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ABSTRACT: The size, shape, and interface structure of poly(styrene-b-methyl methacrylate) block
copolymer domains assembled on an epitaxial template are characterized with soft X-ray diffraction. The
domain size and shape are deformed when the dimensions of the epitaxial template are incommensurate with
the equilibrium dimensions of the block copolymer, producing sidewall angles in the range of 1—2° (£0.2°).
The average width of the copolymer interface is (4.9 &+ 0.1) nm. Comparison with mean-field theoretic
predictions for the structure of block copolymer interfaces suggests a low-frequency variance in the
copolymer interface position of 1.2 nm?, or a low-frequency line-edge roughness of approximately 3 nm.

Introduction

The most sophisticated integrated circuits (ICs), such as micro-
processors and memory chips, are patterned with optical litho-
graphy. The performance of semiconductor electronics is coupled
to the resolution of the lithographic processes, and to keep pace
with historic growth rates the dimensions of many circuit
elements must shrink below 50 nm. This requires high-resolution
imaging materials (resists) that offer precise control over feature
size and density, low pattern roughness, and low defect concen-
trations over large areas.! It has been suggested that block
copolymer self-assembly in tandem with optical lithography
could satisfy these requirements.>> Block copolymers are con-
structed by linking together two (or more) chemically distinct
homopolymer chains, and the immiscibility between the different
segments drives them to self-assemble into periodic mesophases.
The advantage is that thermodynamics determine the structure of
the block copolymer resist, rather than the complex chemistry
and exposure statistics associated with optical lithography, so the
patterns can be highly uniform over large areas. Incorporating
these systems into IC production is potentially very simple: The
strategy proposed by Nealey et al. uses optical lithography to
define a chemical template that directs the placement of each
block copolymer domain with respect to the substrate (concep-
tually similar to epitaxial crystal growth).* The self-assembly is
speculated to “heal” errors in the chemlcal template, such as line
width variations and pattern roughness.>® However, it is unclear
how the shape of the block copolymer domains is deformed by
the epitaxy process, or if the intrinsic roughness of the block
copolymer interface is too large to be suitable for manufacturing.
These questions are difficult to answer with scanning electron
microscopy (SEM), which is the standard metrology tool for
resist inspection, for the following reasons: First, SEM measure-
ments are only sensitive to chemical contrast when operated at
low voltages (~100 V), and under such conditions the resolution
is limited to approximately 5 nm. Second, polymers are damaged
during SEM imaging. The damage mechanisms and rates are
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different for each block copolymer constituent, producing topo-
graphy that introduces artifacts into the measurement. Third, a
SEM measurement only samples approximately 1 zm?, which is
not statistically significant. Last, extracting accurate line widths
or three-dimensional shapes from SEM data reqyulres complex
modeling to predict the image formation process.

In this paper, we use transmission soft X-ray diffraction
(SoXRD) to characterize the shape and intrinsic roughness of a
lamellar poly(styrene-h-methylmethacrylate) (PS—PMMA) block
copolymer resist assembled by epitaxy. The transmission diffrac-
tion geometry is illustrated in Figure 1. A single SoXRD measure-
ment samples 500 um x 300 um, and is sensitive to the size, shape,
periodicity, and roughness of the block copolymer domains. The
scattering contrast at energies near the carbon absorption edge
(=280 eV) results from spatial variations in the types and
densities of carbon chemical bonds,* ' offering a highly sensitive
probe of the block copolymer structure. Note that polymer
nanostructures are typically characterized with transmission
small-angle X-ray diffraction (SAXD), a technique that uses high
energy X-rays (usually 8 keV) and diffraction angles in the range
26 = 0.1—1°. A single SoXRD measurement covers diffraction
angles in the range 260 = 4—40°, which offers two advantages
over SAXD: (1) sensitivity to three-dimensional domain shape
and (2) increased separation between the first-order diffraction
peak and low-g parasitic scattering.'?

Electron beam lithography (EBL) was used to generate low-
roughness chemical patterns comprised of hydrophobic/hydro-
philic stripes on a d = 46 nm pitch, and the width of the hydro-
phobic stripe ranged from approximately 0.55d to 0.63d. This
closely matches the equilibrium properties of the PS=PMMA
resist, which has a lamellar periodicity of Ly = (46 £+ 1) nm and
equal PS/PMMA domain sizes of (0.5 + 0.02)d."* The chemical
patterns effectively directed the assembly of the PS~PMMA resist
into defect-free gratings spanning 1 mm x 1 mm,'* where the PS
and PMMA domains attach to the hydrophobic and hydrophilic
stripes, respectively. An overview of this epitaxy process is shown
in Figure 2, and details are provided in the Experimental Section.
The structure of the chemical patterns cannot be directly mea-

sured with SOXRD due to poor scattering contrast,’”” so we
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Figure 1. The transmission scattering geometry, along with an illustra-
tion of the grating parameters in real-space and a schematic of the
diffraction peaks in reciprocal space. The primary diffraction peaks are
situated at the nodes n = 1, 2, etc., and satellite peaks are adjacent at
+27/A. The satellite peaks result from noise during the electron-beam
lithography exposure.'®
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Figure 2. Overview of PS=PMMA assembly on chemical patterns. (1)
Start with a hydrophobic PS surface. (2) Pattern with EBL (ZEP resist)
and develop grating. (3) Oxidize to generate hydrophilic stripes. (4) Strip
the ZEP resist. (5) Coat with PS=PMMA film. (6) Heat the film above
the glass transition to order the PS=PMMA lamellae. The structures
measured with SOXRD and SEM are depicted in steps 2 and 6.

instead characterize the EBL resist gratings that were used to
generate the chemical patterns, and assume the line width and
roughness are perfectly replicated (step 2 in Figure 2). The EBL
resist gratings are denoted by the resist type “ZEP” throughout
this manuscript.

This paper is organized as follows: First, a model for scattering
from block copolymer gratings is presented that incorporates the
domain shape, size, periodicity, and interfacial roughness. This
model could be generalized to any type of resist, such as the
photosensitive polymers used in optical lithography, offering a
route to characterize resolution and line-edge roughness in the
latent image. Second, the widths of the PS domains are calculated
from SoXRD analysis and compared with SEM measurements.
The domain widths measured by SoXRD are consistent with
those predicted by strong-segregation theory for equal-volume
block copolymers, while the dimensions measured by SEM are
30% to 40% larger and vary with magnification. Third, the
sidewall angles of the PS domains are extracted from the SoOXRD
model and reported as a function of chemical pattern line width
(i.e., the width of the hydrophobic stripes). The shapes of the
PS—PMMA domains are deformed when the line width of the
chemical pattern does not match the equilibrium domain size.
Fourth, the average roughness of the PS=PMMA interface
calculated from SoXRD and SEM measurements is reported.
The SoXRD results agree with theoretical predictions for the
structure of block copolymer interfaces, but the SEM data do not.
The spatial frequency content of the block copolymer line-edge
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roughness cannot be directly ascertained with SOXRD, but is
estimated instead by comparing the experimental results with
mean-field models for strongly segregated block copolymer
interfaces. The low-frequency roughness is presumed to result
from thermal fluctuations, and is consistent with a simple
capillary wave model for polymer interfaces.

Model for X-ray Diffraction Analysis

Our objectives are to calculate the size, shape, and roughness of
the block copolymer domains from the diffraction data. The
diffracted intensity from a two-phase system with density profile
p(r) is as follows:

1(9) =In(@) + La(@) = Kp(@)l® + (lo(@) = (p(a)l®) (1)

Note that p(q) is the Fourier transform of p(r). I,(q) is the
scattering from the mean density profile, and reflects the average
size, shape, pitch, and roughness of the gratings across the sampled
area. I4(q) is the diffuse scattering from concentration defects or
lattice disorder. In general, the diffuse scattering cannot be
distinguished from background noise or parasitic scattering.
However, we do detect weak satellite peaks in our data that
result from periodic displacements in the grating pitch.'® These
periodic displacements are the result of noise during the electron
beam lithography, and are not associated with the self-assembly
process. The following four sections outline a model for scatter-
ing from the block copolymer resist that is based on predictions
for the structure of block copolymer interfaces in the strong
segregation limit.'” "' We arrive at a form for /(q) that can be
applied to scattering from any type of resist, such as the
chemically amplified photosensitive polymers that are typically
used in optical lithography. Table 1 includes a list of notation and
variables for analysis of SoOXRD data.

Domain Shape. The average grating density profile p(r) is
modeled by convolving a one-dimensional lattice 2,0,(x —
nd) with a shape function s(r) that describes the line width
w(z) and sidewall angle ¢(z) of the resist cross-section. The
function s(r) is equal to unity inside the boundaries of the
shape and zero elsewhere. If the density transition across the
phase boundary is perfectly sharp, the diffracted intensity is
the product of the structure factor %,0,(¢. — 27n/d) with the
form factor | P(q)*:

@) = 3 g 2w/l @)

P(q) = /Vs(r)e_“” dv

The form factor, or the shape of the resist cross-section,
entirely determines the amplitude of the diffraction peaks,
while the pitch (d) determines the peak positions. This simple

Table 1. Notation and Variables for Data Analysis

real space Fourier space
position vector r={x,y,z} scattering vector q = {qw 9, q-}
density function p(r) density function p(q)
shape function s(r) form factor P(q)
displacement wavelength A displacement frequency ky = 2mx/A
Model Parameters
grating pitch d fractional change in pitch €
apparent interface width A, variance in edge position 03
standard deviation in edge position o sidewall angle 9(z2)
ZEP/BCP line width wi(z) chemical pattern line width Wo
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model has been used to calculate the pitch and shape of larger
(d~ 500 nm) resist gratings measured by small-angle scattering. >

The Structure of Block Copolymer Interfaces. The PS/
PMMA interfaces are not perfectly sharp, but are characteri-
zed by a diffuse composition profile of finite width A. This is
due to single-molecule displacements that produce a high
frequency roughness. The diffuse interface is incorporated
into the model by convolving the ideal density profile with a
smoothing function /(r) that describes the probability distri-
bution of each phase across the interface.?! The composition
of the PS phase across a PS/PMMA interface plane posi-
tioned at x = 01is pps(x) = 0.5[1 + tanh(2x/A)], so the appro-
priate smoothing function is A;(x,A) = [sech*(2x/A)]/A."7
The diffracted intensity from the mean density profile is then
as follows:

Ii(q) = Io(q)|H:(q. M) (3)

Hi(q,A) = (wAq,/4) csch(wAq,/4) (4)

Comparing eqs 2 and 3, we see that broad interfaces produce
a significant attenuation of the signal for ¢, > 2/A. The
magnitude of the interfacial width, incorporating corrections
for finite molecular weight, is calculated from the total
degree of polymerization N, the Flory interaction parameter
%, and the statistical segment length ag as follows:'”

A = Ao[1+1.34/(N)' ), Ay = 2a03 7" /V6  (5)
Neutron reflectivity measurements from block copolymer
interfaces have yielded interfacial widths that are larger than
the value predicted by eq 5.%* This is attributed to thermal
fluctuations that produce random shifts d.(y,z) in the posi-
tion of the interface plane, which are the source of line-edge
roughness in block copolymer resists. If the amplitudes of
these fluctuations are small, i.e., ¢,0, << 1, then the scattering
from the mean density profile is further attenuated by a
factor |H>(q.0.)° = (1 — ¢ X0,)."”>* The variance in the
interface position {(d.) is estimated with a capillary wave
model by integrating over the full distribution of fluctua-
tions with upper and lower cut-offs of ¢,. ~ 1/A and ¢,. ~
1/d, respectively. The interface tension from mean-field
theoryisy, = aqy’>/(v6'/*) where v is the monomer volume.

0 =52 m(g) ©

The functions H; and H, have similar forms over the
experimental range ¢, €[0,1] nm™", so it is not feasible to
extract A and (d,”) independently. Instead, we convolve the
hyperbolic tangent concentration profile with a Gaussian
distribution of interface positions.'”'® This fluctuation-
broadened interface profile is well-modeled by a hyperbolic
tangent function with an “apparent” width A,:

A = N +27(6,7) (7)

The scattering from the mean density profile is then as follows:
I>(q) = 1o(@)|H1(a, Ad) | (8)

The diffuse scattering from uncorrelated thermal fluctua-
tions is too weak to accurately detect and fit to a model.
However, including predictions for the magnitude of this
component only changes the amplitude of the sixth order
diffraction peak (the highest order observed) by ~5%."
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Lattice Displacements. We observe satellite peaks in the
experimental data that are located near the primary nodes at
q.n £ k., and the amplitudes of the satellites relative to the
primary peaks scale as Iy, /I, ~ ¢.> (approximately). Such
features are consistent with periodic compressions and
extensions in the grating pitch, described by a displacement
wave Ax, = (g/ky) cos(k-nd) with spatial frequency [k|=
k.=2m/A.?® The grating pitch then varies sinusoidally from
d(l — ¢) to d(1 + ¢). If the amplitudes of the displacements
are small, i.e., ¢ < 1, then the scattering from the mean
density profile 7, and the diffuse scattering from the satellites
Id,sat are

In(q) = L(Q){1 — ¢ %> /4} 9)

Iosa(@) = D(a£k){g, ek /4} (10)

The origin of these lattice displacements was determined to
be noise during the electron beam lithography exposure, and
a full discussion/analysis is reported elsewhere.'

SoXRD Data Analysis. The total diffracted intensity I(q)
from the block copolymer line gratings is calculated with eqs
1—10. The only component of this model that is specific to
block copolymer resists is the form of the attenuation func-
tion described by eq 4, and it is straightforward to calculate a
new attenuation function for a different probability distribu-
tion: For example, a step function interface profile con-
volved with a Gaussian distribution of interface positions
may better describe the exposure statistics in traditional
optical and electron beam resists. However, if we assume a
step function profile for the mean-field block copolymer
interface (instead of the hyperbolic tangent distribution), the
magnitude of A, recovered is within ~0.3 nm, demonstrating
that the form of the interface function is not critical to the
analysis. As such, both block copolymer and ZEP resist
gratings are analyzed with an attenuation based on the
hyperbolic tangent interface profile (eq 4).

The shape of the resist cross-section s(r) and apparent
interfacial width A, were calculated for each sample by
fitting the diffraction data to the model /(q) convolved with
an experimental resolution function.** The shape function
s(r) used for analysis of the PS=PMMA resist was a single
trapezoid with the following adjustable parameters: trape-
zoid base (line width) w,(z = 0) and sidewall angle ¢. The
trapezoid height was constrained to 55 nm (the film thickness
measured with a spectroscopic ellipsometer). The shape
function s(r) of the ZEP resist was approximated by a stack
of two trapezoids with the following adjustable parameters:
Base w.(z = 0), heights H;—, >, and sidewall angles ¢, —; . The
total height of the ZEP trapezoid stack was constrained to
33 nm (the film thickness measured by ellipsometry).

Results and Discussion

Representative scattering data from the PS"PMMA gratings
assembled by epitaxy and the ZEP gratings prepared by EBL are
shown in Figure 3a,b with the best-fit results. The intensity is
scaled by a factor ¢,%¢.> to amplify the errors between raw data
and fits. This scaling is selected because the form factor for a
rectangular cross-section decays as ¢, ’¢. -. Representative
SEM images of the PS=PMMA and ZEP gratings are presented
in Figure 4a,b. The line widths and line-edge roughness calculated
from SEM and SoXRD measurements are compared in the
following discussion. While the focus of this paper is character-
ization of the PS=PMMA structure, the ZEP SEM and SoXRD
data are presented for the following reasons: First, the ZEP line
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Figure 3. Diffraction data from the resist gratings, and fits to the model described by eqs 1—10: (a) PS=PMMA data and fit; (b) ZEP data and fit. The
increase in EBL exposure dose is intended to vary the normalized line width w/d of the chemical patterns.

(b)

Figure 4. (a) SEM measurement of a ZEP grating produced by an EBL
exposure dose of 950 uC/em? (b) SEM measurement of a PS—~PMMA
grating assembled on chemical patterns generated with an EBL exposure
dose of 950 uCJem? (wy/d = 0.63). The edge positions are marked in yellow.

widths are used to estimate the line widths of the chemical patterns
(the epitaxial template). Second, ZEP line-edge roughness data are
required to estimate the roughness of the chemical patterns. Third,
the ZEP diffraction data serve as a control for characterizing the
“satellite peaks,” which might otherwise be erroneously attributed
to fluctuations in the block copolymer lattice.

Line Widths. The line widths w, calculated from SoXRD
and SEM measurements are reported as a function of EBL
exposure dose in Figure 5a. SEM imaging is a complex
process that involves the generation of both secondary and
backscattered electrons having a distribution of energies.
While the full resist volume is excited, the escape depth of the
electrons is largely limited to the near surface region, and the
signal from the sidewalls can vary as a function of both
sidewall angle and roughness. In addition, beam-induced
damage to the polymer components is unavoidable: The
dominant mechanisms are cross-linking of the PS domains,
and degradation of both PMMA and ZEP phases. Our
analysis of the SEM data does not incorporate any modeling
to describe these complex processes. Instead, we calculate the
position of the resist edges from the maximum rate of change
in the signal, and the SEM line width is simply the distance
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Figure 5. (a, b) Critical dimensions for PS=PMMA and ZEP as a
function of EBL exposure dose, calculated from both SEM and
SoXRD. The reported line width from SoXRD is the average through
the film thickness. Note that the apparent dimension measured with
SEM varies with magnification. (c) Average sidewall angles measured
with SOXRD reported for ZEP and PS-PMMA. The blue curve
through the PS=PMMA data set is a guide to the eye. Error bars on
SEM measurements represent uncertainties calculated from interline
statistics. Error bars on SoOXRD data represent the uncertainty calcu-
lated from nonlinear regression analysis.

between adjacent edges. The SoOXRD line widths reported
for ZEP and PS=PMMA are the average through the film
thickness. Four trends are clear: First, both the PS-PMMA
and ZEP line widths calculated from SoXRD are system-
atically smaller than the corresponding SEM measurements.
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This is not surprising since the secondary electron yield from
the sidewalls is larger than the top surface, increasing the
apparent line width of the resist gratings in SEM measure-
ments. Second, the ZEP line width decreases linearly with
EBL exposure dose according to both metrologies. On the
basis of the SoOXRD data, we estimate an 8% decrease in
the normalized line widths of the chemical patterns from
wo/d = 0.63 to 0.55 (£0.03) as the exposure dose increases
from 950 to 1130 um/cm?>. Note that wo/d = 0.5 + 0.01 is
required to match the line width of the epitaxial template
with the block copolymer domain width. Third, the average
PS—PMMA line width is independent of EBL exposure
dose/chemical pattern line width by either metrology. The
predicted line width for an equal-volume lamellar structure
with an equilibrium periodicity of Ly = (46 £+ 1) nmis (23 +
0.5) nm, and the value extracted from SoXRD is (24.3 £+
0.2) nm. This slight increase in line width may be induced by
the epitaxial template. Fourth, the apparent PS-=PMMA
line width measured by SEM increases with increasing
magnification. Higher SEM magnifications deposit more
energy per unit area into the film, so there is more damage
to the PMMA phase. It is likely that the PMMA domains
shrink to expose the PS edges, which increases the secondary
electron yield from the edges. We draw two important conclu-
sions from the data: (1) The SEM data capture the qualitative
trends, but are not accurate; (2) the PS=PMMA self-assembly
does offer predictable control over the feature dimensions.

Sidewall Angles. The sidewall angles for ZEP and PS—=PMMA
gratings measured with SOXRD are reported in Figure 5b.
The sidewall angle for the ZEP gratings, averaged through
the grating thickness, is in the range ¢ = 3—4° for all doses.
This is consistent with SEM measurements of the resist cross-
section (see Experimental Section and Figure 8). The shape
of the PS phase in the PS-=PMMA gratings is deformed by
the epitaxy process: The average PS sidewall angle decreases
from ¢ = (2.0 £ 0.1°) to (1.1 £ 0.1°) as the normalized line
width wg/d decreases from approximately 0.63 to 0.55
(£0.05). These angles are consistent with mean-field simula-
tions of the domain shape as a function of chemical pattern
line width.” For manufacturing, the sidewall angles should
(ideally) be zero across the substrate.

Interface Width and Line-Edge Roughness. It is useful to
consider predictions for the structure of a PS=PMMA inter-
face when evaluating our experimental results. The mean-
field interfacial width for PS=PMMA at 240 °C is A =
4.0 nm (eq 5). The variance in the interface position predicted
by the capillary wave model is (0> = 1.2 nm’ (eq 6),
producing an apparent interfacial width of A, = 4.9 nm
(eq 7). The following physical parameters were used for
these calculations: y == 0.037,% ay = 0.68 nm,>* 2y =
0.17 nm>,2%?*3% and N = 1015. (Note that the value of y
selected for calculations is based on small-angle X-ray
scattering data from nondeuterated PS—PMMA block co-
polymer,*® and not the cloud point measurements from PS/
PMMA blends reported by Callaghan et al.*' The Appendix
to this article includes a comparison of the two y values.)
These predictions for interfacial structure are related to the
conventional definitions of line-edge roughness as follows:

e The mean-field interface has a high-frequency line-

edge roughness of approximately 30, = 3(A%/8)%
=~ 4.3 nm for spatial frequencies greater than 1/A =
200 um~'.** The SEM measurements cannot detect
roughness at spatial frequencies greater than about
300 um~"' (limited by low-pass filtering required for
image processing, and 1.1 nm SEM pixel size).

e The fluctuation model predicts a low-frequency

line-edge roughness of 30, = 3(0, A% = 3.3 nm for
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Figure 6. (a) ZEP and PS—PMMA line-edge roughness (LER = 30)
calculated from SEM measurements. Error bars represent uncertainties
calculated from interline statistics. (b) Power spectral density of the
resist LER. Each curve corresponds with an individual image. Data
exhibit a powerlaw decay over spatial frequencies of 6—40 um™". (c)
Apparent interfacial width A, measured from soft X-ray diffraction.
(%1 standard deviation). Error bars represent the uncertainty calculated
from nonlinear regression analysis.

spatial frequencies in the range 1/d = 20 um™' to
1/A = 200 um™"'. These spatial frequencies can be
detected by our SEM imaging protocol.

The line-edge roughness (LER) of ZEP and PS-PMMA
gratings calculated from SEM image analysis are shown as a
function of EBL exposure dose in Figure 6a,b. LER is
defined as 30, where o is the standard deviation in the edge
position, and the error bars represent uncertainties calcu-
lated from interline statistics. The average LER for ZEP
and PS—PMMA are (3.5 + 0.3) nm and (6.0 & 0.6) nm,
respectively, and are independent of exposure dose and SEM
magnification. The corresponding LER power spectra are
presented in Figure 6b, and these data suggest that low-
frequency (<40 um™"') fluctuations are responsible for in-
creased LER in block copolymers relative to ZEP. The
power spectral density exhibits a power-law decay over the
range of spatial frequencies 6 um ™' to 40 um ', with decay
exponentsof y = —0.7 0.1 for ZEPandn = —1.6 £ 0.1 for
PS—PMMA. (Note that the capillary wave model for fluid
interfaces described by eq 6 predicts 7 = —2.) The ZEP resist
grating is used to generate the chemical patterns for epitaxy,
so the PS"PMMA LER appears to be larger than that of
the underlying template, indicating that it is an intrinsic
property.

The apparent interfacial widths A, for PS=PMMA and
ZEP calculated from SoXRD analysis are reported in
Figure 6¢. These values reflect both high and low frequency
roughness as described by eqs 7 and 8. Measurements of A,
for ZEP range between 4 and 6 nm at lower doses, and drop
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to 1.5 nm at the highest dose. Since this trend is not observed
in the SEM data, we believe the diffraction model described
by eqs 1—10 does not accurately predict the scattering from
ZEP at large values of ¢,. This failure is likely due to
variations in the resist dimensions across the sampled area,
which attenuates the signal in a similar manner as interfacial
roughness.*® Such polydispersity in feature size could result from
nonuniform development of the resist at lower exposure doses.

The average measured value of A, for PS-PMMA is
(4.9 £ 0.1) nm, and is independent of exposure dose. This
measurement is larger than predictions for the mean-field
interfacial width that incorporate chain end effects (A = 4.0
nm), and matches predictions for an interface broadened by
capillary waves (A, = 4.9 nm). The consistency between
theory and experiment suggest that the magnitude of low
frequency line-edge roughness in this PS=PMMA system
can be predicted by the simple capillary wave model of eq 6,
and is approximately 30, = 3(0,2)%° = 3.3 nm. (Note that
the capillary wave model employs upper and lower cut-offs
of g,. ~ 1/A and ¢,. ~ 1/d, respectively, suggesting that
fluctuations at a longer length scale than the block copoly-
mer periodicity are suppressed.) The most important con-
sideration involved with estimating (0,2 from measurements
of A, is the accuracy of the physical constants used to
calculate A: A 5% error in the physical parameters intro-
duces a 0.2 nm uncertainty in calculations of A, and the
uncertainty in measurements of A, is 0.1 nm (standard
deviation), producing an uncertainty in 30 of approximately
1.6 nm. Calculations based on different y values are included
in the Appendix. Alternatively, the total line-edge roughness
(both and low and high frequency contributions) can be
estimated from SoXRD measurements without specif(?/ing
physical constants, and is approximately 30 = 3(A,%/8)%° =
(5.240.2) nm.*

Clearly there is a discrepancy between the SEM and
SoXRD LER measurements, and we believe the SEM mea-
surement of 30 = (6 £ 0.6) nmis erroneous. Large amplitude
fluctuations that could produce high values of LER have
been reported for homopolymer interfaces,>**> but cannot
be supported in block copolymers unless they are correlated
across multiple domains. Large amplitude, coherent fluctua-
tions can be produced by mismatch between the pitch of the
chemical pattern and the equilibrium PS—PMMA periodi-
city (uniaxial stress).’®>” However, the present system is
commensurate, and we do not observe the characteristic
satellite peaks in the diffraction data that would accompany
this phenomenon.*® Although we have not verified the cause
of this discrepancy, it is potentially a result of the electron
beam/specimen interaction in the SEM: The beam preferen-
tially etches the PMMA in the diblock, which could create
additional variations in line-edge position that are not in-
trinsic to the material. For example, the PS interface may
distort or collapse as the PMMA phase shrinks.

Conclusions

We have presented a simple model for analysis of diffraction
data from nanoscale resist gratings. The model accurately char-
acterizes the structure of a poly(styrene-b-methyl methacrylate)
(PS—PMMA) resist (23 nm half-pitch) assembled by epitaxy: The
domain size, interface width, and line-edge roughness extracted
all closely match theoretical predictions for strongly segregated
block copolymers. We find that the shapes of the PS and PMMA
phases are deformed when the equilibrium domain sizes are
incommensurate with the line widths of the underlying epitaxial
patterns, and mismatch as small in the range of 10—25% (£5%)
produces sidewall angles of 1—2°. Our results suggest the intrinsic
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line-edge roughness for this PS=PMMA resist is 30 = 3 nm,
consistent with the magnitude predicted by capillary wave models
for polymer interfaces. These values of ¢ and 3¢ are slightly larger
than those required for integrated circuit manufacturing at the
23 nm node.'

Experimental Section

Certain materials and procedures are identified in this paper in
order to specify the experimental procedure adequately. Such
identification is not intended to imply recommendation or en-
dorsement by the National Institute of Standards and Techno-
logy, nor is it intended to imply that the materials or procedures
identified are the best available for the purpose.

Substrate Fabrication. Transmission SoXRD experiments
require the substrate to be transparent, so we fabricate all
samples on silicon nitride (SiN) membranes that are approxi-
mately 50% transparent to 280 eV radiation. A 100 nm thick film
of low-stress (silicon rich) SiN is deposited on clean 100 silicon
wafers using low-pressure chemical vapor deposition with the
following parameters: 7.44 x 10~ mol/s (100 sccm) dichlorosi-
lane, 1.49 x 10~> mol/s (20 sccm) ammonia, 33 Pa (250 mT), and
835 °C. The deposition rate is 6.9 nm/min, and the film stress is
(170 £ 10) MPa tensile. The front side of each substrate is then
patterned with gold “alignment marks” that are aligned with the
crystallographic axes of the silicon wafer. These marks are used
to define the position and orientation of the electron beam
lithography patterns. The backside of each wafer is patterned
with an array of “windows” where the SiN film is removed with a
CHF; reactive ion etch. After all electron beam lithography and
PS—PMMA self-assembly steps are complete, membranes are
created in these windows by etching away the silicon with a
30 wt % potassium hydroxide solution (aqueous) at 40 °C for
2 days. The resulting membranes span 1 mm x 1 mm. The
membranes are etched last so the substrate thermal conductivity
is uniform through all the spin-casting and annealing steps
required to generate the ZEP and PS-PMMA gratings. Addi-
tional information is provided in the Supporting Information.

Electron Beam Lithography. Substrates were coated with a
33 nm thick film of poly(methylstyrene-co-chloromethyl ac-
rylate) electron beam resist (ZEP, Zeon Chemicals) and then
baked at 180 °C for 2 min. Line gratings were patterned with
electron beam lithography using an accelerating voltage of 100
keV, beam current of 1.1 nA, and beam step size of 2 nm. The
pitch of the line gratings was 46 nm with a line bias of —11 nm
(6-}2)ass lines). The exposure doses ranged from 950 to 1130 uC/
cm” to vary the grating line width wy. The coherence length of
the gratings is determined by the length of the beam deflection,
which was set to 16 um. This means that 62 gratings, each
spanning 16 um x 16 um, were stitched together to pattern the
full 1 mm x 1 mm area. The ZEP resist was developed in hexyl
acetate at —6 °C for 40 s, followed by a 10 s rinse in isopropyl
alcohol, and then drying with nitrogen. Note that all gratings are
aligned with the crystallographic axes of the silicon substrate,
which is necessary to ensure the sample is properly aligned with
the beamline geometry for SOXRD measurements.

Block Copolymer Epitaxy. PS—PMMA lamellae were assem-
bled on chemical patterns (alternating hydrophobic/hydrophilic
stripes) following the methods of Nealey et al.”* Hydroxy-
terminated PS (M, = 6.4 kg/mol, PDI = 1.07) was purchased
from Polymer Source and used as received. A PS brush was
prepared by grafting to the substrate from the melt (a 30 nm
thick film) at 140 °C for 24 h under high vacuum (10> Pa/10~’
Torr). The excess PS was removed by sonication in toluene at
50 °C for 30 min. The control point for this process is the contact
angle of water: If this value is not equal to 90° across the entire
wafer, the PS grafting density is not sufficient to achieve defect-
free epitaxy. In such instances the grafting process is repeated.
The PS brush was patterned using the electron beam lithography
process described above, then the hydrophilic stripes were
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Figure 7. (a) SEM measurement of PS=PMMA lamellae on a neutral
substrate. (b) Diffraction from PS=PMMA on a neutral substrate. The
even diffraction orders are not visible because the PS and PMMA
phases are of equal volume, and the domain walls are oriented
perpendicular to the substrate.

generated with a 10 s reactive ion etch using 7.5 x 10~° mol/s
(10sccm) O, at 1.6 Pa (12 mT), 10 W, and 60 V DC. The resist was
then stripped in n-methyl pyrollidone at 50 °C for 30 min, followed
by sonication in toluene at 50 °C for 30 min. PS—PMMA films
(M, = 100 kg/mol, PDI = 1.12, 50% PS by volume) ranging in
thickness from 40 to 55 nm were spun cast on the substrates,
followed by annealing in air for 5 to 7 min at 240 °C. The
equilibrium lamellar periodicity for this system is Ly = (46 £ 1)
nm, which is commensurate with the chemical patterns.

Equilibrium Properties for PS—PMMA. The equilibrium
pitch and line width for the PS-=PMMA lamellar block copoly-
mer were determined with X-ray scattering from the “finger-
print” pattern shown in Figure 7a. This is the structure that
results when a ~46 nm thick PS-PMMA film is cast on
substrate coated with a “neutral” polymer brush,* then an-
nealed in air at 240 °C for 5 min. The neutral polymer brush is a
random copolymer of PS and PMMA (M, = 8.9 kg/mol,
PDI = 1.47, 59% PS, purchased from Polymer Source and
used as received). This was prepared by grafting from the melt
(a 30 nm thick film) while ramping the temperature from 140 to
250 °C over 24 h under high vacuum (10> Pa/10~ Torr). The
excess random copolymer was removed by sonication in toluene
at 50 °C for 30 min. The contact angle of water on this neutral
surface was 80°. From analysis of the scattering data shown in
Figure 7b we determined the equilibrium pitch of the
PS—PMMA domains is d = (46 £ 1) nm and the equilibrium
line width is wy = (0.5 £ 0.02) (with ¢ = 0). This confirms that
the block copolymer equilibrium periodicity is commensurate
with the pitch of the chemical patterns generated for epitaxy,
and the 0.5d line width is expected for equal volume lamellar
phases. The even-numbered diffraction orders are not visible in
the fingerprint scattering patterns because these positions cor-
respond with minima in the form factor (Figure 7b). However,
both even and odd diffraction orders are observed in the
PS—PMMA gratings (see Figure 3a), demonstrating that the
domain shape is deformed by the epitaxy process.

Scanning Electron Microscopy. The PS-PMMA and ZEP
samples were imaged with scanning electron microscopy (SEM)
using a beam voltage of £, = 1.5 keV,*! a 2 mm working
distance, a 30 um aperture, and magnifications of 60 kx and 100
kx. The best resolution under these conditions is approximately
2 nm. The electron beam rapidly etches both PMMA and ZEP,
so each area was measured for a maximum of 6 s. All images
were stored in grayscale tiff format at a resolution of 1024 pixels/
line. Data were filtered with a low-pass 5 x 5 median kernel, and
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Figure 8. Cross-section of a ZEP grating measured by SEM.
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Figure 9. Representative constrast measurement from a PSSPMMA
thin film before (#() and after (¢;) diffraction measurements. The peak at
285 eV corresponds with the aromatic pendant group in poly(styrene)
(PS), and is used to normalize the data. The peak at 289 eV is associated
with carbonyl groups in poly(methyl methacrylate) (PMMA). When

exposed to high doses of radiation, PMMA undergoes chain scission,
resulting in the destruction of carbonyl moieties.

then the edge positions of the resist lines were located from the
maximum rate of change in the grayscale intensity. The average
LER, average CD, and LER power spectrum were then calculated
from the edge positions. Representative SEM measurements are
shown in Figure 4 with the edge positions marked in yellow.

Cross sections of the ZEP and PS-PMMA gratings were
prepared for SEM analysis by cleaving the silicon wafers at
room temperature. The contrast from PS=PMMA was too low
to image the structure without removing the PMMA phase, but
an example of a ZEP cross-section is shown in Figure 8. These
structures are difficult to image due to beam-induced etching,
charging, and damage to the resist from sample preparation, but
we do consistently observe sloped sidewalls.

X-ray Diffraction. Transmission soft X-ray diffraction
(SoXRD) measurements were completed at the Advanced Light
Source beamline 6.3.2 using photon energies of 270 eV (1 = 4.59
nm) for ZEP gratings and 284 ¢V (A = 4.37 nm) for PS=PMMA
gratings. The scattering geometry is illustrated in Figure 1. The
sample is illuminated at normal incidence (o; =~ 0), and the
scattering is recorded by scanning a channel electron multiplier
detector mounted on a rotating arm from 20 = 2—45°in 0.1°
increments. The signal is averaged for 10 s per angle. Each
diffraction measurement samples an area of 500 um x 300 um,
and data were recorded from two locations per sample. The
lateral coherence length of the radiation is on the order of a few
micrometers. The resist grating axis was aligned to the y-axis
with an accuracy of + 1°. The elastic scattering vectoris q = kg —
k;, where k; and ky are the incident and scattered wave vectors,
respectively. Correcting for refraction at the polymer interfaces,
the wave vectors inside the film are defined as k; = 2z{sin a;, 0,
(np,” — sin® 0y)°”}/4 and kg = 27 {sin20, 0, (n,” — sin” 26)*}/A,
where n, is the refractive index of the polymer film. Polymers can
be degraded or cross-linked by exposure to soft X-ray radiation,
so testing for beam-induced chemistry changes was a critical
component of the experiments. This was accomplished by
measuring the scattering intensity (or PS=PMMA contrast) in
transmission mode before and after each diffraction measure-
ment. These “contrast” data are collected by fixing the detector
angle at approximately 5°, which is the position of the first-order
diffraction peak, and then collecting the intensity as a function
of photon energy. An example of the resulting data is shown in
Figure 9 and compared with the theoretical PS=PMMA con-
trast. The lack of change in 289 eV peak intensity indicates there
is no detectable degradation of the PMMA phase. Contrast
data below approximately 284 eV do not match the theoretical
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Table 2. Fit Results for Analysis of SOXRD Data from Block
Copolymer Line Gratings with Constrained ¢ = 0 (i.e., a Rectangular
Cross-Section)”

wo/d w; (nm) A, (nm) MSE rect MSE trap
0.63 £0.03 25.040.1 40+0.2 5%107° 3x107°
0.60+ 0.03 25.040.1 44402 5%107° 3x107°
0.56 £0.04 24.140.1 4.6+0.2 3x 1073 2x 1073
0.55+0.01 21.5+0.1 44402 4x%1073 3x 1073

“The parameter wo/d is the normalized line width for the chemical
patterns. The width of the PS domainis w,, and the apparent interfacial
width is A,. MSE denotes the mean-squared error for the nonlinear
regression analysis. Errors are reported for both the rectangular and the
trapezoidal models.

calculations, and we speculate the discrepancy is due to con-
tamination on the backside of the nitride membranes.
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Appendix I

Soft X-ray diffraction is sensitive to the domain shape, because
the scattering vectors in the x—z plane change as a function of
diffraction angle. This is the principal advantage of SOXRD over
traditional small-angle diffraction. The following data illustrate
the sensitivity to domain sidewall angle: All block copolymer data
are analyzed with the constraint ¢ = 0, i.e. the cross-section is
forced to be rectangular. Table 2 summarizes the line widths and
apparent interfacial widths that are calculated with the rectan-
gular model. The mean-squared error for regression analysis with
the rectangular and trapezoidal models are compared.

There are three important findings: First, the volume of the PS
domain varies with the chemical pattern line width and does not
satisfy the 50% volume requirement. Second, the apparent
interfacial width drops to approximately 4.3 nm, which is less
than expected for an interface broadened by thermal fluctuations,
assuming the models and physical parameters used to calculate A
and (0,%) are accurate. Third, the mean-squared error from
regression analysis is approximately 20% larger when the shape
is constrained to a rectangle. Fit results subject to the ¢ = 0
constraint are shown in Figure 10, and it is clear that the
rectangular model does not capture all the diffraction peaks.

Appendix II

The magnitude of line-edge roughness calculated with eq 7 is
highly sensitive to estimates for the temperature-dependent
PS—PMMA physical constants. The value of y selected for
analysis in the Results and Discussion was calculated by Zhao
et al. from small-angle X-rasy scattering profiles analyzed with
Leibler’s mean-field theory.”>** The following paragraphs illus-
trate how the results are changed if a different reference for y is
used to predict the structure of a block copolymer interface
broadened by capillary waves.

An earlier measurement of y for nondeuterated PS/PMMA
systems was based on cloud point measurements from blends
(Callaghan et al.), and is y ~ 0.028 at 240 °C.*' The modifies
predictions for the PS=PMMA interface structure as follows:

e A = 4.7 nm (mean-field interfacial width incorporat-

ing chain end effects).
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Figure 10. Comparison of rectangular and trapezoid model for analysis
of SoOXRD data. The rectangle model (¢ = 0) cannot fit all the peak
amplitudes accurately. This is most clearly observed at the fourth
diffraction peak.

Table 3. Comparing the PS—PMMA Interfacial Structure Predicted
with the Callaghan and Zhao y values®

x Apred,nm A, pred,nm 3opred,nm 30 meas, nm
0.028° 4.7 5.5 3.5 L7£17
0.037% 4.0 4.9 33 33+£1.5

“The uncertainty in 30 measurement assumes 5% error in all physical
constants.

e A, = 5.5 nm (apparent interfacial width predicted
with the capillary wave model).
e 30y = 3.5 nm (low-frequency line-edge roughness).

Our measured value of the apparent interfacial width is (4.9 +
0.1) nm, which is smaller than expected for the interface bro-
adened by capillary waves with y ~ 0.028. This finding could be
rationalized as follows: First, the epitaxy process pins each
domain to the substrate, which could inhibit longer-wavelength
fluctuations. Such behavior has been observed in ultrathin
homopolymer films confined between two interfaces.** Second,
the different boundary conditions at the substrate interface and
film surface likely introduce a z-dependence to the fluctuation
spectrum that is not incorporated in this analysis.** Third, the
capillary wave model may not be appropriate for studying these
fluctuations. Monte Carlo simulations suggest that the coupling
between neighboring lamellae will produce coherent undulations
across multiple domains rather than capillary waves, and while
the error associated with using eq 6 to model the resulting
interfacial profile is small, it does overestimate the fluctuation
contribution to A, by a few tenths of a nanometer.** With these
factors in mind, we could estimate the fluctuation-induced low-
frequency line-edge roughness for y ~ 0.028 as follows:

e The mean-field interfacial width is set to 4.7 nm (the

value predicted by eq 5).

e The variance in the interface position is calculated
from eq 7, i.e. (0,°) = (A2 — A?)/27, and is approxi-
mately (6,%) = 0.32 nm”.

e The low frequency (<200 um ') line-edge roughness
for this PS"PMMA system is then estimated as 30 =
3(0, 3% = 1.7 nm. Note that a 5% error in the physical
parameters introduces a 0.2 nm uncertainty in calcula-
tions of A, and the uncertainty in measurements of A,
is 0.1 nm (standard deviation). This means 3o with y ~
0.028 could be zero, or as large as 2.4 nm.

The Callaghan et al. y value for nondeuterated PS/PMMA is
less than reported for deuterated copolymers,*>*® while the Zhao
et al. y value is larger. Comparisons of deuterated-PS/PMMA
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and PS/PMMA interfacial structures (Table 3) demonstrate the
latter system has a higher interaction energy,"’” which supports
the use of the larger y value in our analysis.

Supporting Information Available: Details regarding the
patterning and machining of silicon nitride membranes, and PS/
PMMA optical constants as a function of photon energy. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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