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A
dvances in lithographic patterning
techniques have driven the densifi-
cation of features on integrated

circuits since the birth of the modern semi-
conductor industry. 193 nm immersion
lithography is the current industry standard,
but fundamental limits are now being
reached that prevent the technology from
being capable of patterning the feature
sizes required for next generation technol-
ogy nodes.1 Creative solutions such as mul-
tiple patterning schemes have extended
this technique down to a half-pitch of
22 nm or below at the expense of longer

processing times and significantly increased
fabrication costs. This approach may be
stretched to quadruple patterning and be-
yond, but there is an economic incentive to
find alternatives that reduce patterning cost
and provide high patterning quality such as
good critical dimension uniformity and line
edge/width roughness (LER/LWR).1 A myr-
iad of candidate technologies have been
proposed to enable the necessary reduction
in critical dimension (CD), including a shift
to extreme ultraviolet (EUV) sources,2 nano-
imprint lithography,3 direct write electron-
beampatterning4 and implementing hybrid
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ABSTRACT

The directed self-assembly (DSA) of block copolymers (BCP) is an emerging resolution enhancement tool that can multiply or subdivide the pitch of a

lithographically defined chemical or topological pattern and is a resolution enhancement candidate to augment conventional lithography for patterning

sub-20 nm features. Continuing the development of this technology will require an improved understanding of the polymer physics involved as well as

experimental confirmation of the simulations used to guide the design process. Both of these endeavors would be greatly facilitated by a metrology, which

is capable of probing the internal morphology of a DSA film. We have developed a new measurement technique, resonant critical-dimension small-angle

X-ray scattering (res-CDSAXS), to evaluate the 3D buried features inside the film. This is an X-ray scattering measurement where the sample angle is varied

to probe the 3D structure of the film, while resonant soft X-rays are used to enhance the scattering contrast. By measuring the same sample with both res-

CDSAXS and traditional CDSAXS (with hard X-rays), we are able to demonstrate the dramatic improvement in scattering obtained through the use of

resonant soft X-rays. Analysis of the reciprocal space map constructed from the res-CDSAXS measurements allowed us to reconstruct the complex buried

features in DSA BCP films. We studied a series of DSA BCP films with varying template widths, and the internal morphologies for these samples were

compared to the results of single chain in mean-field simulations. The measurements revealed a range of morphologies that occur with changing template

width, including results that suggest the presence of mixed morphologies composed of both whole and necking lamella. The development of res-CDSAXS

will enable a better understanding of the fundamental physics behind the formation of buried features in DSA BCP films.
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techniques such as pattern amplification through the
directed self-assembly (DSA) of block copolymers
(BCP).5�9 BCP's are well-known to self-assemble into
an array of morphologies (spheres, cylinders and la-
mella among others) as a function of the volume
fractions of the component blocks.10 DSA takes advan-
tage of this property by using a chemical or topo-
graphic template to guide the uniform, long-range
orientation of the BCP. Compositional differences be-
tween the blocks enable conversion of the patterned
film into an etch mask, which can transfer the pattern
into the underlying layers. This approach has moved
from laboratories to pilot lines over past few years. The
primary challenge remaining before DSA can attain
widespread use in the semiconductor industry is the
presence of defects.11 This includes both registration
defects, where the polymer does not align properly
with the guiding pattern, and internal morphological
defects, which can disrupt pattern transfer to the
underlying wafer. Concerns that these defects may
derail the implementation of DSA into the production
environment have driven a considerable modeling
effort focused on understanding the mechanisms
and driving forces behind defect formation.9,12�22

These simulations provide useful insights into the
self-assembly process, but at present cannot be di-
rectly connected to processing parameters. Unfortu-
nately none of the metrologies typically used to
characterize thin films are capable of interrogating
the three-dimensional structure of buried features in
sub-30 nm pitch DSA BCP films. We report on the
development of a new technique capable of recon-
structing the complex lamellar profiles of industrially
relevant frequency multiplication DSA films. This new
measurement is a variation on critical-dimension
small-angle X-ray scattering (CDSAXS), a transmission
X-ray scattering measurement identified by the Inter-
national Technology Roadmap for Semiconductors
(ITRS) as a potential next generation 3D dimensional
metrology tool for periodic nanostructures.1,23�25 We
have combined CDSAXS with soft X-rays to obtain
resonant contrast between the BCP components, re-
sulting in a measurement method (res-CDSAXS) cap-
able of interrogating the buried 3D structures in a DSA
BCP film.
Figure 1A shows the outline of the DSA process

using chemoepitaxy, where a chemical template is
patterned in a very thin (<10 nm) layer of polymer
using conventional lithographic techniques (e-beam,9,26

EUV27,28 and 193 nm immersion lithography29 have all
been used in template patterning). The samples in this
study were patterned using 193 nm immersion litho-
graphy through a liftoff approach, which results in
both chemical and topological heterogeneity in the
template.29 Once the template has been patterned a
thin film of BCP is deposited and annealed above
its glass transition temperature, enabling the BCP to

register with the template pattern. This process is driven
by the minimization of interfacial energy at the surface
and substrate.30,31 Long range registration occurs when
the BCP pitch is commensurate with the template pitch,
with most reports demonstrating 2� or 4� density
multiplication.29 This ability to amplify the underlying
pattern is the real value to the technique as it allows for
the production of features with CDs below what other
high volume lithographic techniques are currently cap-
able of. Polystyrene-b-poly(methyl methacrylate) (PS-b-
PMMA) is the BCP most commonly used in this process,
but more recent studies have investigated the use of
alternative BCP's which either exhibit larger Flory�
Huggins interaction parameters (χ), promoting smaller
pitches and interfacial widths, or improved native etch
contrast (in some cases both).32�34 The recent integra-
tion of DSA into a 300mmwafer track demonstrates the
feasibility of scaling up theprocess into amanufacturing
environment, a major milestone on the road to the
widespread adoption of the technology.35

X-ray scattering techniques such as SAXS and graz-
ing incidence SAXS (GISAXS) are common character-
ization tools for BCP films. Unfortunately neither
technique is ideally suited to interrogate the internal
morphology of DSA films, SAXS is typically performed
onmuch thicker, randomly oriented films and lacks the
sensitivity to the detailed profile of the lamellae.
GISAXS is capable of interrogating sub-100 nm films
and has been used to determine the morphology and
order of thin film BCP's, but determining the detailed
structure of line gratings is difficult due to the need to
use dynamic diffraction theory in the profile recon-
struction.37,38 These GISAXS modeling approaches
have been used to determine the scattering pattern
for a given nanostructure, but become intractable for
the large number of iterations necessary for the inverse
fitting routines used to solve for complex shapes and
also will have difficulties with finding a unique inverse
solution. CDSAXS was developed as an adaptation to
traditional SAXS in order to characterize the 2D or 3D
shape of periodic nanostructures in thin films. CDSAXS
(Figure 1B) is a variable-angle, transmission scattering
measurement where a series of diffraction patterns at
different incident angles are used to reconstruct the 2D
or 3D reciprocal space map from a periodic nanostruc-
ture. The shape of the measured nanostructure is
determined by fitting the reciprocal space map using
an inverse, iterative approach.23,39,40 This method has
been shown to be effective at characterizing both very
simple line gratings and also more complex structures
such as finFETs, which contain multiple sidewall angles
and materials.41 The challenge for X-ray methods with
thin organic films is that the contrast between the
components is minimal, and as a result the scattered
intensity is insufficient for reconstructing complex
nanoscale features. Historically, controlling contrast
between layers in block copolymers requires one of
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the blocks be either doped with a heavy metal for
transmission electron microscopy (TEM) measure-
ments or deuterated for neutron scattering, but both
approaches risk altering the original microstructure.42

Resonant soft X-rays provide an alternative that can
enhance the contrast while allowing the native film to
be measured. The complex index of refraction varies
sharply near an atomic absorption edge, where a
ground state electron is resonantly transferred into
an antibonding state via photoabsorption. The inci-
dent wavelength which causes this transition depends
upon the exact nature of the chemical bonds present
in a molecule, for example the excitation of electrons
in aromatic and carbonyl carbons will take place at
different energies. As a result the scattering contrast
between two materials becomes moiety specific
around the absorption edge, a property which can be
used to dramatically enhance scattering between ma-
terials with only small differences in composition, such

as organic block copolymers. The near edge X-ray
absorption fine structure (NEXAFS) spectra of PS and
PMMA shown in Figure 1C provides a clear example of
how the chemical structure impacts the exact location
of the photoabsorption. The sharp carbon absorption
for PS at 285 eV is from the π* orbitals of the
carbon�carbon double bond, while the feature at
289 eV for PMMA is due to the π* orbital of the
carbon�oxygen bond. This difference in the absorp-
tion and the associated dielectric constant dispersion
gives rise to the scattering contrast between the two
materials. The resonant behavior extends several eV
away from the maximum of the absorption edge,
making it possible to utilize energies below the edge
in order to take advantage of the improved contrast
from the resonant scattering while minimizing radia-
tion damage to the sample. Resonant soft X-rays have
been shown to be effective at characterizingmultilayer
organic thin films, the evaluation of triblock copolymer

Figure 1. (A) Outline of the DSAprocess, where the chemical template is patterned via a liftoff technique and a lamellar BCP is
self-assembled on top of the template at 4�densitymultiplication. (B) CDSAXS geometry including definition of the q vectors
at the sample and detector. (C) NEXAFS spectrum of PS (solid red line) and PMMA (dashed blue line), illustrating the sharp
absorbance peak for PS at ≈285 eV and PMMA at ≈289 eV. Detailed values for the refractive index of PS and PMMA are
available in the literature.36
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morphologies and nanoparticle structure deter-
mination.36,40,43�46 Resonant soft X-rays have also
been used to obtain magnetic dipole contrast at the
L-edges of common magnetic materials,47,48 making
res-CDSAXS potentially applicable to the magnetic
dipole orientation within periodic nanostructured
magnetic devices such as spin valve transistors or
magnetic memory.
We demonstrate that res-CDSAXS is capable of

evaluating the internal structure in a DSA BCP by
examining a series of samples where the width of the
guiding pattern on the template was varied to induce
changes in the buried morphology. Single chain in
mean field Monte Carlo (MC) simulations will be used
to provide insight into the impact of the template on
the internal BCP morphology, and to illustrate the
types of buried structures which can manifest within
the film. Through analysis of reciprocal space maps
generated by both hard X-ray CDSAXS and res-CDSAXS
we will demonstrate that the high energy measure-
ments are incapable of reconstructing the buried
features inside a typical DSA film, while the resonant
scattering generates sufficient information to obtain
nanoscale resolution on the sample. To better illustrate
this we will examine the differences in the internal film

structure induced by the small changes to the chemical
template.

RESULTS AND DISCUSSION

Single chain in mean field MC simulations were
performed to explore how variations in key process
parameters impact the equilibrium morphology,
representative results from those simulations are pre-
sented in Figure 2. For all three examples shown
here the film thickness and chemical template widths
were held constant, while the brush thickness and effec-
tive affinity of the substrate for the BCP components
were varied. Figure 2A shows PS-b-PMMA assembled
on a chemical template where the ratio of substrate to
template thickness was 1:1. In this case the MC calcula-
tions predict the formation of vertical lamella with only
minor disruptions from their equilibrium structure.
The width of the on-substrate PMMA lamella expand
slightly at the base (where the PMMA block has a
higher affinity for the substrate) and then narrow
further up the profile, while the on-brush lamella
show only random width variations. Similar results
are obtained when the NRCP brush is thicker, as shown
in Figure 2B. The expansion and contraction of the
on-substrate PMMA lamella are exacerbated by the

Figure 2. MC results on DSA BCP displaying representative morphologies along with the corresponding simulated res-
CDSAXS reciprocal space map and qz cuts for the primary peak orders (red numerals indicate the primary peak order). All
samples were 64 nm tall, with a pinning stripe width equal to 1.5 times the BCP pitch. Blue represents PMMA and red
represents PS; the NRCP is shown in purple and the pinning stripe on the substrate in gray. (A) 1:1 pinning stripe:NRCP
thickness, (B) 1:14 pinning stripe:NRCP thickness, (C) 3:7 pinning stripe:NRCP thickness, where the increased pinning stripe
height effectively represents a more attractive surface for the PMMA block.
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topological constraints induced by the thicker tem-
plate. The NRCP brush used in this simulation is thicker
than generally used in real applications, but it effec-
tively illustrates the impact the topological aspect of
the template can bring to the buried features of the
BCP. Figure 2C shows the case where a thickness ratio
of 3:7 was used for the chemical pattern, for these
simulations a thicker pinning stripe results in a greater
effective attraction for the PMMA block. These condi-
tions generate differentmorphologies for the on-brush
lamella compared to the on-substrate lamella. The on-
brush lamella have a constant width throughout the
depth of the profile, but begin to tilt as the lamella
approach the substrate surface. Complete disruption
of the lamellar microstructure is observed for the on-
substrate lamella, where the morphology appears to
be a mixture of parallel and perpendicular lamella.
Simulations where the substrate thickness increases
further (not shown here) increasingly resemble the
parallel lamella morphology, although all of the results
retain some perpendicular character on the NRCP
brush. Nealey and co-workers have observed similar
results, where their simulations showed surface pro-
files having effective registration accompanied by
complete disruption of the buried morphologies.12

While top down characterization methods typically
used to evaluate DSA BCP films would observe iden-
tical morphologies for all three of these results, the
simulated res-CDSAXS reciprocal space maps which
accompany the simulation results demonstrate the
potential ability of the method to differentiate be-
tween even relatively small changes in the internal
structure. The simulated scattering profiles demon-
strate changes in both the fringe amplitude and period
throughout the pattern, demonstrating the potential
sensitivity of res-CDSAXS.
A series of four samples was produced where the

width of the chemical template was systematically
varied, these are labeled DSA1�DSA4 (where DSA1

had the smallest template width andDSA4 the largest).
The I(qx,qz) map for DSA1 obtained from conventional
CDSAXS measurements at 17 keV is shown in Figure
3A. Three primary scattering peaks can be observed,
where only the first order peak shows significant
deviation from the background scattering. The shape
of the curves can be seen more clearly in the qz cuts
shown in Figure 3B. A model consisting of a single
repeating unit cell of PS and PMMA lamella was used to
simulate the scattering, and the model fit to the
scattering is shown in Figure 3C, where the solid lines
represent the best fit to the PMMA lamella and the
dashed lines show the 95% confidence intervals in the
dimensions of the PMMA domains as determined by
the MCMC algorithm. The combination of only three
peaks along with a narrow range of data in the qz
direction leads to a highly ambiguous fit to the scatter-
ing, as shown in Figure 3C where a wide variety of
structures can be generated which satisfactorily fit
the data. Aside from the sample pitch, which can
be approximated based on the peak spacing along
the qx axis, relatively little definitive information can
be obtained on the internal film structure. The weak
scattering results from insufficient contrast between the
PS and PMMA components of the BCP, which is on the
order of 10% at 17 keV. Resonant soft X-rays near the
carbon absorption edge will be used to improve the
contrast.
The res-CDSAXS I(qx,qz) map for DSA1 is shown in

Figure 4 for an energy of 282 eV, which is below the
absorption edge for carbon. In contrast to the hard
X-ray measurement five primary peaks can be ob-
served, all of which have a much wider range in the
qz direction than seen in the conventional CDSAXS
data. Scattering peaks are observed at periodic
qx intervals corresponding to two different length
scales within the sample. The primary scattering peaks
labeled with red numerals have an average ÆΔqxæ =
0.0251 Å�1, corresponding to a pitch of 25.1( 0.2 nm,

Figure 3. (A) I(qx,qz) map obtained from CDSAXS measurements on DSA1 @17 keV, (B) qz cuts and best fit to the data
(O experimental data,; simulated fit), (C) 3 trapezoid model used to simulate the scattering. Solid lines indicate best model
fit to the PMMA lamella; PS lamella are the same thickness and fill the space between the PMMA lamella. Dashed lines outline
95% confidence interval on fit uncertainty. Two unit cells are shown in order to better illustrate the structure.
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which is the pitch of the native PS-b-PMMA (P =
2π/ÆΔqxæ). The satellite peaks are observed at a quarter
of that distance (ÆΔqxæ = 0.00624 Å�1), resulting in a
pitch of 100.6 ( 0.1 nm, which arises from a super-
lattice structure originating from the chemical tem-
plate. The scattering peaks at the superlattice positions
arise from a combination of scattering from the buried
chemical template and satellite peaks from the lamella
BCP resulting from periodic fluctuations in the lamella
pitch caused by the DSA process. For all peak orders
the curves are nominally symmetric with the center
position of the curve falling along qz = 0. This indicates
the lamella are aligned normal to the substrate and
lack any net tilt, which would result in the curve center
being offset from qz = 0.
In order to demonstrate that the scattering obtained

at 282 eV contained sufficient information to uniquely
differentiate between the lamellar shapes on and off
the NRCP brush we considered two models. The first
utilized a single BCP lamellar profile and assumed that
the scattering from the chemical template was insuffi-
ciently intense to impact the shape of the primary
peaks (this assumption was necessary as inclusion of
the chemical template would have forced the use of
different lamellar profiles on the template). The second
included the chemical template and defined the la-
mellar shape using two different profiles depending on
whether the lamellawere located on theNRCP brush or
the substrate. The biggest challenge in fitting inverse
data is the lack of a unique solution, without prior
knowledge obtained from real spacemethods to narrow
theparameter space it is possible for simulated scattering
frommultiple candidate structures to satisfactorilymatch

the experimental profile. If the simple grating model
proved to be as effective as the more complex model
in fitting the scattering data this would demonstrate
there was insufficient information in the scattering map
to resolve the minor details present in the sample.
The best fit to the scattering data obtained from the

single profile model is shown in Figure 5A. It can be
seen that the simulated scattering mirrors the general
shape of the experimental scattering, but is unable to
satisfactorily recreate several details of the curves.
Significant deviations in shape are observed for the
third and fifth order peaks, while the simulated scatter-
ing at the second and fourth order peaks qualitatively
follows the experimental data but is unable to suffi-
ciently match the intensity. As a general rule for reci-
procal space methods, smaller features contribute
greatest to higher peak orders, meaning that the lowest
order peaks correspond to the general outline of the
structure while the higher order peaks correspond to
smaller structural features. This suggests that the single
grating model captures the approximate shape of the
internal film structure, but lacks the complexity neces-
sary to reconstruct the finer details of the scattering.
The structure of DSA1, determined using a model

which includes scattering from the chemical template
and differentiates between the on-brush and on-sub-
strate lamella, is shown in Figure 5B. The multiple
profile model clearly improves the match of the simu-
lated and experimental scattering, particularly for the
second, third and fifth order peaks (≈ 43% reduction
in χ2). The chemical template is outlined by a solid
purple line, and was found to be 54.4 ( 0.8 nm wide
and 8.8( 0.7 nm thick. The PMMA lamella are outlined
by the solid black lines with the 95% confidence
intervals for the fits indicated by dotted lines. Each of
the lamellar fits represent the average profile along
that line, and as a result samples that have a distribu-
tion of nonperiodic features along the lines can result
in average profiles which may appear unphysical. The
presence of heterogeneous features along a given line
will manifest in the model in the form of a larger DW
factor, indicating a wider interfacial width, and will be
discussed in detail later in the document. The on-
substrate PMMA lamella in DSA1 show considerable
widening at their base, this likely results from themuch
higher affinity of the PMMA block for the underlying
antireflective coating (ARC) compared to the PS block.
Above the substrate the PMMA lamella narrow quickly,
followed by mild width oscillations until the upper half
of the profile which gradually widens as the surface is
approached. Within two nanometers of the surface the
lamella quickly narrow to a width of 2.7( 1.4 nm at the
surface; this surface enrichment of PS results from the
lower surface energy of PS compared to PMMA. By
comparison the PMMA lamella on the neutral brush
exhibit a less complex profile. Slight necking occurs
above the brush-polymer interface followed by mild

Figure 4. I(qx,qz) map obtained from res-CDSAXS measure-
ments of DSA1 at 282 eV, reconstructed from over 400
individual images. Red numerals indicate primary scatter-
ing peaks corresponding to the BCP lamellar pitch; unla-
beled peaks correspond to the superlattice pitch. The cone
shaped scattering observed at low qx is a reconstruction
artifact.
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width oscillations along the profile. Similarly to the on-
substrate PMMA lamella the profile narrows sharply as
the surface is approached. The stresses induced by the
interfacial energy of the brush-lamella interactions are
by design much lower than those induced at the
substrate BCP interface. This difference likely accounts
for the more significant deviation from the native
lamellar shape observed for the on-substrate PMMA
lamella. The internal structure of this film closely
resembles the morphology predicted by the MC calcu-
lations, including the narrowing of the on-substrate
lamella and the simpler behavior seen for the on-brush
lamella. The average PS volume fraction in the film was
calculated to be 55%, while the volume fraction at the
surface (defined as the volume fraction within 3 nm of
the surface) was determined to be 70% PS. This agrees
with the composition determined independently by
surface sensitive NEXAFS measurements, which are
shown in the Supporting Information.
The topographical constraints imposed by the poly-

mer brush have the potential to disrupt the native

pitch and shape of the BCP, inducing offsets which are
likely to transfer through the etch process. When
deposited on an unpatterned neutral surface the na-
tive PS-b-PMMA pitch is 25.1 nm. The pitches observed
in this sample, as determined by the center�center
distance between the PMMA lamella, can be seen to
deviate significantly from the equilibrium values. The
spacing between the on-brush lamella comes the
closest to matching the native spacing at 25.0 (
0.2 nm. The spacing between the lamella on the ARC
and brush is much larger, at 26.2 ( 0.4 nm, with the
center�center distance between the on-substrate la-
mella being 23.41 ( 0.4 nm. This shows that the
stresses on the polymer lamella induced by the chem-
istry and topography of the template will be mediated
within the film both by oscillations in the lamellar
profile and by deviations from the equilibrium pitch.
It is unclear how these types of stresses will impact the
LER/LWR of the BCP, or how these parameters will
translate through the etch process. The DW factor
for this sample was determined to be 1.99 ( 0.03 nm.

Figure 5. qz cuts andmodel fits to the data from the I(qx,qz) map of DSA1 (282 eV) (O experimental data,; simulated fit). (A)
Model fits from a single lamella structure, showing four repeat units encompassing the template defined superlattice pitch.
Solid black lines outline the PMMA lamella; PS lamella are bordered by long dashed lines. The simulated scattering from the
single grating provides inadequate fit to the experimental data at the 2nd, 3rd and 5th order peaks as shown in the
highlighted regions. (B)Modelfits using amultiple lamellar profiles. Solid black lines indicate theoutline of the PMMA lamella;
PS lamella are bordered by the long dashes. 95% confidence intervals for PMMA lamella are shown by the dotted lines, and
the purple solid and dashed lines represent best fits and 95% confidence intervals for the NRCP brush, respectively.
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The DW factor is a measure of the interfacial width
between the BCP lamella and contributes to the scatter-
ing in the form of an exponential decay factor as seen in
eq 3. The DW factor is proportional to the interfacial
width between the lamella, which in these samples is
combinationof the component distribution through the
interface convolved with the LER and LWR. Fluctuations
in the morphology along the lines and variations in the
3D structurewill also increase theDW factor. It is unlikely
that the interfacial widths will be identical for both the
on-substrate and on-brush lamella given the variation in

stresses present in the sample. It is unclear at this time if
it is possible to deconvolute contributions to the DW

factor from the different lamella into their component
parts, and this result should be taken to represent the
average behavior of the component structures.
Figure 6 represents the structures determined for

DSA 1�4 as a function of template width. The template
for DSA 2 was found to be wider than DSA1 at 59.4 (
0.9 nm. The 5 nm change in template width results
in only minor differences to the on-brush lamella,
but a significant change to the on-substrate lamella.

Figure 6. Internal film structures of DSA1�4, in order of increasing template width. Purple areas represent the neutral PS-r-
PMMA brush, blue areas PMMA and red PS. Two unit cells of the overall superlattice are shown for each sample in order to
provide a better visual representation. Uncertainties on DSA2�4 are shown in the Supporting Information.
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The on-brush lamella show slightly more severe neck-
ing at the base, but otherwise exhibit only small
variations in width (<1.5 nm) before reaching the
surface. The on-substrate lamella behave similarly to
DSA 1 near the base, with PMMA lamella widening at
the substrate followed by minor necking. Further up
the profile, between 30 and 40 nm in height, the profile
width narrows to 4.6( 1.2 nm. There is no immediately
apparent driving force for narrowing along the lamellar
profile at that depth in the film. The MC simulations
predict the necking observed near the base of the
lamella, but none of the simulation results in this
document or the broader literature predict the type
of narrowing that is observed between heights of 30
and 40 nm. This raises the possibility that the sample
contains a mixture of complete and broken lamella,
such as those seen in the MC simulations (Figure 2C)
and the simulations reported by de Liu et al.12 res-
CDSAXS is an ensemble average technique and the
reciprocal space map contains the scattering from the
average structure in the sample over the coherence
length of the radiation in the incident beam. The
combination of broken and complete lamella, or bro-
ken lamella with a distribution of breakage locations,
when averaged could present the type of feature seen
in DSA2. DSA3 has a very similar morphology to DSA2
(the scattering patterns are nearly identical), the pri-
mary difference being in the location of the profile
narrowing, which occurs just above a height of 30 nm.
The DW factors for DSA2 and DSA3 were 2.43 (
0.03 nm and 2.44( 0.04 nm, respectively. The increase
in DW compared to DSA1 supports the hypothesis that
there is a distribution of structures in the sample as the
combination of complete and broken lamellawill result
in awider average interface between the PMMAand PS
blocks. DSA4 has the widest template of any of the
samples, at 61.5 ( 0.8 nm, and clearly shows the
presence of broken lamella above the substrate. The
average profile shows the PMMA lamella wetting the
substrate and then narrowing to under 1 nm then
stretching to 18.8 ( 0.9 nm and collapsing down to
0.2 ( 0.2 nm. Between 18 and 50 nm in height the
structure shows continuous, unbroken lamella, before
another unusual behavior is observed near the surface
where the profile narrows and then re-expands before

reaching the PS enriched surface. Again, the driving
force for the formation of this feature is not immedi-
ately apparent, suggesting that it originates from the
averaging of a variety of disrupted lamellar morphol-
ogies. DSA2�4 are excellent representations of the
type of buried structure that cannot be observed
through top-down evaluation methods.
3σ LER and LWR values for DSA2�4 were calculated

from an edge analysis of top-down SEM images on
etched samples and were found to be 2.2, 2.2 and
2.1 nm for LER and 2.4, 2.3 and 2.3 nm for LWR for
samples DSA2�4, respectively. The equivalent 3σ for
the DW factor are 7.29, 7.32 and 8.55 nm, significantly
larger than the values determined from SEM. The DW

factor includes contributions fromthe interfaces through-
out the entire thickness of the film, whereas the SEM of
etched samples is biased toward the roughness at the
top. The DW factor is also sensitive to compositional
heterogeneity between the BCP components (interfacial
mixing), and this likely the source of some of the
difference in the values. Finally, if an appreciable volume
fractionof thePS lines arefloatingon layers of PMMA, this
will increase the DW factor, but not be observed by the
SEManalysis. The connectionbetween theDW factor and
LER is the subject of ongoing research.

CONCLUSIONS

The BCP DSA process depends on a complex set of
stresses induced by the chemical template to enable
long-range orientation of a BCP. Developing a deeper
understanding of the physics involved with the assem-
bly process will be the critical component in the
continued development of the technology. We have
demonstrated that res-CDSAXS is capable of interro-
gating the buried features within a BCP, which were
previously observed only through simulations. The
comparison of DSA1�4 provides an excellent demon-
stration of the variety of morphologies that can arise
from small fluctuations in key process parameters,
which may be unobservable through other methods.
This measurement will enable the connection of simu-
lation results to relevant process parameters, improv-
ing our understanding of the assembly mechanism
and potentially yielding process improvements that
will accelerate the implementation of BCP DSA.

MATERIALS AND METHODS

Sample Preparation and Film Delamination. DSA BCP's were pre-
pared according to previously reported procedures.11,29,49

Briefly, a resist was patterned at a 100 nm pitch using 193 nm
water immersion lithography and this pattern was used to
template the neutral random copolymer brush (NRCP). The
resist was removed via a liftoff procedure and the PS-b-PMMA
was spin coated on top of the NRCP pattern followed by a brief
anneal at 240 �C. PS-b-PMMA (Mn = 22 kg/mol-b-22 kg/mol, PDI
= 1.09) was purchased from Polymer Source. The DSA BCP layer
was delaminated from the silicon substrate and transferred to a

silicon nitride window via the following method. A thin layer of
amorphous carbon was evaporated onto the BCP film followed
by a coating of poly(acrylic acid) (PAA) in H2O (25% by mass).
The PAA coated sample was then placed in a 55 �C oven for 6 h
in order to dry. The DSA film and underlying layers then adhere
to the PAA layer and can be delaminated from the underlying
substrate. The detached film is placed into a sample dish with
deionized water (PAA side down) until the PAA layer dissolves.
The free-standing film can then be float transferred to a silicon
nitride window (Norcada NX5150C, 1.5 mm by 1.5 mm wide
window with a thickness of 100 nm).
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CD-SAXS Experimental and Analysis Procedures. Soft X-ray mea-
surements were conducted at the 11.0.1.2 beamline at the
Advanced Light Source (ALS) at Lawrence Berkeley National
Laboratory.50 The sample chamber was maintained under high
vacuum (10�5 Pa) at 282 eV, all samples were transferred to SiN
windows using the previously described procedure. A pre-edge
energy of 282 eV was selected to give enhanced sensitivity
while minimizing the absorption and potential sample damage.
The beam was circular and had a spot size of approximately
300 μm. Collection time varied from 0.1 to 60 s depending on
the sample and detector angles to maximize signal-to-noise.
Hard X-ray measurements were conducted at the 5-ID D beam-
line at the Advanced Photon Source (APS) at Argonne National
Laboratory. The incident energy was 17 keV and each sample
angle was measured for 60 s. For both beamlines a charge
coupled device (CCD) detector was used, and the scattering
vector was calibrated with a grating sample of known pitch. The
DSA sample was placed on a rotation stage such that the line
gratings were parallel to the axis of rotation, which was aligned
to coincide with the beam center. Scattering from the three-
dimensional sample (with the scattering vector q defined as qx,
qy, qz as shown in Figure 1a) is then projected onto the 2-D
detector (with q vectors of qxz, qy). qxz is transformed to qx and qz
using eqs 1a and 1b. The individual images from all angles are
then reconstructed into a 2D reciprocal space map.

qx ¼ qxz � sin j � 2θ
2

� �
(1a)

qz ¼ qxz � cos j � 2θ
2

� �
(1b)

The simulated scattering intensity from the proposedmodel
structure is calculated from eqs 2 and 3 where F(r) is the shape
function including contrast, P is the pitch, * represents a
convolution and DW is the Debye�Waller factor, which ac-
counts for interfacial roughness.

Io(q) ¼ j
Z
A

F(r)�∑
n

δ(x � n� P)e�iqr drj2 (2)

I(q) ¼ Io(q)� e�q2DW2
(3)

The model was fit to linecuts from the experimental data in
both the qx and qz directions. Once the best fit was obtained the
uncertainty in the fit was determined using a Monte Carlo
Markov Chain (MCMC) algorithm with a Metropolis�Hastings
sampler as the acceptance criteria.51,52 The best known fit to the
model is used as the initial condition, candidatemodels are then
generated through random perturbations to the initial model
parameters, with the step size for the changes randomly
generated each iteration. Candidate models that improve on
the fit from the prior step in the chain are always accepted, while
the acceptance criteria for candidates that have worse fits is as
follows. An acceptance probability (R) is generated based on
the relative fit quality of the candidate model compared to the
current model. The acceptance variable y ε [0,1] is generated,
and if y < R, the candidate model is accepted.52 The model
population developed from the MCMC is then resampled every
200 steps to remove correlations between points. A sufficiently
large model population was generated to ensure that the
sampled distribution had reached equilibrium. Uncertainties
reported are 95% confidence intervals as determined from the
resampled population.

Single Chain in Mean Field Monte Carlo Simulations. Single chain in
mean field Monte Carlo (MC) simulations53 were used to gen-
erate representative three-dimensional structures of the BCP
films atop the patterned substrate. The lamella-forming poly-
mer was represented by a compressible 40-bead chain with
equal fractions of PS and PMMA beads and with Doi�Edwards
bonds of equilibrium length 2.9 nm, χN = 16 kBT and κ = 25 kBT,
yielding a bulk lamellar pitch of 28 nm. Simulations were carried
out on a lattice with 1 nm spacing at a bead number density of
20 beads/nm3. In the simulations, the substrate was patterned
with a pinning stripe of 42 nm (1.5 L0) at a pitch of 112 nm (4 L0).

The width of the simulation cell was fixed at 28 nm but the
height (film thickness) was varied from 14 to 80 nm. Additional
simulations were carried out for bulk pitches of 28 and 30 nm,
for pinning stripes of 0.5 L0 and 1.5 L0, and for both 3� and
4�multiplication, but are not reported here. Static densities of
half the bulk density of the polymer were used to represent the
substrate patterning, with the pinning regions having a 5.0 kBT
repulsion for PS and neutral regions having no repulsion for
either bead type. The height of these static densities represent-
ing brush regions defining the pinning stripe and neutral brush
were varied systematically and independently from 1 to 14 nm.
The top of the film was modeled as a neutral interface for both
PS and PMMA. Simulations were seeded with initial configura-
tions where uniform full-thickness lamellae were assembled
either in or out of register (misalignedby 0.5 L0)with the pinning
stripe and then allowed to evolve for 5000 Monte Carlo sweeps,
where each sweep involved on average one Monte Carlo move
permonomer. The final bead distributionswere visualized using
OpenDX.54
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