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ABSTRACT: The depth-dependent structure of a poly(styrene-
b-methylmethacrylate) (PS-PMMA) line grating (46 nm pitch)
was calculated from quantitative analysis of small-angle X-ray
scattering profiles. These data demonstrate that domain shapes
are significantly deformed near the substrate interface, where the
local PS domain shape resembles an hourglass. The bulk
equilibrium dimension is recovered near the center of a 64 nm
thick film. Simulations based on self-consistent field theory
suggest that deformations near the substrate are caused by
extensive penetration of the copolymer domains into the
underlying substrate coating (a PS-brush). These findings suggest
that new coatings for block copolymer directed self-assembly
should consider copolymer penetration lengths in addition to tailoring surface energetics. Furthermore, given the resolution and
ensemble-averaging features of synchrotron X-ray scattering, we argue that it has the potential to emerge as a “gold-standard” or
“benchmark” dimensional metrology and library validation tool for high density, sub-10 nm features.

The performance of semiconductor devices is determined
by the density of patterned features, whether it be

individual transistors in a microprocessor or discrete bits in a
high-capacity hard disk drive. As the sizes of patterned features
approach 10 nm, the nanopatterning industry is looking to
augment traditional optical lithography with new materials and
processes. There are a handful of candidate “alternative”
technologies competing at the 10 nm node, including direct-
write electron beam lithography, extreme ultraviolet lithog-
raphy, nanoimprint lithography, and directed self-assembly
(DSA) of block copolymers. Each of these alternative
lithographic techniques will likely enter the manufacturing
process as a complement to established lithographic tools.1,2

For example, DSA can improve the quality of optically
patterned resists by shrinking pattern dimensions, increasing
pattern density and potentially “healing” defects.3−7 However,
there is evidence from simulations8 and experiments9,10 that
polymer−substrate interactions can deform the domain shapes.
This behavior can be challenging for manufacturing because
domain widths must be uniform throughout the film thickness
for reliable pattern transfer by plasma etching. In this letter, we
use transmission small-angle X-ray scattering (SAXS) to
measure the cross sections of poly(styrene-b-methyl meth-
acrylate) (PS-PMMA) line gratings. Experimental data are
interpreted with the aid of numerical simulations based on self-
consistent field theory (SCFT). The concerted experimental
and modeling effort demonstrates that DSA pattern quality is
strongly affected by the types of interactions at each interface.

In general, the measurement, characterization, and inspection
of 10 nm features poses a significant challenge. Traditional
microscopy techniques are unreliable because they examine a
small subset of the entire sample, are most sensitive to the
sample surface, and have established resolution problems at the
10 nm scale. Optical methods such as scatterometry need
validated measurement libraries for data analysis, so it is difficult
to extend these metrologies to new materials and processes. On
the other hand, transmission SAXS can resolve the full three-
dimensional shape of periodic nanopatterns with high spatial
resolution (e.g., <1 nm). Furthermore, SAXS is an ensemble-
averaged measurement, so meaningful statistical information
can be extracted from these data without the need for
numerous repeat experiments. Synchrotron X-ray scattering
has the potential to emerge as a “gold-standard” or “bench-
mark” dimensional metrology and library validation tool for
high density, sub-10 nm features.
The samples considered in this report are thin films of

lamellar PS-PMMA copolymers cast on chemo-epitaxial
templates. The PS-PMMA copolymer was purchased from
Polymer Source with a number average relative molecular mass
of Mn ≃ 100 kg/mol, polydispersity index of 1.19, and
composition of 52% PS by volume (see Supporting
Information). The equilibrium lamellar periodicity is L0 = (46
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± 1) nm at 240 °C.9,11 All copolymer films were (64 ± 1) nm
thick and annealed at 240 °C for 6.5 min. The epitaxial
templates were fabricated with electron-beam lithography and
consist of alternating hydrophobic and hydrophilic lines with a
46 nm pitch, where hydrophobic patterns are PS brush (PS-
attractive) and hydrophilic stripes are oxidized PS brush
(PMMA-attractive). Atomic force microscopy measurements of
patterned brushes are included in the Supporting Information,
and these data demonstrate that oxidation induces a subtle
change in topography (less than 1 nm height variation). Based
on measurements of the electron beam resist profiles, the width
of the PS-selective stripe is estimated to range from wPS ≈
0.55L0 − 0.63L0.

9 Figure 1a includes a schematic of the PS-
PMMA line grating and a representative micrograph of the film
surface.

The structure of PS-PMMA line gratings was characterized
with variable-incident-angle SAXS, also known as “critical-
dimension” SAXS.13,14 The measurement geometry is illus-
trated in Figure 1b. The sample is illuminated at an angle of
incidence γ, which is varied through a range of ±45° for depth
sensitivity,14 and the scattered intensity is recorded as a
function of diffraction angle 2Θ. All data are mapped from
I(2Θ, γ) to I(qx,qz) coordinates for comparison with scattering

models. Figure 2a includes an example of the data extracted
from a single SAXS measurement, and Figure 2b−f reports the
scattering profiles I(qz) for five orders of diffraction peaks qx =
2πn/L0. The three-dimensional shape of the PS-PMMA
lamellae was calculated from SAXS data through an inverse
solution method. First, the lamellar structure was described by a
model that includes the size, shape, and periodicity of the
domains, as well as the apparent width of the copolymer
interface.9 The line shape s(x, z) is approximated by a stack of
four trapezoids, as illustrated in Figure 3a. The surface
topography has little impact on the predicted SAXS intensity,
so this structure is not included in the line shape model. This
point is further discussed in the Supporting Information.
Second, model parameters were refined to obtain agreement
between predicted and measured SAXS profiles. This refine-
ment was implemented with a simulated annealing (Monte
Carlo) algorithm15 as gradient search methods were often
trapped in local minima, yielding unreliable results that largely
depended on the initial values. We performed 150 simulations
to collect a family of profiles that were compared with the
measured scattering spectra, where a heating/cooling cycle
ensured that outcomes from different runs were not correlated.
The solid line in Figure 2b−f is the average predicted scattering
profile with error bars encompassing ±1 standard deviation.
Figure 3b reports the block copolymer domain shapes that

were extracted through analysis of SAXS data. Each curve
represents the average line shape with error bars that
encompass ±1 standard deviation. When calculating the
shape function from SAXS data, there are two planes of
symmetry that lead to degenerate solutions, so one cannot
distinguish between up/down (180° rotation about the x-
plane) or left/right (180° rotation about the z-plane).
Therefore, all s(x, z) profiles in Figure 3b were geometrically
transposed to overlap. The dimensions of the epitaxial template
are different for each sample, but the resulting domain shapes
are strikingly similar. All samples exhibit a large “foot” near one
interface and a more subtle “rounding” near the other. One
could infer that the large “foot” is associated with PS domains
wetting the wide PS-attractive stripe. In the center of the film,
the domain half-width of all samples is (11.6 ± 0.1) nm, which
is the bulk equilibrium dimension. We conclude that
interactions at each interface are deforming the domain shapes,
and these effects decay with depth into the film interior.
To assist in interpretation of SAXS data, we performed two-

dimensional SCFT simulations of symmetric AB diblock
copolymers confined between a hard substrate and a stationary
copolymer−air interface, where both the substrate and the air
were modeled using fixed “particles” and implemented in the
SCFT simulations as a fixed particle field or masking field.17

Details of the SCFT framework used here can be found in
numerous recent publications;17−19 here we provide a brief
summary of the most salient features. The substrate−
copolymer interface was modeled as a relatively diffuse gradient
between the pure particle/substrate phase and the pure
copolymer melt phase. The substrate interfacial region was
approximately 1.4−3 nm wide, depending on the simulation,
corresponding to a brush layer that allows for very little to
significant copolymer penetration, respectively. The substrate
was defined to have two different chemical selectivities,
consistent with the chemically patterned substrate in the real
PS-PMMA films. The air−polymer interface was modeled using
a fixed copolymer gradient with a width of approximately 1.4
nm.

Figure 1. (a) Tapping-mode atomic force microscopy measurement of
the block copolymer grating (height image). Dark and bright domains
are PS and PMMA, respectively,11 where PMMA domains are up to 2
nm taller than PS in some regions. This attribute has been observed in
other studies of PS-PMMA block copolymers on homogeneous
surfaces.11,12 Inset: Schematic of the sample cross-section. (b)
Illustration of SAXS geometry.
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With these definitions, there were four independent model
parameters, χN, χPSN, χOPSN, and χairN. Here N is the index of
polymerization; χ is the A−B Flory parameter; and χPS, χOPS,
and χair are composite Flory parameters for the AB copolymer
and the PS brush, the partially oxidized PS brush, and the air
interface, respectively. The composite Flory parameter for the
PS brush is defined such that χPS = (χPS,A − χPS,B)/2, where χPS,A
is the Flory parameter for the PS brush and the A segments,
and χPS,B is the Flory parameter for the PS brush and the B
segments. There are similar definitions for χOPS and χair.

Positive values of the composite Flory parameters indicate an
energetic propensity to prefer B segments, while negative values
indicate an energetic propensity to prefer A segments.
For all simulations, χN = 38. This value of χN is consistent

with our previous work.9 The value of χairN was selected to be
χairN = −3.8, consistent with an air interface that is slightly
preferential toward A segments. Therefore, we identify the A
segments in the simulations with the PS segments in the real
BCP film. The values of χPSN and χOPSN were selected to
capture the effects of the substrate−BCP interactions.
Accordingly, χPS,AN = 0 and χPS,BN = 38, while we set
χOPS,AN = 38 and χOPS,BN = −38; thus, we have χPSN = −19 and
χOPSN = 38.
The equilibrium pitch of the AB BCP was determined to be

L0 = 2π/k0 ≈ 4.7Rg, where Rg is the BCP radius of gyration, and
k0 is the location of the primary peak in the simulated structure
factor S(k) ∝ |ϕk|

2, where ϕ is the simulated local A segment
fraction.20 The simulation space was defined to be approx-
imately one unit cell wide, so that Lx = 4.7Rg ≈ L0. The film
thickness was selected to be Ly ≈ 1.4L0 = 6.58Rg, consistent
with the real BCP film. Finally, the spatial resolution for the
SCFT simulations was Δx = Δy ≈ 0.04Rg with 25 = 32 points
along the copolymer backbone. The SCFT relaxation process
also requires defining an effective “time step” for both the
pressure and exchange field relaxations.18 In all SCFT
simulations, we used Δt = 4.21

Figure 3c,d reports the simulations for PS domains
assembled on a PS-attractive stripe with dimensions of wPS =
0.55L0 and wPS = 0.7L0. It is important to note that domain
widths at the substrate interface do not match the template
width wPS, but are closer to the equilibrium dimension (ca. L0/
2). To induce a local domain deformation that matches wPS, an
unreasonably high value of χOPS must be specified in the
simulations. With this in mind, the simulated domain shapes
agree qualitatively with experimental data and capture the large
“foot.” This feature is potentially explained by the diffuse
brush−copolymer interface, suggesting the copolymer pene-
trates the brush layer to produce an A−B interface with a
pronounced splay at the substrate. We note that several
experimental works have demonstrated that copolymer
domains can penetrate an underlying brush and interact with
the substrate.11,22,23 We tested this hypothesis by simulating a
similar BCP cross section with a much sharper copolymer−
substrate interface (Figure 3d). In this scenario, a pronounced

Figure 2. (a) Line profile I(qx) from data acquired at γ = 0 (qz ≈ 0). Five orders of diffraction peaks are observed, along with weak satellites that are
associated with noise in the epitaxial template.16 (b−f) I(qz) for five diffraction orders, that is, qx = 2πn/L0. Open symbols are experimental data, and
solid line is the best-fit line shape model.

Figure 3. (a) Line shape model s(x, z) for analysis of SAXS data. The
total height is constrained, but the height, width, and slope for each
trapezoid can vary as illustrated by the arrows. (b) Block copolymer
domain shape calculated from SAXS analysis. (c) Simulated domain
shape for wPS/L0 = 0.7 with a diffuse copolymer−brush interface. (d)
Simulated domain shape for pattern duty cycles of wPS/L0 = 0.55 and
wPS/L0 = 0.7, where “narrow” and “wide” denote sharp and diffuse
copolymer−brush interfaces, respectively.
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foot was not observed because significant copolymer
penetration into the brush layer was not possible.
The SCFT simulations do not predict significant rounding of

the domain shape near the copolymer−air interface, yet this
feature is needed to fit experimental spectra. We speculate that
the top-rounding is due to swelling of the PMMA domain by
ambient humidity,11 which is consistent with the atomic force
microscopy height measurement in Figure 1 (where PMMA
domains are slightly “taller” than PS). If moisture is responsible
for the surface deformations, then one could potentially reverse
this effect by heating the films near the glass transition
temperature (ca. 100 °C).11

While not the principal focus of this letter, we note that the
apparent width of the copolymer interface was calculated as
part of SAXS data analysis. The apparent interfacial width is a
convolution of the mean-field composition profile and thermal
fluctuations, which is discussed extensively elsewhere.24−26 The
values extracted for each sample were 4.90 ± 0.02, 4.95 ± 0.02,
4.80 ± 0.02, and 4.90 ± 0.02 nm, in close agreement with prior
predictions and measurements for the same PS-PMMA lamellar
copolymer.9 The apparent interfacial width contains informa-
tion about line-edge roughness, an important metric for
semiconductor manufacturing that refers to low-frequency
variations in the line-edge position. Ultimately, we intend to
extract the line-edge roughness spectrum from the scattering
data, as specific frequency ranges have markedly different effects
on final device function.27 Armed with a physically reasonable
model for fluctuations and line-edge roughness,24,26,28,29 one
can hope to extract the spectral information from the diffuse
scattering around the diffraction peaks in the qy direction. This
is currently a research focus of our groups.
In conclusion, we used transmission SAXS to measure the

cross-sectional shape of PS-PMMA line gratings. The
experimental data were interpreted with the aid of numerical
simulations based on SCFT. The concerted experimental and
modeling effort demonstrates that DSA pattern quality is
strongly affected by the types of interactions at each interfaces.
Specifically, we measured a relatively large “foot” at the
copolymer−substrate interface that results in a subtle “neck”
and “shoulder” in the grating cross section. SCFT simulations
corroborate this observation and suggest that the foot is a result
of significant copolymer penetration into the underlying brush
layer. These observations are important for lithography
scientists because vertical domain sidewalls are needed for
optimal pattern transfer. Significantly, these findings suggest
that new coatings for DSA should consider copolymer
penetration lengths in addition to tailoring surface energetics.

■ EXPERIMENTAL SECTION
Fabrication of epitaxial templates, characterization of epitaxial
templates, and DSA of the PS-PMMA lamellae are discussed
elsewhere.9 These procedures are very similar to work described by
Nealey et al.8 Variable-incident-angle SAXS measurements were
implemented at the Advanced Photon Source of Argonne National
Laboratory (beamline 8-ID-E). Samples were placed in a vacuum
chamber and illuminated with 7.35 keV radiation at incident angles (γ)
in the range of −45° to 45° with increments of 1.3°. The beam spot
size was 150 μm wide by 50 μm tall. The scattering was recorded with
a Pilatus 1MF pixel array detector (pixel size = 172 μm) positioned
2175 mm from the sample. Acquisition times were 10 s per angle. All
intensities were corrected to account for changes in illuminated
volume as a function of γ. For SAXS data analysis, we calculated the
area under each primary peak as function of incident angle γ and
scattering angle 2Θ. These data are then mapped to (qx, qz)

coordinates following the definitions in Figure 1b. All data are
background corrected to remove the parasitic scattering at low qx
values. (Certain commercial equipment, instruments, or materials are
identified in this paper in order to specify the experimental procedure
adequately. Such identification is not intended to imply recommen-
dation or endorsement by the National Institute of Standards and
Technology, nor is it intended to imply that the materials or
equipment identified are necessarily the best available for the
purpose.)

■ ASSOCIATED CONTENT
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(i) Atomic force microscopy measurements of nanopatterned
PS brushes; (ii) Characterization of the PS-PMMA copolymer;
(iii) SAXS data modeled with a form factor that includes
surface topography. This material is available free of charge via
the Internet at http://pubs.acs.org.
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