at an incident angle Ri of
0.18�, which is above the critical angle of the polymer but below
the critical angle of the substrate, thus allowing the entire film
depth to be probed. The resulting data set was converted to a
map of intensity I(2θ,Rf), where 2θ is the in-plane diffraction
angle and Rf is the out-of-plane diffraction angle (shown in
Figure 14). Data fromboth sides of the beamstopwere collected
andwere corrected for possible thermal drift of the beamcenter
to ensure symmetry on either side of the beamstop. To extract
the in-plane structural data from the 2D scattering images, line
integrations of intensity at low values of Rf were obtained and
plotted against the in-plane wave vector q ). The peak positions
were fit to extract the in-plane microdomain spacing in the
block copolymer films.
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