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Directed self-assembly of block copolymer polystyrene-b-polyethylene oxide (PS-b-PEO) thin

film was achieved by one-pot methodology of solvent vapor assisted nanoimprint lithography



(SAIL). Simultaneous solvent-anneal and imprinting a PS-b-PEO thin film on silicon without
surface pre-treatments yielded a 250 nm line grating decorated with 20 nm diameter nanodots
array over a large surface area of up to 4” wafer scale. Grazing-incidence small-angle X-ray
scattering (GISAXS) diffraction pattern showed the fidelity of the NIL stamp pattern replication
and confirmed the periodicity of the BCP of 40 nm. The order of the hexagonally arranged
nanodot lattice was quantified by SEM image analysis using the opposite partner method and
compared to conventionally solvent-annealed block copolymer films. The imprint-based SAIL
methodology thus demonstrated an improvement in ordering of the nanodot lattice of up to 50%

and allows significant time and cost reduction in the processing of these structures.

Block copolymers (BCPs) are versatile materials and the most attractive bottom-up alternative
to date for the fabrication of well-defined complex periodic structures with length scales of 3 to
100 nm.[33] Added by the ability to tailor their chemical structures for desired
functionalities,[32] Self-assembled BCPs have been explored in a wide range of technological
applications such as storage devices,[34, 35] solar cells,[6, 40] nano-electronics,[2, 47] low-k
dielectrics,[14, 27, 44] biochemical applications[41, 46, 51] and alternative lithography strategies
to reduce the fabrication costs for patterning of sub-100 nm critical dimension highly demanded
by the semiconductor industry.[7, 19, 20, 31, 43] Beside the demand on cost reduction, for an
uptake by the industry, the fabrication technology must offer very precise control of the
nanostructure’s dimensions, regularity, registry, defect density and long-range order has to be
achieved, a challenge which still remains for successful integration of block copolymer

lithography at industrial scale.[4, 24, 25, 37, 45]



Nanoimprint lithography (NIL) is a low-cost, large-scale a soft lithography technique to
fabricate sub-micrometer sized features in both two- and three- dimensions. .["*>% The top-down
NIL technique has recently been explored as a tool to direct the self-assembly (DSA) of BCPs to
achieve pattern density multiplication..[36, 38, 42] Furthermore, NIL provides an additional
advantage by promoting long-range order if the stamp features are commensurate with the BCP
periodicity (Ly),[21, 39] which is in turn directly related to the chains length of the block,
prompting a physical confinement to the polymer chains by graphoepitaxy as a responsible

mechanism.

According to Bates theory, the microphase segregation of block A and B of a BCP is
thermodynamically driven by a high value of the Flory-Huggins parameter (y) that varies
inversely with the temperature, which implies that low temperature formation processes atford
advantage[3, 9] We note that an additional requirement to maintain an acceptable value of y is to
use BCPs with blocks of high chemical contrast.

PR ACI A
RT (Eq. 1)

However, conventional thermal NILs typically use high temperatures, above the individual
BCP blocks glass transition temperatures (7;), thus constraining the microphase separation of the
BCP. In an effort to overcome this drawback, solvent vapor-assisted nanoimprint lithography
(SAIL) is a promising means to achieve high order microphase segregation of BCPs by

combining the bottom-up low-temperature approach of BCP DSA and micropatterning

promotion of long-range order of NIL technique.[48]



In the present work, we propose the SAIL technique as a tool to direct the self-assembly of
high y BCPs to obtain low defect density microphase segregation (Figure 1a) A setup able to
imprint up to 4”” wafer size has been made for the purpose (Figure 1b). The BCP system used
was a cylinder-forming poly(styrene-b-ethylene oxide) (PS-b-PEO) (Figure 1c), possessing a
Flory-Huggins parameter yps.pro of 29.8/T-0.0029 near room temperature.[12] [30] To solvent
anneal the PS-PEO film, a mixture of toluene and water was used to obtain cylinders aligned
perpendicular to the substrate plane without any surface pre-treatment.[29, 30] Silicon stamps
with 250 nm line patterns, 500 nm pitch and 50 nm height, were fabricated using conventional
lithographic techniques.[38] The size of the trenches (L) is chosen to commensurate with the
BCP periodicity,[28] where L;~ 6xLy. PDMS replicas of the silicon stamps are used as the
imprint mask inthe SAIL technique. A 1% (w/w) solution of PS-b-PEO in toluene was spin
coated on a silicon substrate to obtain a thin film 34+2 nm thick as measured by ellipsometry.
The BCP coated 4” wafer was subsequently placed inside the SAIL chamber and solvent vapors
of toluene and water (1:1) were flown through at 2 ml/min for 10 minutes, after which the
solvent vapor flow was stopped and the stamp was brought into contact with the sample. The
pressure was maintained for 40 minutes during the imprint process and then a nitrogen flow was

allowed through the chamber to demould the stamp.

The resulting sample exhibited a visual light diffraction, indicating a good pattern replication
(see Supporting Information), which is confirmed by field emission scanning electron
microscopy (FE-SEM) inspection as shown in Figure 2a. For comparison, a reference sample
was made by conventional solvent annealing followed by an exposure to a saturated atmosphere

of toluene and water for three hours at room temperature.



FE-SEM top-view images of the SAIL PS-PEO samples give clear evidence of the good
replication of the PDMS NIL stamp in the BCP film over an area as large as several square
millimeters (Figure 2.a). At higher magnifications, 40 nm periodically spaced dots of 20 nm
diameter are observed in the residual layer within the trenches (Figure 2.b). These nanodot arrays
provide evidence of the microphase segregation of PS-b-PEO, where the dots are micelles of
PEO block in the PS matrix as schematically shown in Figure 2e. A cross-sectional TEM image
(Figure 2C) suggests that the PEO cylinders in the mesas are oriented parallel to the substrate
with the mesa thickness of 30 nm, which is in a good agreement with the starting film thickness.
The residual layer is estimated to be about 10 nm thick. Time-of-flight secondary ion mass
spectrometry (ToF-SIMS) analysis verifies the presence of the organic block copolymer film[5]
and elemental depth profile analysis confirmed the average film thickness (See Supporting
Information). We note that the rounded shape of the gratings mesas is related to the under-filling
effect of the NIL stamp grooves (50 nm deep), and the smooth flat surface in the mesas is due to
the presence of a PS block wetting layer.[38]

The homogeneity of the nanodot pattern throughout the imprinted area is remarkable. Indeed, a
clear improvement in the order of the pattern compared to the same BCP system obtained by
graphoepitaxy on nanopatterned substrates can readily be observed.[28] The SAIL technique
required minutes rather than hours to achieve the BCP microphase segregation resulting in about
a factor of three in time efficiency. By basing our approach on a one-step process without any
surface pre-treatment, our work offer a distinct contribution to published works and recent efforts
to obtain long-range order in BCP systems.

According to the Fredrickson and Bates work,[11] the diffusion parallel (D) and

perpendicular (Dperp) to planes of the polymer chains are sensitive to the mechanism assumed for



the Brownian motion of the chains. In particular, in non-tangled or pre-annealed polymers, as is
the case of the solvent-swollen polymer, this means that the diffusion anisotropy defined by the
ratio Dpa/Dper,will increase exponentially as the aspect ratio of the core block increases.
Hamersky et al. have reported this ratio values as large as 40 in poly(styrene-b-isoprene)
lamellae[16] and up to 80 in poly-(ethyleneoxide-b-ethylethylene) cylinders.[15] In the present
work, the chosen solvent mixture results in PEO cylinders perpendicularly oriented with respect
to the substrate.. The directional force applied by the NIL stamp creates a motion parallel to the
polymer chains, as depicted by the blue arrows in Figure 1d. This motion is favorable to the
diffusion of polymer chains in the residual layer and as such leads to the formation of an
homogeneous nanodot array in the trenches throughout the imprinted area. In contrast, , the
directional motion oriented perpendicular to the polymer chains occurs in the imprinted mesas
and is illustrated with a purple arrow in Figure 1d. This motion hinders the polymer chain
diffusion in the mesas and results in an incomplete alignment of the cylinders.

Grazing-incidence small-angle X-ray scattering (GISAXS)[8, 17, 18] has been one of the main
techniques to characterize structural features of nanostructured polymer surfaces and thin films,
capable of providing information on the nanometer scale along both lateral and vertical
dimension over macroscopic regions. Utilizing an area detector, it is possible to extract
information such as film thickness, particle geometry, and features of nanostructured surfaces. In
an attempt to provide further evidence of structural features obtained above via SEM imaging,
we performed GISAXS experiments using the Diamond synchrotron light source. The
experimental geometry is shown in Figure 3a, where we define the scattering vector, g = (q., q,,
g-) with ¢, aligned along the groove direction, g, orthogonal to g, in the film plane, and g.

pointing along the surface normal. The sample-to-detector distance was fixed at 3 m and the x-



ray source is operated at 8 keV and has a wavelength of A = 1.55 A. The incident angle was set
to 0.20 degrees to achieve total external reflection off the silicon substrate, but allows full
penetration of the BCP film.

Figure 3b shows the measured GISAXS pattern (same as that shown in Figure 3a) along with
two profile cuts: one along q, direction and the other along q, direction. As a scattering
technique, GISAXS transforms structural parameters in real space into the reciprocal space. For
a line grating with the groove direction aligned along the incident beam path (i.e. Figure 3a),
GISAXS pattern is made up of vertical rods, i.e. Bragg rods, as a result of intersection between
the Ewald sphere and the reciprocal space representation of the grating lattice.[17, 18] These
Bragg rods, which are equally spaced along the in-plane scattering vector qy, is directly related to
the lattice spacing in real-space through d = 2n/Aqy, where d and Aqy are the period between any
two real-space lattice points and reciprocal-space Bragg rods, respectively. As observed in
Figure 3b, our grating structure results in GISAXS pattern composed principally of vertical rods,
which are equally spaced at an interval of Aqy, = 0.012 nm™'. The corresponding real-space period
is thus, d = 2n/Aqy = 515 nm, which is in good agreement with the stamp pitch and the SEM
observation mentioned above. It is worth noting that, the reciprocal and the corresponding real-
space representations are essentially a Fourier pair of one another. Indeed, Wernecker and
coworkers[49] have recently proposed a complementary structural analysis method based on
Power Spectral Density (PSD) analysis obtained via Fourier Transform (FT) of the experimental
scattering data. The authors demonstrated that the method provides a convenient way to extract
parameters such as grating period, groove width and line height. Applying discrete FT to a
profile cut at q,= 0.409 nm” and plot the resulting PSD profile versus the real-space correlation

length, i.e., grating period A, we have the curve shown in Figure 3c. The two principal peaks in



the curve corresponds to the real-space periods of 214 nm and 470 nm, which can be
conveniently assigned to the grating line width and period, respectively.

A similar procedure is applied to the out-of-plane scattering profile, i.e., along q, direction
(blue curve) and provides structural information in the vertical direction.[49] Figure 3d shows
the resulting PSD profile consisting of a main peak at 26.18 nm, which is in reasonably close
agreement with the thickness of the mesas measured by TEM.

The diffuse Debye-Scherrer ring in the GISAXS pattern (Figure 3a) is due to the diffraction
from the same family of lattice planes (i.e. same lattice spacing) of the hexagonal array of
horizontally aligned cylinders, but with different orientations along the cylinder axis.[26]
Correspondingly, we attributed the observed ring to the disordered lattice in the mesas. The in-
plane component, gy, of the ring (qy = 0.15 nm™") corresponds to a real-space period of 41.8 nm
of the hexagonal lattice of horizontally aligned cylinders in the mesas, which is in good
agreement with the values obtained above from the cross-sectional TEM image inspection. (see
Figure 2c) We note, however, that the diffraction pattern pertaining to the hexagonal array of
vertical pillars in the residue layer is not observed in our experiment. In order to analyze the
GISAXS pattern further, we simulated the GISAXS pattern using the open source software
package Scatter.[10] The simulated structure is composed of a hexagonal array of vertical pillars
having the same structural parameter as determined experimentally from SEM images (Figure 2):
height = 10 nm, diameter = 20 nm, lattice spacing = 40 nm. The simulated pattern is shown in
Figure 3e and 3f. GISAXS intensity is proportional to the product of the structure factor S(q),
which contains information on the lattice arrangement, orientation, dimension and symmetry,
and the form factor P(q), which contains information on the scattering object such as size, shape

and orientation in the lattice. Mapping information in real-space into the reciprocal space,



GISAXS experiment essentially transforms a convolution in real space to a multiplication in the
reciprocal space. For a two-dimensional hexagonal lattice, such a transformation results in the
same lattice configuration, but rotated by 30 degrees with respect to the original lattice. In other
words, one can analyze the structure factor S(q) (i.e. interference function) based on pair
correlation function analysis of the real-space lattice. The vertical black lines shown in Figure 3f
superimposed onto the zoom-in of the calculated GISAXS pattern are the result from the analysis
of pair correlation function. The peak positions are in excellent agreement with the simulated
GISAXS pattern. We note that the experimental GISAXS pattern shown in Figure 3a, b and the
calculated GISAXS pattern of a hexagonal array of vertical pillar mimicking the patterns
observed in the residue layer do not share common features. As such, information regarding the
pattern in the residue layer cannot be extracted based on the current GISAXS experiment, due to
the following difficulties: first, GISAXS signal coming from the residual layer is weak compared
to that from the mesa, which is likely due to a factor of three times thinner film, thus less
material in the residual layer.; and second, the hexagonal lattice in the mesas has the same real-
space period as horizontally aligned cylinders in the mesas. This means that both patterns will
produce the scattering peaks at the same q,= 0.17 nm™'. As such, the diffraction pattern resulting
from the much weaker residual layer may be obscured by a much stronger signal from the mesas.

In an attempt to achieve quantitative information on the order of the hexagonal nanodots array
we applied our recently developed image analysis technique,[23] which has been shown to be
both robust and accurate compared to the commonly used Fourier Transform (FT) technique,
and translational correlation function and Bond-orientation correlation function methods. In
addition, our technique is well-suited for cross-sample comparison, particularly in the case of the

structures investigated here where edge and binning effect will severely affect FT and correlation



function analysis. In brief, our quantification technique utilizes the rotational symmetry of the
PS-b-PEO hexagonal nanodots array and calculates the probability of finding an ‘opposite
partner’, i.e. a centrally symmetric partner around a chosen central feature. Depending on the
length scale of interest, given by the parameter r (nm), and the tolerance in the exact location of
the feature center, given by the parameter ¢ (nm) (see the inset to Figure 4a), the probability of
finding an opposite partner and thus the quality of the structural order of the array is given by

Equation 3

D Xr(A_)BjXY(A_)BJr AC j

A#B,C

= > ¢BX,,(A_>BJ

—

where AB is the vector from the center of sphere A to the center of sphere B (Inset in Figure

(Eq.3)
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To obtain global order quantification, the analysis is applied to all the features in the SEM

images to obtain the weighted average as described in Equation 5:

2 N()p, ()
p(r)=
ZA N,(r)

(Eq.5)

where pa(r) represents the local regularity measured at a chosen feature A and Na(r) is the total
number of features (excluding the central feature) within the length scale of interest r. We
applied the technique to SEM images similar to that shown in Figure 2, the results of which are

presented in Figure 4a), showing a comparison between arrays of PS-b-PEO microphase
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segregation organized in grooves by SAIL and those obtained by conventional solvent annealing
on a flat substrate. Plotting the regularity measure p(r) as a function of tolerance parameter ¢, it
is evident that the arrays obtained by SAIL possess better order than those obtained on flat
substrates. Specifically, given an uncertainty in the feature position of 5 nm, i.e., 0.25d, where d
is the diameter of the cylinder, the SAIL technique yields a nanostructure array with 25%
improvement in the ordering compared to those organized on a flat substrate by the conventional
solvent annealing technique (p(r) of 0.5 vs 0.1). By allowing a larger tolerance parameter
reaching 0.5d (i.e. 10 nm), larger order improvement of 50% is observed in the sample prepared
by the SAIL technique.

On a final note, we would like to point out that in the case of self-assembly of block copolymer
in confined environment, competition exists between bulk interaction, which regulates the
formation of lamellae or cylinders with a natural period Ly, and surface interaction with the
walls, which leads to preferential attraction of one block copolymer component to the interfaces.
The outcome is the observation of perturbed lattice period L', which can be smaller
(compressive) or larger (tensile) than Ly. The oscillation between compressive and tensile strain
becomes less pronounced for larger separation between the confining walls because the
mismatch between the size of the trench and integer multiple of lattice period of the polymer
chain is distributed among all the periods. It has been shown that tension is easier to
accommodate than compression,[1, 22] which is also observed in our case. Specifically, we
calculate normalized strain according to the formula: € = (Y-Ly)/Ly, where Y is the average row-
to-row spacing of block copolymer self-assembled inside the trench and L, is the natural period

obtained from block copolymer self-assembled on flat substrate, i.e. without any confining walls.
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Based on the obtained SEM images, we estimated the tensile strain observed in our experiment
to be about 10%, which is in a very good agreement with previously reported values.[1, 22]

In summary, the SAIL technique developed here offers an exciting and straightforward
approach for realizing large-area nanodots arrays in a one-step low-cost process. We demonstrate
that the PS-PEO microphase segregation yields NIL density multiplication by direct imprinting
of the BCP film with NIL-patterned mask.. The PEO cylinders in the residual layer are oriented
homogenously perpendicular to the substrate in a dense hexagonal array throughout the
imprinted area. In the mesas, the cylinders are mainly oriented parallel to the substrate with a
certain degree of misalignment. Such alternating orientation can result in a formation of a
complex patterned surface such as superlattices. The disorder of the features in the mesas is
correlated with an anisotropic diffusion of the BCP chains upon an applied force and is currently
being investigated as means to achieve control over the micro phase segregation effect leading,
for example, to the realization of aligned nanowire arrays in the mesas. GISAXS measurements
give the line grating width, height, and periodicity of BCP microphase segregation in the mesas
in close agreement with the NIL stamp dimensions and the data obtained from SEM inspection,
and provide a direct evidence of high quality stamp replication in the BCP film. In addition, we
prove that the order of the nanodot array in the residual layer is improved by 50% if the self-
assembly is directed by SAIL compared to conventional solvent annealing. Using the image
analysis, it is possible to extract structural information and analysis of corrugated surfaces with
alleviated dimensions, which is otherwise not easily obtained solely based on commonly used

GISAXS experiments.
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Solvent vapors assisted nanoimprint lithography (SAIL)
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Figure 1. a) Process workflow of solvent-assisted nanoimprint lithography (SAIL). b) A
photograph of the in-house made SAIL chamber. ¢) Structural formula of poly(styrene-b-
ethylene oxide) block copolymer. d) Schematic representation of block copolymer film solvent
annealing by conventional solvents exposure or solvent vapors assisted NIL. Green arrows
indicate NIL stamp movement direction; blue and purple arrows indicate polymer chain

movement direction during the imprint process.

14



Pt

_ L Ey 40 n
PEO ci' linders Alu 2
PEO in mesas PEO in trenches

Figure 2. a) FE-SEM images of PS-b-PEO film imprinted in SAIL setup show homogeneous
imprints of 250 nm lines over a large area. b) FE-SEM cross section image from the sample

showing the nanodot array in the residual layer (10 nm thickness) and gratings height of
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approximately 30 nm. ¢) Dark-field TEM image of a FIB lamella of SAIL sample, showing PEO
cylinder aligned horizontally parallel to the substrate. d) Close image of 20 nm dots with
periodicity of 40 nm. e) Schematic representation of the PEO cylinders (in red) orientation in the

PS matrix (in yellow).
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Figure 3. (a) GISAXS experimental geometry: Incident beam (green arrow), out-of-plane
(orange) and in-plane (blue) scattering beams, where a;, oy, and 20 denote the angle of incidence,
the out-of-plane and in-plane exit angles, respectively. (b) A contour plot of the measured
GISAXS intensity map as a function of qy (in-plane) and q, (out-of-plane) scattering vectors.
Profile cuts are obtained at q, = 0.409 (blue curve) and qy = 0.032 (red curve) as indicated by the
dashed white lines, respectively. (c) and (d) PSD of scattering profiles shown in (b) as a function
of spatial period, i.e., characteristic scattering length. (e) Simulated GISAXS scattering pattern

for an hexagonal array of vertically aligned cylinder obtained using Scatter software.[10] See
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text for details. (f) a zoom-in of the panel (e). The vertical black lines are calculated pair

correlation function of a two-dimensional hexagonal lattice.

a) 1.04 A
03 — ¥ 7
000 /
N | ®o® Z /
o 0.6 /7
V
S & A
%- 0.4 SO%impmvem%r/ //
/ 4
Vd
0.2 4 ;'f 7’ —8—SAIL_PSPED
. a{/ — " SA_PSPEO
0.0 4= T '

bt L T
0.0 0.2 0.4 0.6 0.8 1.0

Normalized tolerance parameter (/D)

[H]SA PSPEO

Figure 4. (a) Order quantification, p(r), of the PS-b-PEO films annealed by (b) SAIL or (c)
conventional solvent annealing. Inset to (a): a schematic representation of a tolerance parameter

€ in hexagonal packing. Inset to (b): a schematic representation of order quantification algorithm.
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Supporting Information

Figure S1. Picture of SAIL-imprinted PS-PEO thin film on a 4" wafer substrate, cut to fit the
stamp. Some particles are seen trapped in the film.

Figure S2. Positive ion molecular depth profiles of PS-b-PEO (42k-11.5k) diblock copolymer
film after annealing in SAIL process. Analysis ion beam = 25 keV Bi'; sputter ion beam = 20

keV C60"",
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