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ABSTRACT: We observe that a 2-D single crystalline layer of spherical diblock copolymer domains
templated by lateral substrate topology melts via a continuous defect generation process, similar to that
predicted by Kosterlitz, Thouless, Halperin, Nelson, and Young. The layer of spheres is allowed to order
(or disorder) by annealing for 72 h at a given temperature, T, that corresponds to a given øNmin, where
ø is the temperature-dependent Flory-Huggins parameter and Nmin is the number of mers in the minority
block. The structure of the layer is revealed by imaging the ion beam etched film using scanning force
microscopy. If øNmin > 9, the film is polycrystalline and the system appears to be kinetically trapped. For
9 > øNmin > 7.4, we observe that the film is a single crystal with quasi-long-range order and few defects,
as expected for the 2-D crystal. As T is increased further (øNmin is decreased), we observe that defects are
generated, predominantly dislocation pairs and other dislocation clusters with no long-range strain field.
Increasing numbers of free dislocations are observed as øNmin is decreased further. This dislocation
unbinding produces a hexatic phase which has quasi-long-range orientational order but only short-range
translational order. At still higher T (øNmin ) 7.2), the dislocations unbind into +60° and -60° free
disclinations to form an isotropic 2-D liquid of block copolymer micelles. This hexatic to liquid transition
occurs at a øNmin below that corresponding to the bulk lattice disordering-ordering transition as measured
by small-angle X-ray scattering.

Introduction
The ability of block copolymers to order into nano-

meter-sized domains makes them uniquely suited for
patterning large areas with dense arrays of small
features for further use in nanolithography or the
templating of inorganic materials for microelectronics
applications. For example, block copolymer films have
been used as masks for reactive ion etching (RIE)
pattern transfer to underlying substrates to produce
densely arranged features for use in semiconductor and
magnetic storage applications.1-5 The block copolymer
nanometer domains have also served as sites for the
inorganic synthesis of a variety of nanowires6,7 and
metallic dots.8,9 For all of the above applications, the
block copolymer self-assembly route is attractive be-
cause it allows patterning on sub-optical lithographic
(sub-100 nm) length scales. Most commonly, the domain
orientation in cylinder and lamella forming diblock
copolymers is controlled by using external fields such
as electrical10,11 and surface interactions12,13 and by
controlling island/hole topography with chemically pat-
terned substrates.14 Nealey et al. have also shown that,
by chemically patterning the substrate on a nanometer
scale, it is possible to directly pattern the overlying
nanodomains of block copolymer.15,16 Recently, we have
shown that it is possible to achieve single crystal films
of spherical domains via topographical templating on a
much larger scale.17

All of these efforts have focused on controlling domain
orientation and occasionally on controlling actual do-
main placement via the use of external forces at an

arbitrarily chosen temperature. It is necessary, however,
to balance the kinetics of pattern formation with the
thermodynamics of block copolymer segregation in order
to achieve even higher degrees of order. For instance,
Yokoyama et al. demonstrated that, in the three-
dimensional case of very thick films, the interplay
between kinetics and thermodynamics controls the
extent to which layers of spheres stack with registry to
the surface.18 The degree to which the two blocks will
segregate thermodynamically is proportional to øNmin,
where ø is the temperature-dependent Flory-Huggins
parameter and Nmin is the length of the smaller of the
two blocks. The lower the temperature, the stronger the
driving force causing the two blocks to segregate and
order. Diffusion, however, becomes exponentially slower
as øNmin increases since D ∼ D0 exp(-RøNmin).19,20 At
lower temperatures, the polymer may not diffuse fast
enough to allow rearrangement of spherical domains
into a structure with long-range order. The interplay
between these opposite dependences on øNmin results
in an optimum annealing condition. Similarly, Kim et
al. demonstrated that grain growth rates can be opti-
mized by correctly tuning the quench depth of a bulk
sample from the order-disorder temperature (ODT) due
again to an interplay between thermodynamic driving
forces and frictional resistance.21

The properties of block copolymer melts in the vicinity
of the ODT have been intensely studied over the past
two decades. Experiments,18,22-29 computer simula-
tions,30 and theoretical developments31,32 have led to a
better understanding of how an asymmetric copolymer,
which forms spherical micelles ordered on a body-
centered-cubic (bcc) lattice at large øNmin disorders as
øNmin is decreased. In contrast to symmetric block
copolymers whose lamellar microdomains disorder di-
rectly into the homogeneous state through a single ODT,
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these asymmetric block copolymers appear to go through
a series of transitions from spheres on an ordered lattice
to disordered spheres to a homogeneous state. As of yet,
it is unclear how many distinct equilibrium phases occur
during the transition, but a popular terminology set
views the system as progressing through two first-order
transitions during heating: first the spheres on an
ordered lattice disorder into randomly packed micelles
(lattice disorder-order transition (LDOT)) and then
disorder completely into disordered chains (demicelli-
zation/micellization transition (DMT)).23,24 The discus-
sion as to whether the DMT is a distinct first-order
transition or whether there is a continuous change in
micellar concentration and size leading to a critical
micelle temperature (CMT) is ongoing.22,31

The LDOT, where the ordered phase transforms to a
phase of disordered spheres with short-range liquidlike
order, can viewed as a simple melting transition from
an ordered array of objects to one that is disordered. In
lower dimensionalities, the situation is expected to be
more complicated. In 1-D and 2-D, the translational
order of the crystalline phase is diminished by thermally
excited long wavelength phonons so that true long-range
translational order is not possible. Instead, a 1-D crystal
will only have short-range translational order,33,34 and
a 2-D crystal will have only quasi-long-range transla-
tional order.35,36 Kosterlitz, Thouless, Halperin, Nelson,
and Young37-41 predict that melting in 2-D crystals is
a continuous transition driven by the thermal genera-
tion of defects. It is useful, in this description, to
distinguish between translational order, frequently
parametrized by a pair correlation function, and orien-
tational order, defined as the 6-fold symmetry of the
array at any point. A two-dimensional crystal is ex-
pected to first lose its translational order on heating and
then only at a higher temperature lose its orientational
order. This leads to the prediction of a two-stage
continuous melting transition instead of the first-order
transition observed in three dimensions. As predicted
by Halperin and Nelson, the first stage of this transition
is characterized by a loss in translational order due to
the dissociation of bound dislocation pairs to form a
hexatic phase.39,40 The hexatic phase has only short-
range translational order but quasi-long-range orien-
tational order. In the second stage of melting, individual
dislocations dissociate into their component disclina-
tions, destroying order and forming a true liquid. The
liquid is characterized as having only short-ranged
translational and orientational order.

The conditions under which this theory predicts the
results of simulations and experiments have been the
subject of active debate over the past several de-
cades.42,43 While the continuous hexatic to liquid melting
transition has been observed in some simulations,44-49

other simulations50,51 have failed to reveal it, and there
is a continuing discussion on the effects of simulation
size.52-54 Experimentally, two-dimensional melting
through a hexatic phase has been reported in polymeric
colloids,55-60 paramagnetic colloids,61 and magnetic
bubble arrays in garnet films.62,63 Though the classic
KTHNY theory is the most popular theory of two-
dimensional melting, it has been demonstrated that, by
changing the interactions between the spheres (in
particular, changing the charging condition of colloids),
it is possible to change the sequence of melting events.
Chui64 demonstrated that this transition may be pre-
empted by grain boundary induced melting. Blandon

and Frenkel50 simulated and Marcus and Rice59,60

experimentally observed a first-order crystal to hexatic
transition followed by a first-order hexatic to liquid
transition for an uncharged, sterically stabilized col-
loidal array in which the particle-particle interaction
has a hard core and a very short-range attraction. Chou
and Nelson have since extended KTHNY theory to
include these findings.65 It was later shown also that
uncharged silica spheres melt via a first-order transition
to a liquid without a hexatic intermediate.66

Though the 2-D colloids represent an interesting
model system, the shape of the colloids is rigid, and the
melting is driven by changes in the volume fraction of
colloids in the system. In a block copolymer system, the
spheres may deform and change size via the diffusion
of block copolymer chains between nanodomains. The
magnetic bubble system, however, is a closer analogy
since the bubbles are not of fixed size or volume, though
the melting in this case is also not driven via temper-
ature but rather by modifying the surrounding magnetic
field such that the number density of bubbles of reversed
magnetization in the garnet is also modified. Recently,
the melting of a 2-D lattice of spherical nanodomains
of block copolymers has also been observed in a poly-
styrene-poly(ethylene-r-propylene) diblock copolymer
system by Angelescu et al.67

In previous studies, we have demonstrated that a
single layer of block copolymer spheres on a planar
silicon oxide surface is polycrystalline. By imposing
topographical confinement, these spheres can be in-
duced to order into single crystalline arrays as broad
as 5 µm in dimension. In this paper, we will show that
it is necessary to balance the thermodynamic driving
force for phase segregation with the kinetic limitations
for nanodomain rearrangement in a block copolymer
system in order to reach the best order possible. Even
under the best possible conditions, however, we find that
true long-range translational order cannot be created
in a 2-D block copolymer layer, in agreement with the
general theoretical predictions outlined above.

Further, we will demonstrate that the mechanism by
which a single layer of spheres disorders is analogous
to the two-dimensional melting previously observed in
other systems by studying the defect character of single
crystalline block copolymer sphere arrays. We will show
that this melting is described by the KTHNY theory for
two-dimensional melting by analyzing the orientational
and translational order of the block copolymer array
under a variety of annealing conditions. Finally, we will
demonstrate that the hexatic to liquid melting temper-
ature is depressed when compared to the 3-D LDOT
temperature (TLDOT).

Experimental Section
Polystyrene-b-(2-vinylpyridine) (PS-PVP) with N ) 670 and

fPVP ) 0.129, where N is the total degree of polymerization of
the block copolymer and fPVP is the mole fraction of PVP mers,
was synthesized via anionic polymerization as previously
documented.18 In the bulk, this material self-assembles into
spherical PVP cores 9 nm in diameter surrounded by PS
coronae to form bcc arrays with a (110) plane spacing of 27
nm.

Small-Angle X-ray Scattering. SAXS was performed at
the Material Research Laboratory X-ray Facility at UCSB on
a 0.8 mm thick, melt-pressed sample of PS-PVP. This sample
was preannealed at 200 °C in high vacuum (P < 10-6 Torr).
The sample was then compressed between two sheets of
Kapton and two copper washers and placed in an Instec heat
stage which was then placed in the SAXS beamline. The heat
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stage was operated at a constant overpressure of high-purity
N2. Temperature was varied from 160 to 305 °C with an
accuracy of (1 °C, and the sample reached each temperature
within 30 s. At each temperature step, the sample was
annealed for 30 min prior to X-ray exposure to make sure that
it was in thermal equilibrium. Scattering data were then
collected for 31 min. Copper KR radiation with wavelength 1.54
Å was generated by a fine focus (0.2 mm) Rigaku rotating
anode generator. The beam line was configured with a spot
size of approximately 1 mm × 1 mm which was transmitted
through the Kapton windows of the cell. Scattering patterns
were collected on a Bruker HI-STAR multiwire area detector
located 1.5 m from the sample.

Dynamic Secondary Ion Mass Spectroscopy (SIMS).
Silicon substrates were obtained from Cypress Semiconductor
Corp. (Minneapolis, MN), and a 300 nm thick layer of silicon
oxide was deposited on the wafer via electron beam evapora-
tion. A 10 µm thick film of PS-PVP was formed by allowing
a drop of 10% PS-PVP/toluene solution on the substrate to
evaporate in a toluene vapor environment for 30 h. The
samples were then annealed in high vacuum (<10-6 Torr) at
the designated temperature for 24 h. Prior to SIMS analysis,
a sacrificial layer of deuterated PS thin film (∼60 nm thick)
was spun-cast onto a glass microscope slide, floated off onto a
distilled water bath, and picked up onto the PS-PVP specimen
surface. This sacrificial layer was used to calibrate the etch
rate of the SIMS.

Depth profiles were obtained from a Physical Electronics
6650 dynamic SIMS using a 3 keV, 50 nA beam of O2

+ ions
that was rastered over a 300 µm × 300 µm area. Charge
neutralization was achieved with a 0.6 eV defocused electron
beam. The SiO2 substrate layer serves to insulate the overlying
polymer layer so that charge neutralization conditions using
a low-energy electron gun in the SIMS crater do not change
as the crater approaches the polymer/substrate interface.

Sample Preparation of 2-D Arrays. A 30 nm thick layer
of silicon oxide was deposited on silicon wafers via electron
beam evaporation. The substrate was then patterned with a
series of long (1 mm) mesas and wells with heights of 30 nm
via standard photolithography and chemical etching with
hydrofluoric acid. These mesas and wells ranged in width from
1 to 10 µm. A 1.5 nm thick native oxide layer was then allowed
to regrow on all etched surfaces.

Thin films of PS-PVP were spun-cast from dilute (∼1%)
toluene solution directly onto the patterned substrates or onto
glass microscope slides. In the latter case, the slides were
slowly immersed in deionized water immediately after spin-
coating. The intrinsic layer of surfactant on the glass surface
released the films to the air/water interface where they were
retrieved on top of patterned silicon substrates. There was no
noticeable difference in the final films produced by the two
techniques after final ordering.

All samples were annealed at a designated temperature in
high vacuum (<10-6 Torr) for 72 h to allow ordering. The
samples were then quenched to below the glass transition
temperature (∼100 °C) to lock in the structure. This resulted
in a 20 nm PVP brush at the silicon surface followed by a layer
of PVP cores surrounded by PS coronae as illustrated sche-
matically in Figure 1.

Islands and holes form when the original, spun-cast film
thickness does not match a natural thickness, h, given ap-
proximately by

where R is the thickness of a layer of spheres (27 nm), â is the
thickness of a layer of PS-PVP brush absorbed on the silicon
oxide surface (20 nm), and n is an integer value. When the
film is slightly thicker than h, islands containing excess
material form. To reduce their line tension, they coarsen by
accumulating near the hard edge of the well. This configura-
tion effectively decreases the width of the well to accommodate
the excess material without any increase in island edge-line
length. Similarly, when the film is slightly thinner than h,
holes form in the single layer of spheres to reveal the brush.

This brush is preferentially formed on the outer edges of the
mesa to effectively decrease the width of the mesas. The
kinetics of this island/hole formation and further details on
the structure of the islands and holes will be presented
elsewhere.68 For the purposes of the following work, great care
was taken to cast the film to be exactly 47 nm thick (one sphere
layer and one brush) on all surfaces.

The top surface of the film appears flat on a 5 nm height
scale, indicating that the PS coronae conform to a planar
surface. The lateral location of the PVP cores was revealed by
etching to the midplane of the layer of spheres using SIMS.
SIMS etching was accomplished using the same instrument
detailed above, but etching was accomplished by rastering a
1 kV beam of O2

+ ions over a 0.09 mm2 crater. Charge
neutralization was accomplished using a static, defocused 1
keV electron beam centered on the crater being etched by the
SIMS. Negative ions of H, CN, and Si were monitored as a
function of time. The etch was stopped at a local maximum in
the CN- signal, indicating the location of the midplane of a
layer of spheres. The polar PVP cores are etched slightly faster
than the surrounding PS matrix resulting in a 1 nm height
contrast, which could be imaged with tapping mode scanning
force microscopy (SFM) performed on a Digital Instruments
MultiMode AFM.

The SFM was allowed to scan for several hours prior to
image capture to ensure the best possible thermal equilibration
of the piezo tube and to reduce the resulting stretching/
compression of the image. Several successive images of the
same region were then captured. It was noticed that the SFM
alternately compressed and stretched the image in the slow
scan direction of successive scans due to drifting of the piezo.
Small amounts of drift were associated not only with previous
changes in scan location and scan size but also with the
presence of drafts and gradients in ambient temperature and
were found to be unavoidable. The 2-dimensional Fourier
transform was computed for each digital image, and it was
noticed that the distances to the first-order ring in the fast
scan direction stayed constant while the distance to the first-
order ring in the slow scan direction was either compressed
or stretched. Each image was corrected for this distortion by
inversing the contraction or expansion (by stretching or
compressing the digital image in the slow scan direction) so
that the first-order ring was round (equally spaced from the
origin in all directions). This method of image correction
removed all artificial distortion in the hexagonal lattices.

The SFM scans of the etched films contained some long
wavelength background (see for example Figure 2a). Image
contrast enhancement was necessary to facilitate the auto-
mated detection of all sphere centers (observed as dark areas
surrounded by bright). Though a common method of enhancing
a periodic pattern is to apply a Fourier filter, great care must
be taken in filtering images of lattices with defects to avoid
introducing artifacts. Defects in periodic arrays such as grain
boundaries and dislocations can be considered perturbations
of the lattice in the sense that most of the image retains the
lattice periodicities.69 The images were therefore manipulated

h ) Rn + â (1)

Figure 1. After annealing on a topographically patterned
silicon substrate, a 20 nm PS-PVP brush with a single layer
of spheres is observed. The material on the raised areas
(mesas) is confined by the presence of vacuum surfaces on
either side while the material in the wells is confined by the
presence of the hard silicon steps on either side. Both forms
of confinement lead to an epitaxial ordering of the spheres.
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by enhancing the periodicity associated with our hexagonal
array (2π/repeat spacing). This was done by convoluting the
image mathematically:

where h(x) is the convolved image, f(t) is the original image,
and g(x-t) is the convolving function. This was done by taking
the Fourier transform of f(t), f̂(q), and multiplying with the
transformed function, ĝ(q), and then inverse transforming the
product to create a new image, h(x). For ĝ(q), we used a
Gaussian with maximum occurring at the first Fourier peak
of f̂(q) and full width half-maximum of 2π/a, where a is one
lattice spacing. This width was chosen to preserve any lattice
defects present in f(t).

Image Pro by Media Cybernetics was then used to identify
the center of every dark region which we identify as PVP cores.
This generated a matrix of PVP core locations which could be
used for further analysis. While close to perfect, this automated
sphere finding algorithm still required some hand correction
to separate closely spaced spheres (on average 4 pairs per 1.5
µm square SFM image).

Results and Discussion

Defect Concentrations and Phenomonological
Observations of 2-D Melting. A useful overall picture
of the melting phenomenon can be attained by quali-
tatively observing the changes in the crystalline array
as a function of annealing temperature. In particular,
it is useful to identify the presence of grain boundaries,
dislocations, and other lattice defects through analysis
of SFM images of the layer of spheres. Figure 2a shows
a representative SFM micrograph of a 1.5 µm square
region of spheres ordered at 180 °C (øNPVP ) 9.1) for 72
h, then quenched to room temperature, and etched with
SIMS. By eye, it is obvious that the close-packed lines
of the array are generally straight and persist through-
out the scan, indicating that a single, near perfect
crystal is present. The corresponding Voronoi diagram
is presented in Figure 2b and aids in observing the close-
packed rows. Figure 2c is a 2-dimensional Fourier
transform calculated from the sphere center position
matrix generated by Image Pro. It has been color-coded
with a spectrum from red to yellow to blue to designate
low- to medium- to high-intensity regions, respectively.
The six sharp first-order peaks as well as sharp second-
and third-order peaks visible in this transform further
indicate the presence of a single, well-formed hexagonal
grain.

It is useful to visualize the presence of crystal defects
through a Voronoi diagram which is constructed by
drawing bonds connecting a sphere with all of its
neighbors. The perpendicular bisectors of these bonds
intersect to form a polygon. The polygon has a number
of sides equal to the number of nearest neighbors of the
sphere in the center. These polygons can be used to
identify a variety of lattice defects, as seen in Figure 3.
The 6-fold-coordinated sites are uncolored and appear
as white hexagons while 5-fold-coordinated species (5’s)
are displayed as blue pentagons and 7-fold-coordinated
sites (7’s) are displayed as magenta heptagons. An
isolated dislocation is shown in Figure 3a, with both an
SFM image and its corresponding Voronoi diagram with
its Burgers vector shown in blue. The core of the
dislocation, seen as a 5-7 pair in the Voronoi diagram,
is the point where the two extra half lines of material
(indicated by red lines) intersect. The 5’s represent
points at which a 60° segment of symmetry has been

Figure 2. The 1.5 µm square region annealed at øNPVP ) 9.1
(180 °C) for 72 h on a mesa with the vacuum edge just to the
left of the image. (a) SFM micrograph of the region after
etching with SIMS. The dark areas are lower than the bright
such that the total height scale (from dark to bright) is 5 nm.
The SIMS preferentially etches the PVP cores so they appear
as 1 nm dimples (dark) in the brighter matrix. The close-
packed rows are aligned parallel to the edge and are very
straight, indicating that the single grain is near perfect. (b)
Voronoi diagram constructed from the sphere center locations.
Six-fold-coordinated sites are unshaded while 5-fold sites are
magenta and 7-fold sites are blue. The presence of one 5-7
pair indicates the presence of a single dislocation in the image.
(c) Fourier transform with false color (low scattering intensities
are shaded red and high intensities are blue). Six sharp first-
order peaks equidistant from the center further support the
view that this is a single crystalline, hexagonal grain. The
presence of higher-order peaks attests to the high degree of
order within the grain.

h(x) ) ∫0

x
f(t) g(x - t) dt ) ∫-∞

∞
f̂(q) ĝ(q) eiqx dq (2)
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removed and are therefore actually -60° disclinations.
The 7-coordinate sites, correspondingly, are +60° dis-
clinations. A pair of disclinations forms the core of a
dislocation. Figure 2b indicates that for a sample an-
nealed at 180 °C for 72 h only one dislocation is present
in this arbitrary 2.25 µm2 area. The stress and strain
fields of the dislocation decrease as 1/r, where r is the
distance away from the core. The elastic energy of the
dislocation, Eel, associated with the lattice strain within
a circle of radius R is proportional to ln(R), to which is
added the energy of the core region, Ecore. The lattice
strain energy can be reduced by the presence of another
dislocation of opposite Burgers vector at a distance of
2x < R so that now Eel ∝ ln(x).70,71 Figure 3b is such a
case where two dislocations are paired so there is no
net Burgers vector. In this configuration, the dislocation
pair imposes no net strain field on the lattice, though
there is some energy associated with each dislocation
core. Parts c and d of Figure 3 are pairs of closely packed
dislocations whose glide planes are offset. These cor-
respond to an interstitial (3c) and a vacancy(3d). Neither
pair has a net Burgers vector. The interstitial is seen
as a 7-4 (yellow)-7 grouping while the vacancy appears
as a 5-8 (green)-5 grouping. The vacancy shown is not
a 6-fold symmetric hole, as one may have guessed, but
has rather been crushed down to 2-fold symmetry by

the interactions. This crushing has been predicted for
simple repulsive pair potentials and was observed
recently in colloidal experiments.72 Figure 3e is a section
of grain boundary which appears as a string of disloca-
tions. For low-angle grain boundaries, the density of
dislocations along the grain boundary is proportional
to the angle between the two grains. The grain boundary
shown is a 30° grain boundary, the largest angular
mismatch possible, and hence contains the highest
density of dislocations. At such high angles, the density
of dislocations is no longer proportional to the angular
mismatch.

Dislocations in two dimensions can form and an-
nihilate spontaneously.60,63,73 As diagrammed schemati-
cally in Figure 3f, any four spheres can form a disloca-
tion pair with relatively little movement of core centers
(step 1). This dislocation pair can dissociate, and the
two dislocations can glide away from each other (step
2). Finally, each dislocation can then unbind into its
component disclinations (step 3). The progression of
these steps from left to right is the defect-mediated
melting transition, as described by KTHNY theory. Step
2, the creation of dislocations, creates a hexatic phase.
Step 3, the dissociation of dislocations into component
disclinations, is the hallmark of the transition of a
hexatic to a liquid.

Figure 3. Defects in 2-D diblock copolymer crystals for which Voronoi diagrams were constructed using same color coding as
Figure 2 and their corresponding unfiltered SFM images: (a) Individual dislocation: A paired pentagon and heptagon (5-7 pair)
occurs when two extra half rows of spheres (shown as red lines in the Voronoi diagram) intersect at the core of the dislocation.
This defect has a Burgers vector in the direction of the indicating arrow. (b) Dislocation pair: In the Voronoi construction this is
seen as a quadrapole of two pentagons and two heptagons (two 5’s and two 7’s). This dislocation pair has no net Burgers vector.
(c, d) Other defects with no net Burgers vector: As the system melts, other defect forms can be created as defects glide and climb
into each other. (c) 7-4-7 groupings are interstitial spheres (squares are colored yellow). (d) Vacancies are frequently observed
as 5-8-5 groupings (octagons are colored green). (e) A grain boundary is seen as a string of dislocations. This is a 30° grain
boundary, corresponding to largest angular mismatch possible and the highest density of 5-7 pairs. (f) Dislocation-mediated
melting: A dislocation pair may be formed in equilibrium by the conversion of four hexagons (6’s) into a pair of dislocations (two
5’s and two 7’s) with little mass movement of material and zero net Burgers vector (step 1). These dislocations (5-7 pairs) may
then climb and glide away from each other in step 2. Finally, each dislocation may unbind into disclinations (individual 5’s and
7’s) in step 3.
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The original KTHNY theory does not take into ac-
count any dislocations in grain boundaries, because it
assumes that a single, defect-free grain exists in equi-
librium prior to melting. Such grain boundaries occur
frequently in a layer of block copolymer spheres ordered
on a flat silicon substrate. KTHNY theory also does not
preclude the possibility that the Ecore may be very small
so that the crystal may become thermodynamically
unstable with respect to the fluid while it is still
mechanically stable. In this case, the layer may melt
by spontaneous generation of grain boundaries.43 To
allow us to differentiate between these mechanisms, it
is necessary to begin the melting process with a single
crystalline array. We have previously demonstrated that
the region near a confining structure (mesa or well as
depicted in Figure 1) is epitaxially templated by the
presence of the adjacent surface (vacuum or substrate)
to form a single crystalline array. All melting phenom-
ena presented in this paper were observed within a 1.5
µm wide strip near the edge of the mesa so as to ensure
that grain boundaries will not occur within the field of
view. In each case, 5-10 SFM images are taken at
different locations along this strip so as to ensure that
a large sample set was used for each temperature
studied. A future paper will address the effect of
topography on the melting phenomena of sphere-form-
ing block copolymers.74

Upon annealing, the PS-PVP chains quickly rear-
range to form 9 nm PVP cores surrounded by PS coronae
within the first 10 min of the high-temperature anneal-
ing step.68 These spheres form a polycrystalline array
which will then minimize external stresses by rearrang-
ing into the preferred crystalline orientation as the
prevailing grain boundary is observed to sweep away
from the substrate topography edge.75 As shown in
Figure 4, after 44 h of annealing at 180 °C a single grain
exists within 1.5 µm of the edge of the mesa (indicated
by the six first-order peaks in the Fourier transform).
Steps 1 and 2 in Figure 3f must occur in reverse as the
pattern equilibrates so that two dislocations may climb
and then glide together to annihilate to form a perfectly
hexagonal region. This single grain in Figure 4 is defect
riddled (dislocation density ∼5/µm2), but over the in-
tervening 18 h these defects must annihilate to attain
the state of Figure 2 (72 h anneal dislocation density
∼1 dislocations/µm2). This dislocation density does not
appear to be affected by an even longer annealing time
(up to 100 h) or by changing the thermal history of the
sample (280 °C for 72 h followed by 180 °C for 72 h).
We therefore assume that, after 72 h of annealing at
180 °C, the system is approaching thermal equilibrium.
It has been previously demonstrated that the stacking
of layers in a thick film of sphere-forming block copoly-
mer is dependent on øNPVP, where NPVP is the number
of monomers in the minority block and ø is the temper-
ature-dependent Flory interaction parameter for PS-
PVP:

We will adhere to this nomenclature, expressing all
temperatures also in terms of øNPVP, where for our
system NPVP ) 86.

At øNPVP > 9.1 (or temperatures less than 180 °C),
there is insufficient mobility in the system to allow for
sphere rearrangement and grain boundary removal
within a 72 h span. Figure 5 demonstrates that this

system is kinetically trapped, resulting in grain bound-
aries within the 1.5 µm square field of view. The Voronoi
diagram shows rows of dislocations indicative of grain
boundaries and the Fourier transform shows 24 first-
order peaks, indicating the presence of at least four
grains in just this 1.5 µm square area. The number of

ø ) -0.033 + 63
T

(3)

Figure 4. The 1.5 µm square region annealed at øNPVP ) 9.1
(180 °C) for 44 h with a mesa edge just to the left of the image.
All high angle grain boundaries have been annealed out after
the first 44 h of annealing, leaving a single grain with many
remaining defects. The Fourier transform now shows six
distinct first-order Bragg peaks, but these peaks are not sharp,
indicating the presence of defects. The Voronoi diagram shows
the presence of many dislocations (on average 7 dislocations/
µm2) that will annihilate over the next 28 h to yield a defect
density of ∼1 dislocations/µm2.
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isolated disclinations and dislocations (not incorporated
in the grain boundaries) is minimal. It is difficult,
however, to further quantify the order in this sample
due to its polycrystallinity.

As temperature is increased, mobility is increased so
that it is easier for grain boundaries to be eliminated.

For 9 < øNPVP < 7.5, the system is single crystalline,
and very few dislocations are observed in the 1.5 µm
wide area near the mesa edge (similar to Figure 2). As
temperature is increased further, however, an increas-
ing number of both isolated dislocations and dislocation
clusters are observed. As seen in Figure 6, a sample
annealed at 250 °C (øNPVP ) 7.5) has a Fourier

Figure 5. The PS-PVP diblock copolymer film is annealed
at øNPVP ) 10 (150 °C) for 72 h, but there is not enough mass
movement possible to allow the predominant grain to sweep
across the 1.5 µm square region near the mesa edge (vacuum
edge is to the left of the image). Kinetically trapped grain
boundaries are visible both in the representative 1.5 µm square
SFM scan shown and as strings of dislocations in the associ-
ated Voronoi construction. Similarly, the Fourier transform
shows the presence of as many as 24 first-order peaks,
indicating that there are at least four grains present.

Figure 6. The PS-PVP diblock copolymer was annealed at
250 °C (øNPVP ) 7.5). While the 1.5 µm square SFM image
and sharp first-order peaks in the Fourier transform lead us
to believe this sample is a single crystal, the Voronoi construc-
tion demonstrates that more defects are present. In this image,
one dislocation pair, one vacancy, and two dislocations in the
process of gliding together to form another vacancy can all be
observed.
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transform with relatively sharp peaks, indicating that
the crystalline structure is still intact though the
Voronoi diagram reveals the presence of dislocation
pairs. A change, however, is evident in the Fourier
transforms of samples annealed at øNPVP ) 7.4-7.2
(255-264 °C, Figures 7-9), which show 6-fold angular
symmetry with azimuthally broadened peaks. When the
annealing temperature is increased from øNPVP ) 7.4
to øNPVP ) 7.3 (250 to 260 °C), there is an obvious

increase in the number of defects, but these defects are
still located randomly through the image. When two
dislocations of opposite Burgers vector are near each
other, their elastic strain energy is low, but as they move
apart it increases logarithmically with their separation,
x. An increase in the dislocation density thus leads to a
decrease in the elastic strain energy for introducing a

Figure 7. The PS-PVP diblock copolymer was annealed at
255 °C (øNPVP ) 7.4). Now the 1.5 µm square SFM image and
the Voronoi diagram depict the presence of many isolated and
grouped dislocations. The first-order peaks in the Fourier
transform appear slightly less sharp as the system begins to
melt into the hexatic phase.

Figure 8. The PS-PVP diblock copolymer was annealed at
260 °C (øNPVP ) 7.3). The 1.5 µm square SFM image and
associated Voronoi diagram are similar to those shown in
Figure 7, except the dislocation density has increased and the
dislocations appear to form larger clusters. The Fourier
transform now shows a large amount of azimuthal smearing
of the first-order peaks that is characteristic of the hexatic
phase.
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subsequent dislocation due to the effective screening of
its strain field by others. At øNPVP ) 7.2 (264 °C), the
defects are able to span across the whole image. Despite
this large defect density, the six regions of higher
intensity in the first-order ring of the Fourier transform
indicate that the hexagonal symmetry is still retained
at this point. Finally at øNPVP ) 7 (Figure 10), the
system has melted into a liquid so that the Fourier

transform shows a diffuse ring and the Voronoi diagram
illustrates the presence of a few isolated dislocations
with many disclination clusters spanning the width of
the image.

This qualitative analysis indicates that a gradual
melting transition occurs in the range of 7.5 > øNPVP >
7.0. It is useful to analyze the defects statistically in a
larger number of SFM scans to carry the analysis
further. Defect counts on a single 1.5 µm square SFM

Figure 9. The PS-PVP diblock copolymer was annealed at
264 °C (øNPVP ) 7.2). Dislocations now span across the 1.5 µm
square area visible in the SFM scan and Voronoi construction.
The first-order ring in the Fourier transform is completely
smeared but still shows slightly higher intensity in six evenly
spaced positions in the ring, indicating that some orientational
order is still present.

Figure 10. The PS-PVP diblock copolymer was annealed at
280 °C (øNPVP ) 7.0). Disclinations are no longer grouped into
pairs and almost outnumber 6-fold coordinated sites. The
Fourier transform depicts only a first-order ring, indicating
that the system has melted into a liquid.
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scan containing ∼2000 spheres yield only a very limited
number. For the sake of statistical analysis, each sample
was scanned at a minimum of five locations near the
edge of a long (1 mm) mesa so as to gather a larger
sample set (10 000 spheres). Figure 11a demonstrates
that the fraction of spheres that are 6-fold coordinated
(6’s) is nearly unity for all 9.0 > øNPVP > 7.5. In this
range, there are no grain boundaries within the 1.5 µm
wide strip along the edge of the mesa, and the Fourier
transform always indicates six very sharp diffraction
peaks, indicating that we have a relatively defect-free
crystal. As øNPVP is decreased below 7.5, the frequency
of 6’s decreases continuously. Figure 11b demonstrates
that as the frequency of Voronoi hexagons decreases,
disclinations (5’s and 7’s) are introduced in their place.
The proportion of 5’s is always nearly equal to that of
7’s, indicating that they are created in equal numbers.
The melting transition, as observed through an increase
in the defect density count and a broadening of the
diffraction spots in the digital Fourier transforms,
occurs in the range of 7.4 > øNPVP > 7.1, which
corresponds to a temperature range of 250-270 °C for
a block copolymer with NPVP ) 86. Only when the
system is nearly melted (7.2 > øNPVP) are significant
numbers of 4’s present. The continuous increase in
disclinations and decrease in hexagonal Voronoi cells
indicates that the generation of new defects is a
continuous process, not an abrupt transition.

Figure 12 demonstrates that the two-dimensional
block copolymer film annealed at øNPVP ) 9 has a very
sharp, symmetric distribution of inter-sphere spacings,
a, that is well fit by a Gaussian. This is what would be
expected for a hexagonal 2-D crystal in which all
spheres should be evenly spaced. As the system melts,
the distribution broadens with a slight skewing to
broader distributions, as demonstrated in Figure 12b,c.

The distribution of lattice spacings is a reflection of the
local translational order of the system. At each temper-
ature, for a sample set consisting of at least 10 000
spheres, the standard deviation, w, of the distribution
was computed. The Lindemann criterion, originally
formulated for 3-D systems, states that melting occurs
when the root-mean-square displacement of the atoms,
〈u(r)2〉1/2, from their nearest neighbors exceeds ap-
proximately 0.1a. It has been suggested that this
melting criterion is universal because it only accounts
for changes in the local coordinates of the atoms. It is
unaffected by the differences in long-range order of the
3-D vs the 2-D crystal and does not address the
continuous nature of the 2-D transition.51 For applica-
tion to the two-dimensional case, however, the mean
square of the difference between displacements of
adjacent spheres, 〈u(r + a) - u(r))2〉, must be used since
〈u(r)2〉 diverges with system size. By definition, the
standard deviation in lattice spacings, w, is related
to this mean-square difference, 〈u(r + a) - u(r))2〉 )
w2.76

The authors are wary to compare exact values of
average sphere spacings between SFM images since the
thermal drift of the piezo within the SFM makes these
measurements variable within the 5% region of interest
from scan to scan and from day to day. Within a single
image, however, the measurements of 〈a〉 are very
reliable, so it is possible to compare normalized standard
deviations of sphere to sphere spacings. Figure 13
demonstrates that this distribution broadens continu-
ously from the well-ordered case at øNPVP ) 9 all the
way to the liquid state at øNPVP ) 7.0. Note that despite

Figure 11. As temperature increases, the equilibrium number
of dislocations should also increase and the fraction of 6-fold
coordinated sites should decrease. (a) demonstrates that the
change in number of hexagonal Voronoi cells is not noticeable
until øNPVP ) 7.5 when dislocation pair proliferation becomes
obvious. At this point the number of 6-fold sites decreases
rapidly until they make up only half the spheres in the liquid
state (at øNPVP ) 7.0 or 280 °C). (b) Fractions of +60°
disclinations (7-fold coordinate sites) (open circles) and -60°
disclinations (5-fold coordinate sites) (×’s).

Figure 12. After 72 h at (a) 180 °C (øNPVP ) 9.1), the
distribution of sphere spacings is quite narrow and symmetric
and can be fit by a Gaussian (solid line). (b) øNPVP ) 7.4 (255
°C). As dislocations become more prominent, the distribution
broadens and becomes slightly skewed toward larger sphere
spacings. (c) øNPVP ) 7.0 (280 °C). When the system melts,
the lattice spacing distribution is broadened significantly and
is noticeably asymmetric.
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the fact that we observe a single crystal over the range
øNPVP ) 9 to øNPVP ) 7.5, w/a increases constantly with
increasing temperature, indicating that the crystal is
becoming softer in this regime. The Lindemann criterion
for melting (w/a ) 0.1) is satisfied when øNPVP ) 7.4,
though the distribution is seen to broaden significantly
after this point. Despite the implication of the Linde-
mann criterion that melting is a first-order transition
occurring when w/a ) 0.1, our sphere spacing distribu-
tion changes smoothly around this region, indicating
that the transition is a continuous one.

Translational and Orientational Order in 2-D.
In a 2-D crystal phase, unlike the three-dimensional
analogue, its long-range order is destroyed by thermally
excited long wavelength phonons so conventional long-
range translational order is impossible.35 The two-
dimensional crystal will have quasi-long-range trans-
lational order, and a pair correlation function will decay
to 0 algebraically. At any temperature, the two-
dimensional crystal in thermal equilibrium will also
have some nonzero number of dislocation pairs, but the
orientational order will be long range. As the temper-
ature is increased, the concentration of free dislocations
increases, making the crystal mechanically unstable
leading to a continuous transition to the hexatic phase.
In KTHNY theory, this transition occurs when the
dimensionless combination of elastic constants, K, falls
below the numeric value:

where µ and λ are the 2-D Lamé elastic constants
normalized by kbT where kb is Boltzmann’s constant and
T is temperature. The presence of an increasing number
of dislocations in the hexatic phase destroys the trans-
lational order so that a pair correlation function decays
exponentially, but dislocations have much less effect on
the orientational order. The quasi-long-range orienta-
tional order of the hexatic, however, is destroyed by the
dislocation-disclination unbinding transition to an
isotropic liquid.

The translational correlation function, GT(r), is useful
for quantifying the range of the translational order in
the system. GT(r) was calculated from the measured
sphere center positions using exp(iKB‚rb) as the order
parameter:

where KB is a reciprocal lattice vector to one of the first-
order peaks in the 2-D Fourier transform and the
brackets indicate an average over all spheres separated
by rband an average over all six reciprocal lattice vectors.
Each pair of spheres separated by rb will have a
translational order parameter, 〈eiKB‚rb′e(-iKB‚(rb′-rb))〉, with a
value between 0 and 1. This translational correlation
function is similar to a radial distribution function,
which also measures translational order, but eq 5 allows
us to compute the translational order out to a larger r
in the same 1.5 µm square area since boundary condi-
tions are not important.

True long-range order, as described by a GT(r) ) 1
for all r, is not possible for a real two-dimensional
system as discussed above.35 A real two-dimensional
crystal is characterized by quasi-long-range transla-
tional order with a GT(r) which decays algebraically to
0 at large values of r, following the form

where the distance, r, is normalized by the average
sphere spacing, a, and ηΤ is a fitting parameter. Halp-
erin and Nelson39 predict that GT(r) for the ordered
crystal phase should have a ηΤ in the range of 1/4-1/3.
As shown in Figure 14, a block copolymer thin film
annealed under conditions such that øNPVP ) 9.1 has a
GT(r) with a ηT that falls within this crystal range.

The quasi-long-range translational order of the 2-D
crystal is destroyed by the generation of free dislocations
from dislocation pair unbinding. As the concentration
of free dislocations increases with temperature, there

Figure 13. Standard deviation, w, of the sphere spacing
distribution and its normalized value (w/a) change continu-
ously throughout the range of øNPVP observed, indicating that
despite the fact that the defect count was stable in the range
of 9.1 > øNPVP > 7.5, the degree of local translational order
decreases with increasing temperature. The Lindemann cri-
terion for melting is drawn as horizontal dashed line.

Figure 14. Representative translational correlation functions,
GT(r) (b), at annealing conditions of 180, 250, 255, 260, 264,
and 280 °C. The diblock copolymer annealed at 180 °C (øNPVP
) 9.1) fits well within the green shaded region representing
expected algebraic decay of the quasi-long-range translational
order in a crystal: GT(r) ∼ r-η where 0.33 > η > 0.25. For
250-280 °C (7.5 > øNPVP > 7.0), the data are fit with an
exponential decay (solid line) to determine the translational
correlation length, êT. In this range translational order is short
range.

GT(r) ∝ (ra)-ηT
(6)

K ) 4a2 µ(µ + λ)
2µ + λ

) 16π (4)

GT(r) ) 〈eiKB‚rb′e-(iKB‚(rb′-rb))〉 (5)
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is a continuous transition to the hexatic phase. In both
the hexatic and liquid phases, the translational order
is short-range and decays exponentially:

where êT is the translational correlation length. As seen
in Figure 14, when øNPVP ) 7.4 (T ) 255 °C), GT(r)
decays exponentially with a correlation length of êT )
14a, where a is the average lattice spacing. The cor-
relation length continues to decrease so that êT ) 9a at
øNPVP ) 7.3 (T ) 260 °C) and êT ) 4a at øNPVP ) 7.2 (T
) 264 °C). As expected, the correlation length decreases
to a value of êT ) a as the hexatic melts to an isotropic
liquid.

The orientational order is defined by the orientation
of the sphere-to-sphere “bond” vectors. The local bond
orientational order parameter is

where sphere j is a nearest-neighbor of sphere i and
θ(rij) is the angle made between the bond connecting
spheres i and j and an arbitrarily chosen reference axis.
The constant, 6, appears in the exponential to represent
an invariance to rotation through 2π/6. To find the local
orientational order, this parameter may be autocorre-
lated:

where the index j counts the nearest neighbors, NN, of
sphere i and the angular brackets denote an average
over all spheres, N. The autocorrelation of the local
orientational order parameter is the orientational order
analogue of measuring bond length distributions. Ψ only
averages local perturbations from the assumed hexa-
gonal order, yielding a value of 1 for a perfectly
hexagonal crystal and a value of 0 for an isotropic liquid.
Figure 15 shows Ψ as a function of øNPVP and T. It can
be seen the level of local orientational order remains
high to much lower øNPVP (higher T) than does the local
translational order (as seen in the bond length distribu-
tions). This is qualitatively what would be predicted by
the KTHNY theory of melting in that the translational

order appears to disappear at much lower temperature
than does the orientational order.

Before the dislocation to disclination unbinding tran-
sition occurs, the orientational order is predicted to be
quasi-long-range. The orientational correlation function
is defined as

where

and ψ6*(0) indicates the complex conjugate of the order
parameter of the sphere which is designated as the
origin. Each sphere is used as the origin for one
calculation, and the angular brackets indicate an aver-
age over all spheres. G6(r) has a value between 0 and 1
for all r. For a perfect hexagonal crystal, a plot of G6(r)
vs r will have a value of 1 and will only exist when r )
na, where n has a integer value. In a real crystal, the
maximum value of this graph will not be 1.0 due to
fluctuations in lattice positions even for a well ordered
2-D crystal. G6(r) will also appear to oscillate at low
values of r since pairs of spheres separated by distances
that are not an integral number of lattice spacings are
by definition far out of optimal location and have low
values of G6. The rate and character of the decay of
G6(r) with r are indicative of the degree of orientational
order in the system.

Since orientational order is preserved through the
initial stages of KTHNY melting, the orientational order
of a 2-D crystal is long-range and is expected to decay
only minimally so that G6(r) approaches a constant
value as r f ∞. The hexatic is expected to have quasi-
long-range orientational order that can be fit to an
algebraic function of the form

over the range of 0 < r < 40a. The exponent,ηθ, is
related to the Frank constant of the hexatic, KA:

The magnitude of KA reflects the mechanical stability
of the phase and is infinite in the crystal and zero in
the liquid. G6(r) in a hexatic is expected to decay with
a small exponent (ηθ ∼ 0.1). At the hexatic-to-liquid
transition, the Halperin-Nelson analysis of the disloca-
tion to disclination unbinding transition found that KA
f (72/π)kbT so ηθ approaches 0.25.39 In the isotropic
liquid state, the short-range orientational order should
decay exponentially.

Figure 16 shows G6(r) for a few representative values
of øNPVP. At øNPVP > 7.4 (T < 255 °C), long-range
orientational order is present so G6(r) decays little. At
øNPVP ) 7.4, the orientational order is beginning to show
signs of decay, though ηθ ∼ 0.1 indicating that it is only
in the low-temperature region of the hexatic regime. A
sample at øNPVP ) 7.3 has ηθ ∼ 0.21 and is very near
the hexatic-to-liquid transition. The sample annealed
at øNPVP ) 7.2 has ηθ ∼ 0.50, indicating that it has

Figure 15. The local orientational order, Ψ, is maintained
at very high levels (Ψ f 1) until the dislocation pair dissocia-
tion becomes prevalent (around øNPVP ) 7.4, T ) 255 °C), in
contrast to the local translational order (observed through the
distribution of sphere spacings) which decayed steadily through-
out this temperature range.

G6(r) ) 〈ψ*6(0) ψ6(r)〉 (10)

ψ6(ri) )

∑
j)1

NN

exp(6iθ(rij))

NN
(11)

G6(r) ∝ (ra)-ηθ
(12)

ηθ )
18kbT
πKA

(13)

GT(r) ∝ exp(- r
êT

) (7)

ψ(rij) ) exp(6iθ(rij)) (8)

Ψ ) 〈∑j

NN

ψ(rij) ψ*(rij)

NN
〉 (9)
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passed Halperin-Nelson orientational order definition
of the liquid/hexatic transition, though Figure 9 pre-
sented earlier demonstrated that this system is still not
truly liquid in that the Fourier transform and Voronoi
diagram still demonstrated some hexagonal order. This
indicates that the Halperin-Nelson criterion for the
liquid/hexatic transition may be too restrictive. For
sample annealed at øNPVP ) 7.0, the decay is exponen-
tial with a correlation length ) 1a.

In Figure 17, the correlation lengths êT and ê6
determined from the calculated translational and cor-
relation functions are shown as a function of øNPVP. To
establish correlation lengths, both correlation functions
were fit to exponentials of the form

In each case, the correlation lengths are the result of
averaging over a minimum of five SFM micrographs of
different regions on a 1 mm long mesa so as to gain large
statistics on which to base this analysis. Though in the
case of translational order in the crystal and orienta-
tional order in the crystal and hexatic, the decay of the
correlation function was really algebraic; a rough fit for
r < 15a with eq 10 was used to determine an ap-
proximate correlation length.

As expected, in all cases the orientational correlation
length was larger than the translational correlation
length since it is not as affected by the appearance of
individual dislocations. Like the local order parameter
results presented previously, both correlation lengths
decrease continuously throughout the range of 7.5 <

øNPVP < 7.0 (255-280 °C), indicating that the melting
transition is a continuous process. At øNPVP ) 7.4, the
translational correlation length (êT) has decreased (by
a factor of 2) from its approximate value for the 2-D
crystal, indicating that the presence of dislocations and
dislocation clusters is now affecting this form of order.
The orientational correlation length (ê6) also drops at
this point, but by a far less significant amount, indicat-
ing that orientational order is being preserved during
this step. At øNPVP ) 7.1 (268 °C), the system appears
to be in the liquid state (Fourier transform shows an
isotropic ring), but êT ) 1.5a and ê6 ) 3a. Only when
øNPVP ) 7.0 do the two correlation lengths coincide at
êT ) ê6 ) 1a.

All correlations used to define order in this paper
(defect counts, sphere spacing distributions, local order
correlation functions, and translational and orienta-
tional order correlation functions) indicate that the
melting phenomenon is continuous. At no point did any
of these factors change abruptly, indicating the presence
of a first-order transition. There was also no tempera-
ture at which the crystalline and liquid phases appeared
to coexist, as would be expected in a first-order transi-
tion. We conclude that melting in this 2-D system occurs
through a continuous process with the crystal-to-hexatic
transition occurring when øNPVP ) 7.4 (255 °C) and then
meets the Halperin-Nelson criteria for the hexatic-to-
liquid transition when øNPVP ) 7.25 (262 °C). This raises
into question the definition of the hexatic phase with
quasi-long-range orientational order evident in the
6-fold symmetry of a diffraction pattern of a finite size
region. This degree of orientational order is still present
in our system after the Halperin-Nelson-Young cri-
teria, which predicts the dislocation unbinding transi-
tion (step 3 in Figure 3) has been satisfied.

The solid, hexatic, and liquid phase boundaries are
drawn as gray vertical lines in Figure 13 describing the
changes in sphere spacing distributions. The Linde-
mann criterion (w/a ) 0.1) is satisfied at øNPVP ) 7.3
(260 °C), near the hexatic-to-liquid transition. Seshadri
and Westervelt obtained a similar result for the hexatic-
to-liquid transition in their study of the melting of 2-D
magnetic bubble arrays.62 This is of particular interest
since in the magnetic bubbles, like the block copolymer
spheres, can deform and change size during the melting
process.

From the SFM scans, it is possible to fully character-
ize the defects in a two-dimensional lattice of block
copolymer spheres. Furthermore, we have been able to
show that this two-dimensional lattice melts in a
manner conforming to the defect-mediated phenomenon
proposed in the KTHNY theory. Through analysis of the
translational and orientational order, sphere-to-sphere
spacing distribution, and local orientational order cor-
relation functions, we have demonstrated that this
transition from crystal to hexatic to liquid is continuous.
At all øNPVP > 7.4 (T < 255 °C), the system retains long-
range orientational and quasi-long-range translational
order and fits the profile of a 2-D crystalline solid. In
the hexatic regime, 7.4 > øNPVP > 7.25, the system
demonstrates quasi-long-range orientational order, but
the translational order is now short-ranged. The system
finally melts at øNPVP ) 7.2 to a liquid with short-range
orientational and translational order.

3-Dimensional Melting. Very thick films of sphere
forming layers present an interesting intermediate
between three-dimensional bulk samples and the two-
dimensional case of thin films consisting of a single layer

Figure 16. Representative orientational order correlation
functions, G6(r) (solid lines), for annealing conditions of 180,
250, 255, 260, 264, and 280 °C. The most ordered systems (180
and 250 °C) show very little decay in orientational order even
at very large distances (r ) 50a). When the system is
hexatically ordered, however, G6(r) decays algebraically as in
eq 11 (dashed line) with ηθ ) 0.1, 0.21, and 0.5 respectively
for 255, 260, and 264 °C. At 280 °C, the film is disordered and
the decay of the G6(r) is exponential.

G(r) ∝ exp(- r
ê) (14)
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of spheres discussed earlier in this paper. Yokoyama et
al. demonstrated that in these thick films close-packed
layers of spheres stack from both the vacuum surface
and substrate surface in a manner similar to graphoe-
pitaxy in two dimensions.27 As mentioned previously,
an interplay between block copolymer kinetics and
thermodynamics controls the extent to which layers of
spheres stack with registry to the surface. Using the
same PS-PVP polymer, Yokoyama et al. therefore
found that an optimum in layer stacking can be ob-
served when øNPVP ) 9 (T ) 180 °C) when the sample
was annealed for 24 h at vacuum (P ∼ 10-3 Torr) and
then quenched to room temperature for SIMS profiling.
We have repeated these studies under the same vacuum
conditions as used in the 2-D melting studies (P < 10-6

Torr).
As presented in Figure 18a, the stacking of close-

packed layers of spheres is observed in the SIMS as an
oscillation in the mass ) 26 (CN-) signal which is an
indicator for PVP. In Figure 18a, the mass ) 26 signal
has been converted to fraction PVP by means of a simple
mass balance and is presented as a depth profile from
the free surface. The oscillations decay with depth as
the surface-induced stacking effect diminishes deep
within the 10 µm thick film. It is difficult to reliably
measure the number of peaks in the SIMS depth profile
more than 1.5 µm below the surface due to the broaden-
ing of the instrumental resolution function of SIMS with
depth. Instead, we will use the number of oscillations
prior to the depth at which the amplitude of the
oscillation becomes half of the maximum amplitude as
an indication of the degree to which the surface has an
effect on the stacking of close-packed layers. In Figure
18b, we find that the optimum annealing conditions in
thick films are strikingly similar to the 2-D thin film
case discussed previously. An optimum annealing condi-
tion exists at øNPVP ) 7.75 (T ) 240 °C) when more than
90 layers are seen stacking from the surface. At lower
temperatures fewer layers are stacked which we believe
indicates that the system is kinetically trapped. In the
2-D analogue, øNPVP ) 7.75 (T ) 240 °C) was at the

high-temperature end of the solid regime. At the next
higher temperature step, øNPVP ) 7.3 (T ) 260 °C), a
significant decrease in the number of stacked layers is
seen. In 2-D studies, these annealing conditions, øNPVP
) 7.3 (T ) 260 °C), yielded hexatic order. At øNPVP )
7.0 (T ) 280 °C), only short-range surface-induced
layering is observed.

The discrepancy in temperature between these results
and those presented by Yokoyama et al. can be at-
tributed to the difference in vacuum conditions of
annealing. At temperatures greater than 200 °C, the
PS-PVP diblock copolymer is more susceptible to
thermal degradation in the poor vacuum used by
Yokoyama et al. In these conditions, significant chain
scission may occur, resulting in a disordering of the
block copolymer sphere lattice. This entire process
occurs without any visible change to the polymer film
when studied via optical microscopy, SIMS, or SFM.

The bulk TLDOT of a block copolymer is not necessarily
expected to coincide with the 2-D melting temperature
because the 2-D system is more susceptible to the
disordering effects of fluctuations than the 3-D block
copolymer. Figure 19a shows a SAXS pattern from the
3-D bulk block copolymer sample (sample thickness )
0.8 mm) at øNPVP ) 7.0 (280 °C) during the heating
cycle, clearly demonstrating q* and 21/2q* rings. Figure
20a shows azimuthally averaged 2-D SAXS profiles for
the bulk sample of PS-PVP diblock copolymer mea-
sured in situ at various temperatures during the heating
and cooling protocol described previously. At øNPVP g
7.0 (T e 280 °C), the scattering maxima exist at relative
peak positions of 21/2q* and 31/2q*. These higher-order
scattering peaks indicate the presence of a body-centered-
cubic lattice of spheres (bcc spheres). When the tem-
perature is raised to øNPVP ) 6.6 (300 °C) (Figure 19b),
the 21/2q* ring disappears, suggesting the presence of a
disordered sphere phase. Upon cooling to øNPVP ) 6.8
(290 °C), the higher-order peaks reappear as a broad
shoulder ranging from 0.3 to 0.5 nm-1 (Figure 20).

Figure 17. Comparison of translational correlation lengths
(êT f 0) and orientational correlation lengths (ê6 f b). For
the purposes of calculating correlation lengths, all correlation
functions were fit with exponentials of the form of eq 12. In
cases where quasi-long-range order existed (translational order
in a crystal regime and orientational order in the crystal and
hexatic regimes), the decay was algebraic, and this fit was only
possible over the first 10a-20a and was necessarily poor, but
was used regardless to give approximate correlation lengths.
For øNPVP > 7.4, the system is a 2-D crystal, for 7.4 > øNPVP
> 7.25, the system is hexatic, and for øNPVP < 7.2, the system
is liquid. In all cases except the liquid, the orientational order
persists over much larger distances than does the translational
order.

Figure 18. Layering in thick PS-PVP films. (a) A SIMS
depth profile of the volume fraction of PVP of a PS-PVP 10
µm thick film after annealing for 24 h at 240 °C (øNPVP ) 7.75)
at P < 10-5 Torr and then quenching to room temperature.
Each peak corresponds to a close-packed layer of PVP spheres.
(b) Temperature dependence of the range of the layered
structure induced by a vacuum surface. The last layer is
defined as that which has half the maximum amplitude of
oscillation.
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Though the presence of the 21/2q* ring is not obvious
in Figure 19c, distinct peaks are observed in the q*
ring, indicating that some long-range order has reap-
peared.77

A plot of the reciprocal of the first-order peak intensity
(I-1(q*)) vs øNPVP (and temperature) in Figure 20b

reveals a discontinuity in slope between øNPVP ) 6.8
and 6.6 (290 and 300 °C). These data indicate that the
TLDOT occurs in somewhere in this range. Data points
from heating and cooling cycles fall on the same line,
indicating that the transition was reversible (as ex-
pected) and that no oxidation or degradation occurred
in the polymer during the thermal cycling process.
Unfortunately, when the temperature is increased above
300 °C, the viscosity of the polymer becomes so low that
it flows out of the heat cell, so it was impossible to
achieve any higher temperatures or more exactly mea-
sure TLDOT in this study. The SAXS data show clearly
that melting of the 3-D block copolymer (LDOT) occurs
at a significantly higher temperature (∼290 °C) than
the hexatic-to-isotropic liquid transition of the 2-D block
copolymer film. This somewhat surprising result sug-
gests that the 2-D liquid of disordered micelles is more
strongly stabilized by fluctuations than is the corre-
sponding 3-D micelle fluid.

Figure 19. (a) 2-D SAXS pattern generated from a sample
at 280° C (øNPVP ) 7.0) during the heating cycle. Both the q*
ring and 21/2q* ring are clearly visible. (b) At 300 °C (øNPVP )
6.6), the 21/2q* has disappeared. (c) When cooled to 290 °C
(øNPVP ) 6.8), definite peaks are present in the q* ring,
indicating the presence of very large grains of crystalline
structure.

Figure 20. Temperature dependence of SAXS profiles for PS-
PVP diblock copolymer at various temperatures ranging from
240 to 300 °C. (a) All profiles are azimuthal averages of 2-D
SAXS patterns. The intensities of the SAXS profile at 240 °C
are measured values while each subsequent set has been
shifted up by 1 decade relative to the set below. At 290 °C
(øNPVP ) 6.8) the 21/2q* and 31/2q* peaks blend into a broad
shoulder, and at 300 °C they are not visible at all. (b) Plots of
I-1(q*) vs øNPVP (and temperature) during the heating (circles)
and cooling (squares) processes. A change in slope of I-1(q*)
vs øNPVP around 290 °C (øNPVP ) 6.8) indicates the ap-
proximate position of the TLDOT.
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Conclusions

From the quantitative analysis of order via defect
counts, lattice spacing distributions, and order correla-
tion functions, it was obvious that a 2-D block copolymer
crystal melts continuously through the generation and
unbinding of dislocation pairs at low temperatures
followed by the unbinding of the dislocations into their
constituent disclinations at higher temperatures. When
øNPVP > 7.4, a 2-D crystal with long-range orientational
and quasi-long-range translational order was observed,
but when 7.4 g øNPVP g 7.25 translational order was
disrupted to yield a hexatic phase with quasi-long-range
orientational order but short-range translational order.
At still higher temperatures (øNPVP < 7.2) orientational
order also decayed, leading to a liquid state with short-
range orientational and translational order. In a thick
film, the range of layering of block copolymer spheres
from the surface follows a similar temperature depen-
dence, and a maximum in this range is observed when
øNPVP ) 7.75 (T ) 240 °C). We observe the 3-D bulk
TLDOT occurs at a øNmin 0.3 higher than that of the
hexatic to 2-D liquid transition. To obtain a 2-D crystal
with best order, annealing at temperatures close to but
below the 2-D crystal to hexatic transition is the best
strategy since at such temperatures, the kinetics of
ordering are rapid but the thermal defect generation is
not significant. Even if defects are eliminated by such
annealing, however, it will not be possible to achieve
2-D block copolymer crystals with long-range transla-
tional order by unassisted self-assembly. These limita-
tions must be considered when using block copolymer
films for nanolithographic applications.
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