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ABSTRACT: We demonstrate that an analytical model can be used to interpret moiré patterns in scanning
force microscopy images of spherical domain block copolymer films, yielding grain orientations and a
more than 10-fold increase in scan size without requiring a tedious empirical calibration. Moiré patterns
are the product of interference between two overlapping regular gratings and are sensitive to the grating
periodicity and alignment. We apply this technique to SFM of a monolayer of a spherical domain block
copolymer, where the SFM scan lines act as a reference grating, and the close-packed rows of the block
copolymer domains form the sample grating. The block copolymer grain orientation and size are calculated
from the moiré patterns using an analytical model. The accuracy of the model is confirmed by directly
imaging the block copolymer lattice with high-resolution SFM. Furthermore, we investigate the moiré
patterns of defects in this two-dimensional array of domains and demonstrate that dislocations can be
reliably imaged depending on the pitch of the moiré fringes and the orientation of the Burgers vector of

the dislocations.

Introduction

Thin films of block copolymers are widely investigated
for their potential uses in nanolithography, where the
polymer film acts as a mask for etching nanometer-sized
features. These systems are convenient because they
self-assemble into periodic microdomains, and the size
and periodicity of features can be tuned by changing
the molecular weight and copolymer composition. A
challenge that remains is controlling the long-range
orientation of the microdomains and eliminating defects
like dislocations that destroy translational periodicity.
This is necessary for applications like high-density
magnetic storage media, where the position of each
storage unit must be known.! Alignment of block
copolymer domains over micrometer length scales has
been achieved with chemically patterned substrates,
shear alignment, and graphoepitaxy.?? Graphoepitaxy
is a technique that uses topographically patterned
substrates to laterally confine a single layer of the block
copolymer domains over micrometer length scales,
which are much larger than the periodicity of the
individual microdomains.*~¢ In this work, we laterally
confine a sphere-forming poly(styrene-b-2-vinylpyridine)
block copolymer in hexagonal wells that match the
rotational symmetry of the two-dimensional crystalline
and hexatic phases of the microdomains. The hexagonal
wells range in size from 2 to 100 um across. We find
that a single long-range orientation is templated in wells
up to 12 um across, where the close-packed rows are
parallel to the confining edge, and the orientation of
these grains in neighboring wells is the same.

Analysis of block copolymer grain structure across
multimicrometer distances is a challenge due to the
small size of the individual microdomains, which are
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typically on the order of 10—15 nm. Common analysis
tools are scanning force microscopy (SFM) and scanning
electron microscopy (SEM), but using SFM, resolution
of the individual domains is only possible when small
scan areas are employed (1 x 1 um?—3 x 3 um? for the
system described in this work), due to the finite sam-
pling rate of 512 x 512 pixels per image of a typical
SFM microscope. While SFM microscopes with higher
sampling rates are available, the time to collect an
image scales linearly with the number of pixels mea-
sured. As a result, it is difficult to determine the grain
orientation and defect density of a monolayer confined
in hexagons that are tens of micrometers across. In this
work, we use a method first introduced by Angelescu
et al.” to indirectly measure the grain structure and
analyze the results based on the theory of moiré
interference patterns.

Moiré patterns are formed from interference between
a reference and a sample grating. Moiré analysis of
grain structure was first demonstrated in electron
microscopy, where two overlapping crystals were used
to produce the interference patterns.®~12 In SEM and
SFM technologies, the raster motion itself builds a
reference lattice of periodic scan lines.!3715 In their
pioneering experiments, Angelescu and co-workers’
showed that SFM (and SEM) moiré patterns of spherical
domain block copolymers arranged in a two-dimensional
lattice could be obtained and analyzed. These authors
developed an empirical calibration method to relate the
angle and pitch of the moiré fringes to the block
copolymer lattice orientation. The angle and pitch of the
moiré patterns are highly sensitive to the grain orienta-
tion and lattice parameter of the underlying block
copolymer sample. We demonstrate in this paper that
SFM moiré patterns can be analyzed accurately using
a simple analytical theory, obviating the need for a
tedious empirical calibration. This theory can be applied
to analyze block copolymers with different lattice pa-
rameters (e.g., different molecular weight). Under cer-
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Figure 1. Moiré geometry: the relationship between @, ©,
PM, P(}, and PL.

tain conditions, we show that the patterns also reflect
defects that disrupt translational and/or orientational
periodicity in the lattice, such as dislocations and
disclinations. Moiré analysis can therefore be used to
ascertain the grain size, shape, orientation, and disloca-
tion density, without resolving the individual spherical
microdomains directly. This technique provides at a
minimum a 10-fold increase in practical scan sizes
without sacrificing time, so measuring the grain and
defect structure across tens of micrometers is ac-
complished with a single measurement.

Moiré Analysis

The pitch and angle of the moiré patterns depend on
the geometry of the block copolymer and reference
lattices and can be related back to the sample lattice
orientation and plane spacing with the following ana-
lytical equations derived from the system geometry, only
two of which are independent.!3:14

sin(® — @) nPy

sin(@)  Pg Y
sin(® — ©) _nPy
Tsin(@) Pg 2)
sin(®) Py
sin(@) Py, ®

where n is an integer chosen such that nPy, ~ Pg. The
other relevant parameters in eqs 1—3 for moiré analysis
are the block copolymer lattice pitch P, the SFM
grating pitch Pg, the moiré fringe pitch Py, the lattice
orientation angle ®, and the moiré fringe orientation
angle @, all of which are illustrated in Figure 1. For a
2D hexagonal system, the lattice pitch is the perpen-
dicular distance between close-packed rows, or the {10}
plane spacing, and O is the smallest angle between a
close-packed row and the horizontal SFM scan axis. The
moiré fringe angle ® is likewise defined as the angle
between the moiré fringe and the horizontal scan axis.
The SFM grating pitch is the spacing between horizon-
tal scan lines and is fixed by the ratio of scan size to
image sampling rate (e.g., a 15 x 15 yum2 SFM measure-
ment at a sampling rate of 512 pixels has a grating pitch
Pc = 15 um/512 pixels). The grating pitch should be
close to an integer multiple of the lattice pitch, Pg ~
nPr, to avoid small pitch moiré fringes. The moiré pitch
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Figure 2. Moiré pitch Py normalized by the lattice pitch P,
vs lattice orientation angle © calculated for different ratios
Pi/P; (n =1).
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Figure 3. Moiré fringe angle ® vs lattice orientation angle
O calculated for different ratios P1/Pg (n = 1).

Py vs the lattice orientation angle © for several different
P1/Pg ratios is shown in Figure 2. Figure 3 shows the
moiré fringe angle ® as a function of © for values of
P1/Pg close to 1. When P1/Pg < 1, ® increases mono-
tonically with ©. If the grating pitch exactly matches
the lattice pitch, eqs 1 and 2 are no longer valid. The
upper limit for n is limited by the lattice pitch, the scan
size of the SFM, and practical considerations like
piezoelectric nonlinearities and drift of the SFM. A
practical upper value in our experiments for n is 3 or a
scan size of 45—50 um.

Experimental Procedures

Synthesis. Poly(styrene-b-2-vinylpyridine) (PS—PVP) was
synthesized via anionic polymerization as previously docu-



Macromolecules, Vol. 38, No. 16, 2005

mented, resulting in a polydispersity index of 1.04, N = 626,
and fpvp = 0.12, where N is the total degree of polymerization
of the block copolymer and fpyp is the mole fraction of the PVP
mers.'6 The PVP minority block forms spherical microdomains
in a surrounding PS matrix. The thin film structure is a
hexagonal lattice with a periodic nearest-neighbor spacing of
29 nm and a PVP core diameter of 9 nm.

Photolithography. A 25 nm thick layer of SiOs was
deposited on a silicon wafer via plasma-enhanced chemical
vapor deposition. A series of hexagons ranging in size from 2
to 100 um across were patterned on the wafer with photoli-
thography. This was followed by a dry etch (CHF'5 plasma) to
produce 25 nm deep hexagonal wells in the exposed regions.
After resist removal, the wafers were cleaned in piranha
solution (HxSO4:H:0. = 3:1, vol/vol) at 80 °C for 30 min to
destroy any residual organic contamination. A 2 nm thick
native oxide layer was allowed to regrow.

Sample Preparation. A 35 nm thick PS—PVP film was
spun-cast on the patterned wafer from a 1 wt % toluene
solution. The film thickness was selected to produce slightly
underfilled wells, so excess material on the mesas between
wells is drawn into the wells during the annealing. The result
is a 20 nm polymer brush on the mesas and a 21 nm polymer
monolayer plus 20 nm brush in the wells. Samples were
annealed at 220 °C for 48 h under high vacuum (1077 Torr) to
prevent oxidation. Upon removal from the oven, samples were
quenched below the glass transition temperature of both PS
and PVP (100 °C) to freeze the structure. PS—PVP shows no
SFM contrast after annealing because both PS and PVP have
the same modulus, and the PS wetting layer at the top surface
obscures the microstructure. An etch step to the midplane of
the PVP cores is necessary for SFM analysis. The samples were
etched with secondary ion mass spectrometry (SIMS) using
the Os™ beam at a voltage of 1 kV, current of 25 nA, and raster
size of 0.15 mm?2. Charge compensation was provided by a
static 600 V electron beam. Negative ions of C-, CN—, and Si~
were monitored as a function of time, where the CN~ signal is
unique to PVP. The SIMS etch was stopped just after a local
maximum in the CN~ signal, indicating the location of the
midplane of the spheres. The PVP etches slightly faster than
the PS matrix, resulting in a 1 nm height difference between
the PVP core and the PS matrix that can be measured with
SFM.* The exposed PVP cores also show phase contrast in
SFM from a stronger adhesive interaction with the tip.

Scanning Force Microscopy (SFM). All images pre-
sented here were taken with a Veeco Metrology Group Digital
Instruments Dimension 5000 SFM. The SFM is mounted
inside a temperature-controlled, vibration damped chamber
to minimize thermal drift and noise. Both TESP and MPP-
11200 tips by Nanodevices were used, both of which have a
tip radius of ~10 nm and a spring constant of ~40 N/m. The
SFM measures a sample with a raster-scan motion that
consists of a fast (horizontal) and a slow (vertical) scan axis.
Along the fast scan axis, data are collected every 16 us and
linearly averaged over the length of 1 pixel. The number of
data points per pixel is therefore controlled by the scan rate
and number of pixels per line (i.e., resolution). For a scan rate
of 1 Hz, which refers to trace and retrace scans, at a resolution
of 512 pixels, each pixel contains 64 measurements. The
motion along the slow scan axis is achieved by repositioning
the scanner by Pg at the start of each scan line. The image
sizes for high-resolution scans, required for direct resolution
of the spherical microdomains, are in the range 1 x 1 um? to
2 x 2 um? at a sample rate of 512 x 512 pixels per image.
These images were taken under soft tapping conditions to
optimize height contrast, running at a frequency of 1.1 Hz per
scan line. The size of the moiré scans varied between 12 x 12
um? and 15 x 15 um? To achieve good phase contrast, the
moiré images were taken under hard tapping conditions at a
scan rate of 1.1 Hz. It is important to note that in moiré
analysis the size of a pixel Pg is larger than the contact area
of the tip with the sample, and therefore the measurement is
undersampled.

Computation. The objectives of our analysis are to calcu-
late the grain orientation angle ® and the grain size from the
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moiré fringes. We chose to calculate © from eq 1 so that we
do not need to specify the lattice pitch P, which is difficult to
measure with high accuracy. Moiré patterns are visible in both
the SFM height and phase images. The height contrast is a
result of the selective etch previously described, and phase
contrast is caused by the different adhesive properties of
polystyrene and poly(styrene-b-2-vinylpyridine). Surface rough-
ness adds noise to the height image, so it is preferable to use
the phase image for analysis of the moiré patterns. The phase
image does not require any image processing, so no artifacts
are introduced by image manipulation.

Analysis of the moiré patterns is completed with a program
coded in Visual Basic (Microsoft), using ImagePro Plus (Media
Cybernetics) remotely via dynamic data exchange to compute
the forward and inverse Fourier transforms. An example of a
typical SFM phase image is shown in Figure 4a. The SFM
phase image is first Fourier transformed with a fast Fourier
transform (FFT) algorithm at a resolution of 512 x 512 points,
resulting in Figure 4b. The FFT decouples the individual
frequencies of the moiré patterns into distinct spectral peaks.
The location of each Fourier peak is described by a vector & =
(u, v) (Figure 4c) that corresponds with the pitch and angle of
a specific moiré pattern in the real-space image. Therefore,
the first step is to calculate the vector £ from the FFT. The
user provides an initial estimate of the peak coordinates (u,
v) in pixels and then runs a center-of-mass routine that
weights the Fourier amplitude over an 8 x 8 pixel square. The
moiré fringe angle ® is calculated from (u, v)

o = arctan(%) (4)

The fringe pitch Py (um) is calculated from the magnitude of
the Fourier vector 2 and the scan size L (um)

_ L
- w? + U2)1/2

(%)

M

The grating pitch Pg (um) is as previously defined, where r
denotes the sampling rate along the slow scan axis

Po=L ©)

r

The lattice orientation angle ® can now be calculated from @,
Py, and Pg by solving eq 1 for ©

in(®
® = arctan __sin(®) (7

nly
P_G + cos(d)

The image of every lattice grain is constructed by computing
the inverse FFT for each individual Fourier peak with an 8 x
8 square kernel, where the coordinates (u, v) mark the center
of the square. The 8 x 8 pixel square is chosen to preserve
defects in the moiré pattern.l” This produces a filtered real-
space image for each Fourier peak (as illustrated in Figure
4d). The grain area is readily measured from the filtered
image. The nonzero amplitudes in the inverse FFT are colored
according to © and superimposed over the original SFM image
for clarity.

Results and Discussion

Verification of the Moiré Analysis. The theoretical
approach for analysis of moiré patterns is tested by
imaging a spherical PS—PVP two-dimensional lattice
confined laterally in a hexagonal well shown in Figure
5. The lattice is first imaged with a scan size of 2 x 2
um? at a resolution of 512 x 512 pixels, which is
sufficient to resolve each individual sphere as shown
in Figure 5a. The lattice orientation angle is determined
to be 0.5 + 1.7°. The scan size is then increased to 12
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Figure 4. Analysis of moiré patterns: (a) shows moiré pattern of the block copolymer monolayer in a confined geometry. The
fast Fourier transform is shown in (b). The pink and blue squares mark the Fourier peaks of interest. (c) defines the reciprocal
lattice vector % of a set of moiré fringes and its components u and v. (d) shows the result where the two peaks in (b) are inverse
Fourier transformed and overlaid with their respective color on the original image (a).

um to form moiré patterns, and the sample is rotated
from —19.5° to 20.5° in steps of 5°. The moiré patterns
are analyzed as described in the previous section. The
moiré fringe orientation angle ® is determined using
eq 4. The moiré pitch Py is found using eq 5. The lattice
orientation angle © is calculated at each scan rotation
from @, Py, and eq 7. The angles ® and © calculated
at each scan angle are fit to eq 2 using the lattice pitch
as an adjustable parameter, shown in Figure 6. This fit
yields a lattice pitch of 24.5 £ 0.2 nm, in excellent
agreement with the pitch calculated from grazing-
incidence small-angle X-ray scattering experiments on
this block copolymer, which is 25 nm.

Moiré Patterns of Isolated Dislocations in 2D.
The most common defects in a 2D array of spheres are

disclinations, dislocations, and dislocation pairs. Lattice
vacancies and interstitials are less prevalent. In a
hexagonal lattice, every lattice point has six nearest
neighbors arranged in a 6-fold symmetry. Disclinations
are lattice site defects with 5 or 7 nearest neighbors.
Removal of a —60° segment from a specific lattice point
results in a —60° disclination, a site with only five
nearest neighbors. Likewise, the insertion of a +60°
segment in a 6-fold lattice site creates a +60° disclina-
tion, a site with seven nearest neighbors. The core of a
dislocation is a pair of a 5-fold and a 7-fold disclination
and marks the termination of two extra half-rows of
spheres. The strength of a dislocation is measured by
the Burgers vector, which is the extra step correspond-
ing to a direct lattice vector in a loop that encloses the
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Figure 5. A hexagonal well 7 um across is rotated from +
10.5° in (b) to —9.5° in (). The grain orientation © is calculated
at each scan angle. The image (a) is a Fourier filtered high-
resolution image of the PS—PVP block copolymer lattice inside
the hexagon for ® = 0.5°.

dislocation core.!® Two dislocations can form a close
dislocation pair, separated by one lattice spacing, if they
have opposite Burgers vectors.!® These dislocation pairs,
or disclination quadrapoles since they consist of four
disclinations, have zero net Burgers vector. Under
certain conditions, moiré interference can detect isolated
dislocations and disclinations because only these defects
destroy the translational periodicity over a long range.
In general, isolated disclinations are only present in the
two-dimensional liquid. Moiré interference requires a
regular lattice, so we restrict the following discussion
to detection of dislocations.

In the moiré pattern, an extra half row of spheres
from a isolated dislocation is characterized by the
termination of a fringe.? The criteria for observing
dislocation fringes are related to the lattice orientation
and the moiré pitch. The close-packed row that forms
the lowest angle with the scan direction, denoted earlier
by ©, is the direction that produces the strongest
fringes. There are three such directions in the hexagonal
lattice because with 6-fold symmetry there are three
mirror planes (i.e., ® and © + 60°). To see a dislocation,
one of the inserted half rows must be along the close-
packed row that forms the smallest angle with the scan
direction; otherwise, there is no disruption in the
translational periodicity of the lattice grating. Out of
six possible orientations for the Burgers vector, only four
will be associated with inserted half rows parallel to the
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Figure 6. Top figure shows the measured moiré pitch Py
versus the lattice orientation angle © and the best fit to these
data using the lattice pitch Pp. The lower figure shows the
measured moiré angle ® versus © and the best fit to these
data using the lattice pitch P, as an adjustable parameter.
The value of Py, for best fit is shown in both figures.

scan direction. A reciprocal lattice vector gg is intro-
duced to describe the lattice grating of close-packed rows
forming an angle ® with the scan direction, and &
denotes the Burgers vector of the dislocation. The
condition

Gob =0 (8)

must be fulfilled if the dislocation is to be visible in the
moiré fringe pattern. On average only two-thirds of all
dislocations will satisfy eq 8 for any given O, so it is
necessary to rotate the sample (or, equivalently, the
scan direction) to scan at ©®, ® + 60°, and ® — 60° in
order to detect all isolated dislocations and determine
their Burgers vectors b by their disappearance when
ae'b =0.

It is important to note that this technique is best
suited for low dislocation densities, where the distance
separating single dislocations with opposite Burgers
vectors is greater than the pitch of the moiré fringes.
When this condition is not satisfied, inserted fringes,
corresponding to the underlying dislocations, which
overlap along the fast scan axis and are separated along
the slow scan axis by less than the moiré pitch, merge
into one fringe, and can no longer be distinguished.

Figure 7 shows a high-resolution SFM image of three
dislocations, overlaid with the Voronoi construction
calculated from the position of each sphere. Two in-
serted half rows for every dislocation are marked in
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Figure 7. High-resolution SFM image, overlaid with the
Voronoi construction? calculated from the position of each
sphere. Two inserted half rows for every dislocation are shown
in white and black and the corresponding Burgers vector of
each dislocation in green.
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Figure 8. Moiré scanning microscope image of a small
selected region surrounding the defects shown in Figure 7 from
a much larger 15.4 um x 15.4 ym moire scan with a ratio of
lattice pitch to scanning pitch = 0.83. The red square marks
the area shown in Figure 7.

white or black and the corresponding Burgers vector of
each dislocation in green. The half rows marked in black
produce the inserted moiré fringes. Of the three disloca-
tions, one has a Burgers vector parallel to the fast scan
axis and therefore fails the condition set by eq 8. The
other dislocations have Burgers vectors rotated +120°
and are observed in the moiré pattern shown in Figure
8. In Figure 9, the ratio of lattice pitch to grating pitch
is close to unity (Pr/Pg = 0.93), so the moiré pitch
approaches a value larger than the distance between
the two visible defects in Figure 8. Therefore, the
dislocations visible in the moiré pattern of Figure 8 can
no longer be detected. The red box in Figures 8 and 9
outlines the area of Figure 7.
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Figure 9. Moiré scanning microscope image of a small
selected region surrounding the defects shown in Figure 7 from
a much larger 13.1 yum x 13.1 ym moire scan with a ratio of
lattice pitch to scanning pitch = 0.98. The red square marks
the area shown in Figure 7.

Conclusions

We have outlined the conditions necessary for produc-
ing moiré patterns from interference between SFM scan
lines and a two-dimensional spherical block copolymer
lattice. We demonstrate that the periodicity and angle
of the moiré patterns are related analytically to the
orientation, grain size, and plane spacing of the block
copolymer lattice. The conditions for detecting single
dislocations with moiré interference and calculation of
their Burgers vectors are described. This technique is
a simple route to increase the scan area 2 orders of
magnitude, providing a drastic improvement in statis-
tics without sacrificing measurement time. The tech-
nique and analysis are relevant to a wide range of
systems extending beyond block copolymers, including
any pattern with nanoscale periodicity that can be
measured with SFM or SEM technologies.
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