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Abstract

Understanding and controlling the three-dimensional structure of block copolymer (BCP) thin
films is critical for utilizing these materials for sub-20 nm nanopatterning in semiconductor
devices, as well as in membranes and solar cell applications. Combining an atomic layer deposition
(ALD) based technique for enhancing the contrast of BCPs in transmission electron microscopy
(TEM) together with scanning TEM (STEM) tomography reveals and characterizes the three-
dimensional structures of poly(styrene-block-methyl methacrylate) (PS-b-PMMA) thin films with
great clarity. Sequential infiltration synthesis (SIS), a block-selective technique for growing
inorganic materials in BCPs films by ALD, and an emerging tool for enhancing the etch contrast
of BCPs, was harnessed to significantly enhance the high-angle scattering from the polar domains
of BCP films in the TEM. The power of combining SIS and STEM tomography for three
dimensional (3D) characterization of BCPs films was demonstrated with the following cases: self-
assembled cylindrical, lamellar, and spherical PS-PMMA thin films. In all cases, STEM
tomography has revealed 3D structures that were hidden underneath the surface, including: 1) the
3D structure of defects in cylindrical and lamellar phases, 2) non-perpendicular 3D surface of grain

boundaries in the cylindrical phase, and 3) the 3D arrangement of spheres in body centered cubic



(BCC) and hexagonal closed pack (HCP) morphologies in the spherical phase. The 3D data of the
spherical morphologies was compared to coarse-grained simulations and assisted in validating the
simulations’ parameters. STEM tomography of SIS-treated BCP films enables the characterization
of the exact structure used for pattern transfer, and can lead to better understating of the physics
which is utilized in BCP lithography.
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Introduction

Block copolymer (BCPs) lithography combines sub-20 nm features with low-cost polymer
processing methods, and therefore have been extensively investigated for the next generation of
nanopatterning. Indeed, in the last decade, tremendous progress has been made in directing the
assembly of BCPs to form the desired structure using chemical or topographical boundary
conditions, and transferring the BCP pattern to the underlying substrates.'® Nonetheless, one of
the main challenges that still remain in the field is how to characterize and fully understand the
three-dimensional structure of the BCPs. Currently, the vast majority of the morphological
characterization involves top-down, or plan-view scanning electron microscopy (SEM) imaging.

Since plan-view (SEM) provides principally surface information, one must use an additional



characterization method to distinguish between films with identical surface morphology but
different internal structure* ° in order to decipher their actual three-dimensional structure. Several
characterization methods have been demonstrated for revealing the three-dimensional (3D)
structure of BCP thin films in real space, among them are: cross-sectional SEM imaging® © and
repeated plasma etching of the film to expose the inner structure, followed by SEM imaging® ’ or
surface force microscopy (SFM) imaging.® X-ray scattering has also been used to characterize the
3D structure of BCP thin films, but lacks the ability to study individual defects. When trying to
determine the 3D structure of poly(styrene-block-methyl methacrylate) (PS-b-PMMA), one of the
most investigated block copolymers and a good candidate for BCP lithography in both the
semiconductor and bit-patterned media industries, high-resolution cross-sectional SEM imaging
requires careful milling and polishing, which results in a relatively small imageable area;* °
moreover, etching the film has been known to cause artifacts in the structure. Transmission and/or
scanning transmission electron microscopy (TEM/STEM) tomography, on the other hand, can
directly resolve three-dimensional structures with high resolution and provide information that is

not accessible by cross-sectional SEM.®

Electron tomography has been demonstrated as an excellent tool for understanding BCP
structure in order-order transitions,%® BCP assembly under confinement,**° as a complementary
tool for reflectivity and scattering methods,'® " and to investigate the structure of directed self-
assembled BCPs.*® The contrast mechanism in TEM imaging of BCP specimens is mainly mass-
thickness contrast; thus, most BCPs generally suffer from poor contrast in the TEM since they do
not contain any high atomic number scatters. As a consequence of this, BCP specimens are usually
chemically treated, or stained, using conventional staining agents such as OsO4 and I, to increase
their scattering contrast during imaging studies. There is a concern, however, that the staining
process can swell the nanophase domains® or lead to morphological artifacts, resulting in
characterization of a structure different from the block copolymer structure that would later be

used for pattern transfer.

Recently, sequential infiltration synthesis (SIS), an emerging materials growth technique
derived from atomic layer deposition (ALD),?%?2 has been shown to enhance etch contrast between
the blocks of BCPs and transform the block copolymer template into an efficient hard mask for

pattern transfer.232 The SIS process is based on the selective growth of various inorganic species



within the polar blocks of a BCPs (such as PMMA or Poly(vinylpyrrolidone) (PVP)).?2 The most
common SIS-based patterns transfer process consists of three steps. In the first step, ALOs*’ is
grown from trimethyl-aluminum (TMA) and water gas-phase precursors in an ALD chamber using
conditions as described previously.?* During the SIS process, the precursors diffuse through the
BCP film. TMA interacts preferentially with PMMA as a result of the electrophilic aluminum
atom in TMA binding to the nucleophilic oxygen atom of the carbonyl group of PMMA. This leads
to selective growth of Al,Oz in the polar BCP blocks. With repeated SIS cycles, more TMA
infiltrates into the polymer film, resulting in higher Al,Os content.?!:28 In the second step, the film
is exposed to short oxygen plasma to remove the organic material, followed by the third step,
where the pattern is transferred to the underlying substrate using reactive ion etching.?*

In this study, we show that Al,Oz SIS significantly enhances the contrast in STEM imaging
and allows detailed investigation with great fidelity of self-assembled BCP structure using annular
dark-field (ADF) imaging and subsequent tomographic reconstruction. By tuning the SIS process
conditions, high contrast imaging in ADF-STEM can be achieved while following the original
BCP morphology; thus, the first step in the SIS-based pattern transfer process could be
investigated. To study the effect of SIS on ADF-STEM imaging, lamellae-forming, cylinder-
forming, and sphere-forming PS-b-PMMA films were studied prior to and after the SIS process.
This high contrast and the apparently sharp PS-PMMA interface revealed by the Al,Os grown in
the SIS process, provides a path to high-resolution characterization of PS-b-PMMA three-
dimensional structures, including phase morphology, grain boundaries, and the 3D structure of

defects.

By employing quantitative tools such as Delaunay triangulation and unit cell orientation maps
on self-assembled PS-b-PMMA cylinders tomography data, we were able to delineate the depth
profile of various defects and grain boundaries. This analysis revealed that five-fold and seven-
fold dislocation defects that occur at high and low grain boundaries do not necessary persist
perpendicularly through the film, but rather change location or split into two cylinders through the
film’s thickness. Tomography data can also provide important feedback for molecular simulation,
as demonstrated for sphere-forming PS-b-PMMA films. Control over the morphology of sphere-
forming PS-b-PMMA films, i.e. body centered-cubic (BCC) or hexagonally close-packed (HCP),
was achieved by varying the films’ thickness. The 3D structure obtained from ADF-STEM
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tomography of sphere-forming films was consistent with coarse-grained models of the same
samples, revealing the local organization of spheres in both morphologies.

Results and discussion
Sample Preparation

Samples were prepared for TEM imaging in the following manner (Figure 1): a silicon wafer
with ~100 nm water soluble poly acrylic acid (PAA) layer on it was used as a substrate. The
substrate’s chemistry was modified by spin coating ~8 nm of random copolymer mat layer on the
PAA layer. The mats chemistries, i.e. the styrene fraction in the mat, were chosen in order to have
a homogeneous surface that would induce perpendicular orientation in lamellae and cylindrical
BCPs assembly, and highly ordered spherical BCPs assembly. Then, lamellae-forming, cylinder-
forming, or sphere-forming PS-b-PMMA films (50-80 nm in thickness, and domain spacing (Lo)
of 40 nm, 38 nm, and 48 nm, respectively) were self-assembled on the random copolymer mats
(see experimental methods for more details). To enable TEM imaging, the BCP layer together with
the random copolymer layer were floated in deionized water and were transferred to a silicon
nitride window (50 nm thick). To enhance the contrast in ADF-STEM imaging and enable
tomographic study of the BCPs, Al,Oswas grown mainly in the PMMA domains via 3 cycles of
SIS inan ALD chamber. Previous studies of SIS have shown that the by tuning the SIS parameters,
relatively uniform concentration of Al>O3 throughout the film’s depth can be achieved even with
film thicknesses of 200-300 nm.?* 2 Thus, the contrast in ADF-STEM imaging is expected to

remain constant through the film’s depth in the films investigated in this study.
Tomographic Methodology in SIS-treated BCP films

To date, most block copolymer tomography has been conducted using (parallel-beam) TEM
imaging.?® 3° STEM imaging, however, offers a number of potential advantages over TEM
imaging for block copolymer tomography. In STEM tomography, a focused electron probe is
raster-scanned over the specimen, while the scattered or unscattered transmitted electrons forming
the images are detected by an annular dark-field detector or bright-field detector, respectively. The
images are recorded as in the TEM mode, while the specimen is tilted over an angular range of up
to + 70 degrees. Since the image contrast in ADF-STEM is roughly proportional to Z2, where Z is

the atomic number,®! it is expected that the addition of elements like aluminum (13) and oxygen



(8) via the SIS process will significantly enhance the imaging contrast in ADF-STEM mode.
Importantly, the STEM probe focus is dynamically adjusted under microprocessor control to
correct for effects of specimen tilt which facilitates imaging over large fields of view. It is not
possible to implement an equivalent correction in TEM mode. STEM tomography also provides
enables independent control over the probe size and scanning rate, enabling a straightforward
approach to minimizing radiation damage. In addition, the elastic scattering events that give rise
to the contrast in ADF-STEM imaging make this method less sensitive to chromatic aberration of
the objective lens and to the increased inelastic scattering that occurs in thick specimens. These
effects would otherwise contribute to the diffuse image background and a corresponding loss of
contrast. ADF-STEM therefore provides a means of imaging moderately thick films (> 50 nm)
with high resolution and high signal-to-noise ratio, which is desired in block-copolymer
characterization.®> 3 For these reasons, STEM tomography has been widely adopted by the life
science community.3#35 While it has also been demonstrated for polymer materials,®? 3 it has not

yet been applied to BCP tomography.

In order to demonstrate the influence of the SIS process on PS-b-PMMA STEM imaging,
lamellae-forming, cylinder-forming, and sphere-forming PS-b-PMMA films were imaged as
prepared and after three cycles of AloOs SIS (Figure 2). Images of the as-prepared film and the
SIS-treated film of the same BCP were acquired under identical conditions. A significant increase
in contrast can be seen in SIS-treated films (Figure 2b, Figure 2d, and Figure 2f) compared with
the as-prepared films (Figure 2a, Figure 2c, and Figure 2e). The enhancement in contrast is due to
the increased high-angle scattering that occurs from the alumina in the PMMA domains, which
are collected by the ADF-STEM detector. The addition of alumina also results in contrast reversal;
in the as-prepared film, the bright domains are PS, and the PMMA domains appear darker, whereas
in the SIS-treated films, the bright regions are from the strongly scattering PMMA domains with
the alumina infiltrated into them, while the PS domains are darker. In addition, because the STEM
images of the as-prepared films are constructed mainly from electrons that interact with the PS
domains, it becomes more difficult to resolve the PMMA domains in films with lower PMMA
volume fractions. Thus, morphologies such as body-centered cubic spheres (volume fraction of
PMMA = 0.13) are barely resolved (Figure 2e). The SIS-treated films on the other hand, show
enhanced contrast and sharp interfaces between the PS and the PMMA domains, enabling

cylinders and spheres to be easily resolved.



The depth of field in STEM can be controlled by controlling the convergence angle.3!*3 Here,
for film thicknesses of 50 nm to 80 nm, a convergence angle of 14 mrad, which can be easily
achieved in non-corrected STEM, creates large enough depth of field to resolve two distinct layers
of spheres. For thicker samples, a smaller convergence angle and correspondingly larger depth of
field can be used to form focused images of the entire thickness of the film. As mentioned earlier,
the SIS-treated films exhibit a sharp interface between the BCP domains. We hypothesize that this
sharp interface originates from the incorporation of the highly scattering alumina in the entire
PMMA domain, including in the domain’s (mixed) interface where PS and PMMA chains are
entangled, and that is usually observed as a PS domain. Contrast enhancement as well as sharp
interface between the blocks can also be seen in TEM imaging of the same films (Supporting
information, Figure S1). However, because phase-contrast TEM imaging contrast is ultimately less

sensitive to atomic number than in ADF-STEM, the enhancement in contrast is less pronounced.

In order to study the origin of the contrast enhancement and verify that Al,Oz is embedded in
the PMMA domains, we have investigated the elemental distribution of the BCP films after three
cycles of AlOz SIS using X-ray Energy Dispersive Spectroscopy (XEDS)-STEM elemental
mapping. As can be seen in Figure 3a-c, both aluminum (Figure 3b) and oxygen (Figure 3c) are
present mainly in one of the domains, which is correlated to the bright domains in the ADF-STEM
image of the same region (Figure 3a), indicating that the Al,Os is incorporated in the PMMA
domains. The aluminum K signal is attributed to the Al>Os, while the oxygen signal originates
from both from Al,O3z and from PMMA’s acrylate groups. The intensity line profile of the ADF
detector signal together with aluminum and oxygen K shell emission line profiles (Supporting
information, Figure S2) also show good agreement between the bright PMMA domains and the
location of aluminum and oxygen elements. The carbon elemental map (Figure 3d) shows higher
carbon signal in the PS domains than in the PMMA domains due to the higher carbon density in
the PS domains (2:1 mole carbon/cm?® in PS:PMMA). To verify the uniformity across the 128x128
pixel elemental maps, a Si elemental map was also simultaneously collected and is presented
(Figure 3e) showing uniform Si intensity that originates from the silicon nitride supporting film.
The elemental distribution study therefore corroborates the alumina presence in the PMMA

domains and sheds light on the origin of contrast enhancement in SIS-treated PS-b-PMMA films.



Evidence that the domain periodicity of the block copolymer (Lo) and the PMMA domain size
were not influenced by the SIS conditions used here, was derived from both the PMMA cylinders’
center-to-center distance and the PMMA cylinders’ size, i.e. the cross-sectional area perpendicular
to the cylinder axis in the cylinder-forming SIS-treated film. The center-to-center measurements
of cylinder-forming PS-b-PMMA (black histogram, Figure 4a) exhibit a normal distribution (red
line, Figure 4a) corresponding to Lo of (38.6 + 2.4) nm (all measurements are shown as average +
one standard deviation). This value is in excellent agreement with previously published neutron
scattering measurements of a similar polymer,®*® and with grazing-incidence small-angle x-ray
scattering (GISAXS) measurements of an identical sample (C. Zhou et al. 2015, personal
communication). This agreement is particularly encouraging given the ability of scattering
measurements to provide precise statistics over large areas. To accurately measure the cylinder
diameter, the cylinders’ cross-sectional areas were measured using particle size analysis (see
experimental methods for details), and the diameter was calculated from the cross-sectional area
under the assumption that the cross-section is a perfect circle. The cylinder diameter (black
histogram, Figure 4b) also exhibits a normal distribution (red line, Figure 4b) with average
diameter of (19.9 = 2.2) nm, which is in good agreement with previously measured PMMA
cylinder diameters using SEM ((20.0 + 2.0) nm; C. Zhou et al., 2015, personal communication)
and with theoretical calculations based on the volume fraction of PMMA in a unit cell (22.0 nm).
These measurements corroborate that three cycles of Al,Oz SIS can dramatically enhance ADF-
STEM contrast without significantly influencing the BCP morphology. We note that the variation
in cylinder diameters and spacings reflects the actual variability of the material structure. The
measurement uncertainties are XX nm and Y'Y nm for the diameter and spacing, respectively, and

are due to a combination of ...

Good contrast between domains is a necessary condition for tomography, but it is not
sufficient. Another condition that must be met is stability of the sample under the electron beam.
In SIS-treated BCP films, both the polymer and the Al,Os pose a challenge in terms of stability."
38 Nonetheless, by carefully tuning the microscope conditions, high contrast and stability could
be achieved with an electron dose range of 15000 e/nm? (150 e/A?) to 60000 e/nm? (600 e/A?) per
image, while the film lacks any apparent structural change. For example, after continuous scanning
in ADF-STEM of a lamellae-forming PS-b-PMMA film treated with three cycles of Al>O3 SIS for
80 min using 20000 e/nm? (200 e/A?) dose and 60 s scan time per image (Supporting information



Figure S3), no structural damage or carbon contamination could be detected. The total dose in this
series of images (16000000 e/nm? (16,000 e/A?)) is 60% higher than the total dose in the typical
tomography experiments we have performed in this work. BCP films treated with Al,O3 SIS,
therefore, exhibit sufficient stability for acquiring tilt series for tomographic analysis.

Tomographic Results of SIS-treated BCP films

The enhanced contrast and high stability of SIS-treated specimens under ADF-STEM
conditions described above enable a three-dimensional characterization of PS-b-PMMA BCP
films using STEM tomography. SlIS-treated cylinder-forming, lamellae-forming, and sphere-
forming PS-b-PMMA BCP films with thicknesses of 50 nm to 80 nm were characterized using
ADF-STEM tomography and the results of which are presented in Figure 5, Figure 8, and Figure
9, respectively.

A) Cylinder-forming BCP

Visualization of the 3D reconstructed volume of cylinder-forming PS-b-PMMA (Figure 5a)
highlights the rich three-dimensional data that can be obtained by tomography, including the
structure of perpendicular PMMA cylinders, defects in the self-assembled film, and grain
boundaries. For clarity, the PMMA domains are colored blue while the PS domains are rendered
transparent. The dimensions of the reconstructed volume are 910 nm, 930 nm, and 60 nm (x,y,2);
a movie presenting different view perspectives of the visualized volume is available in the
Supporting information (Movie 1). Notably, performing tomography of a thin film as opposed to
traditional microtomed sections enabled us to image large fields of view encompassing both the
nanostructure and the micrometer-sized grains. To better understand the structure of PMMA
cylinders in the film, the reconstructed volume was digitally sliced to xy and yz slices (xy is the
plane parallel to the substrate surface, and z is the direction of the film surface’s normal). A 1.1
nm thick xy slice (Figure 5b), taken from the middle of the film (z = 25.3 nm above the substrate
interface; details about z height calculations are presented in the next paragraph and in the
experimental methods), shows the typical hexagonal morphology of self-assembled cylinder-
forming PS-b-PMMA with the cylinder axe perpendicular to the substrate. The digitally sliced yz

cross sections (Figure 5c¢) show the structure of perpendicular cylinders normal to the substrate



with average cylinder diameter of (20.0 £ 1.1) nm and cylinder spacing of (38.5 + 1.3) nm, which
matches the measurements performed on the 2D projection of the volume (Figure 2d).

We have further studied the cylindrical structure as a function of depth using the xy slice
series. The series, consisting of 46 slices, each = 1.1 nm thick, starts at the film’s surface (z =
49.5 nm), and at film’s bottom interface with the random copolymer mat (z = 0 nm, see
experimental section for z height calculation details). The cylinders’ center-to-center distances (Lo)
and the cylinders’ diameters were measured in each slice in the majority of the volume (5.5 nm <
z>42.9 nm). The average values of both measurements as a function of z height are presented in
the Supporting information (Figures S4a and S4b, respectively). The average center-to-center
distance shows uniform values across the entire depth ((38.7 £ 0.1) nm), while the average cylinder
diameter is uniform in the majority of the depth ((19.8+ 1.5) nm) with only a small decrease in the
cylinders’ diameters close to the bottom interface. As previously discussed, the average values are
in quantitative agreement with data from scattering techniques that probe large sample areas; a
result that supports the precision of SIS-treated ADF-STEM tomography. This is particularly
encouraging given the ability of STEM tomography to complement material characterization with
unique structural information at local length scales. We will further discuss in the following
sections the three-dimensional information obtained from sparse defects that have minimal

contributions to the average structure.

As expected from a self-assembled film, defects can be seen in the visualized volume both at
grain boundaries and as isolated defects. Defects in a perpendicular-cylinder hexagonal lattice have
been described by Hammond et al.®® and others*®2 as dislocation defects and can be easily
identified by their coordination number. Typically, five-fold and seven-fold coordination defects
occur in pairs, and the defects’ domains adjust their size and spacing to mitigate the stress
associated with the grain boundary. Up until now, these defects have been studied by surface
analysis using SEM or SFM imaging,3®*? and questions such as, “is a defect seen at the film’s
surface also present in the interior of the film?”, and, “what is the three-dimensional structure of
an individual defect?” have been investigated indirectly using pattern transfer.*® 42 With TEM
tomography, however, one can study how defects arrange in 3D as well as their spatial distribution
as a function of depth. To investigate the three-dimensional behavior of defects, we have analyzed

the xy slice series using Delaunay triangulation of the centers of PMMA domains. The analysis is



presented in Figure 6a, Figure 6b and Figure 6c, as well as in Movie 2 (Supporting information).
Delaunay triangulation analysis identifies well-organized regions where cylinders have six-fold
coordination (not colored), versus defects with five-fold (or less) coordination (blue circles), and
seven-fold (or more) coordination (red circles). Application of this analysis on the xy slice series
probes the organization as a function of depth, and allows complete characterization of these
defects. Figure 6a presents an example of this analysis performed at z = 9.9 nm, showing multiple
five-fold and seven-fold defects within the film’s depth. The fascinating 3D behavior of these
defects is revealed by examining the xy slice series. For example, in the Delaunay triangulation
analysis performed near the top of the film in the area marked with a yellow rectangle in Figure
6a and presented Figure 6b, two trio defects are observed, with a five-fold:eight-fold:five-fold
structure (z = 38.5 nm and z = 37.4 nm, marked with white arrows). The eight-fold cylinders at the
center of the trio are actually short cylinders parallel to the film’s surface, wich then split into two
cylinders perpendicular to the film’s surface. This splitting result in six-fold coordinated cylinders,
as can be seen from the perfect organization of cylinders at those areas in Delaunay triangulation
analysis performed at z = 36.3 nm and z = 35.2 nm. Another example can be seen in Figure 6¢ (red
rectangle are in Figure 6a). Here, the seven-fold cylinder that is seen at z = 20.9 nm and is marked
with a white arrow, stretches and widens with depth (z=14.3 nmand z=11.0 nm), untilatz=9.9
nm it splits into two perpendicular cylinders, resulting in one six-fold cylinder and one five-fold

cylinder and displacing the dislocation pair to a new xy location.

To better understand the correlation between the defects’ z profile and the grain boundaries,

it is convenient to look at the order parameter for bond orientations (y):
Eq.1 () = e®0®

where 6(7) is the orientation relative to some fixed reference axis of the bond between two
neighboring atoms, or in this case of the inter-cylinder bond obtained by Delaunay triangulation.*?
We have calculated the modulus n/3 of 8 () of the xy slice series and present them in color maps
of unit cell orientation, where the colors of the unit-cell orientation indicate a range from 0 to /3
relative to an arbitrary vector (Figure 6d and Figure 6e, Movie 3 — Supporting information). It is
known that dislocation lines arise to delimit two grains with a high-angle grain boundary, i.e. where
o, the orientation mismatch angle between two adjacent grains, is between 15° and 30°, while

isolated dislocations arise when ¢ < 15°.° Indeed, a comparison between the unit-cell orientation



maps and Delaunay triangulation analysis (for example, Figure 6a and Figure 6d) shows that both
isolated defects and dislocation lines exist through the entire thickness of the film. The depth
profile of the grain boundaries can be precisely followed by examining the unit cell orientation
color maps of the xy slice series. Figure 6e shows the grain boundary (marked with a dashed white
line) as a function of depth in the area marked with a white rectangle in Figure 6d. This grain
boundary arises between the central grain in the field of view (red) and the bottom grain in the
field of view (blue), which have a 30° angle between them. Interestingly, even in this thin film
(50 nm; 1.3 Lo), the grain boundary is not a surface perpendicular to the substrate but rather has a
variable xy position through the film, forming a curved surface in z. In addition, the unit cell
orientation maps reveal interesting behavior of the defects at the grain boundaries. Two examples
are observed in Figure 6e (highlighted by white arrows in Figure 6e and by dashed white circles
in Movie 3). In example number one, a cylinder close to the grain boundary but within the blue
grain is seen at z = 26.4 nm. This cylinder crosses the grain boundary and moves to the red grain
with depth (z = 12.1 nm and z = 7.7 nm), forming a 30° tilting angle in the zy plane (Figure S5,
Supporting information). In example number two, another cylinder close to the blue-red grain
boundary is seen at z = 26.4 nm. This cylinder splits into two cylinders at z = 12.1 nm exactly at
the grain boundary, resulting in one cylinder in each grain. We hypothesize that the local stress
created due to the discrepancy between the grains’ orientations together with the assembly kinetics
determine the three-dimensional structure of cylinders at grain boundaries. The quantitative
analysis using Delaunay triangulation and unit cell orientation maps enabled us to track defects

through the xy slice series and investigate their spatial distribution in 3D.

Through TEM tomography we can take our investigation of defects one step further and
resolve their 3D structure. The cylinder described earlier in Figure 6e seen through the xy slice
series to split into two cylinders. The digitally sliced xz cross section taken at the splitting plane
(Figure 7a) confirms that the 3D structure of the defect is similar to an inverted Y, where a single
cylinder at the top of the film splits into two cylinders toward the bottom of the film. Moreover, a
visualization of the area of the defect (Figure 7b) together with the xz slice (Figure 7a) show that
the cylinders around the defect tend to bend or tilt to accommodate the change in spacing that
occurs due to the splitting of the central cylinder. A closer look at all the defects in the field of
view reveals that eight of the defects exhibit this splitting behavior. Interestingly, we only observed

a splitting behavior, while the reverse behavior where two cylinders at the top of the film merge



into one cylinder toward the bottom was not observed in the field of view. This splitting behavior
and the unit cell orientation map (Figure 6d and Figure 6e; Movie 3) suggest that the central grain
in the field of view is larger at the bottom of the film than at top of the film. This might indicate
that different nucleation and grain coarsening occurs at the top and at the bottom of the film,
although a larger number of grains must be characterized in order to better understand this

phenomenon.
B) Lamellae-forming BCP

We have also investigated lamellae-forming PS-b-PMMA through Al>Os SIS and ADF-
STEM tomography and studied their three-dimensional structures. Visualization of a 1506 nm x
1470 nm x 80 nm (x,y,z) reconstructed volume is presented in Figure 8a and Movie 4 (Supporting
information). For clarity, PMMA domains are colored blue while PS domains are rendered
transparent. The image shows the complex 3D structure of lamellae “fingerprint” patterns. As
expected, splitting and merging of lamellae that occur underneath the film’s surface — usually
hidden from view when using surface characterization techniques — are revealed in the tomography
data. For example, Figure 8b-d present ~ 1.5 nm-thick xy slices from the top, middle and bottom
of the film, respectively, from the area marked with an orange square in Figure 8a. The slices show
three individual PMMA lamellae close to the film’s surface (z = 66.0 nm), merging at the middle
of the film (z = 37.5 nm), and then splitting into two lamellae towards the bottom of the film (z =
19.5 nm). This example together with those seen in the cylinder-forming PS-b-PMMA film
demonstrates the ability of ADF-tomography of SIS-treated BCP films to decipher the 3D structure

of defects and individual domains.
C) Sphere-forming BCP

TEM tomography can be used not only to characterize a specific area or defect, but also to
shed light on the 3D morphology of phases. The spherical phase in BCPs is inherently a 3D
structure, but has been explored experimentally mainly by surface analysis,** and scattering
methods.*> 46 However, none of the above methods have been able to reveal the 3D morphology
in real space and probe in detail the local arrangement of the BCP domains. Indeed, Stein et al.
have tilted sphere-forming BCP samples in the TEM and compared their images to calculated

projections in order to verify the 3D morphology. We have taken real-space characterization of



sphere-forming BCPs one step further and investigated the 3D morphology of sphere-forming PS-
b-PMMA with two different thicknesses (L;) on homogeneous chemically modified substrates
using ADF-STEM tomography.

A previous study of the thickness-dependent morphology of sphere-forming PS-b-PMMA
films has shown, through SEM imaging and molecular simulations, that a change in film thickness
from Lo (Lo is the lattice parameter of BCC unit cell in the bulk, in this case 48 nm) to 1.33 Lo, can
induce a morphological change from the bulk body-centered-cubic (BCC) morphology to a non-
bulk hexagonal close-packed (HCP) morphology.** Figure 9 presents 3D structural
characterization using ADF-STEM tomography of S1S-treated sphere-forming PS-b-PMMA films
and corresponding molecular simulations. When the thickness of the film is commensurate to Lo,
i.e. L,=48 nm, a BCC structure is formed as can be seen in the visualization of the reconstructed
volume (Figure 9a, Movie 5 — Supporting information) and the xy and xz slices (Figure 9b and
Figure 9c). The 0.78 nm-thick xy slice, taken at z = 0.5L; (Figure 9b), shows the center spheres in
a BCC structure, i.e. the (002) plane, with sphere diameters of (23.8 + 0.9) nm and center-to-center
distances (d-spacing) of (47.5 £ 2.5) nm. Both values are in excellent agreement with theoretical
calculations of sphere diameter,*” and with SEM measurements (J. Ren et al., 2015, personal
communication). The 0.78 nm-thick xz slice (Figure 9c¢) shows a digitally-sliced cross section of
the (110) plane of the BCC structure, with half-spheres formed at the film’s top surface, full
spheres formed at z = 0.5Lo and half-spheres formed at the substrate interface, i.e. at the interface
with the random copolymer mat. It should be noted that since the random copolymer has a PMMA
mole fraction of 30 %, AlOs is expected to grow in the random copolymer mat as well. This
reduces the contrast between the PMMA half-spheres and the random copolymer mat at the bottom
interface and therefore adds to the noise in the reconstruction and visualization of that area.

Nonetheless, half-spheres could be identified at the substrate interface.

When the film thickness is tuned to 1.33Lo, an HCP structure is formed as can be seen in the
visualization of the reconstructed volume (Figure 9f, Movie 6 — Supporting information) and the
digitally sliced xy and xz slices (Figure 9g and Figure 9h). The 0.54 nm-thick xy slice, taken at z =
0.5 L, (Figure 99g), shows spheres in the (0002) plane of HCP structure, with sphere diameter of
(23.6 £ 1.0) nm and center-to-center distance (d-spacing) of (41.2 = 2.9) nm. As expected, the

spheres’ diameter does not change when transitioning from the BCC to the HCP structure, while



there is a =~ 10% reduction in center-to-center distance to accommodate the denser HCP structure.
The 0.54 nm-thick xz slice (Figure 9h) shows a digitally-sliced cross section of the (3030) plane
of the HCP structure, with full spheres formed at z = 0.5 L,, and half-spheres formed at the film’s
top surface. Here, the substrate interface is noisy, but half spheres could still be identified using
band-pass filtering (not shown).

At this point we would like to highlight the impact of the synergy between simulations and
the 3D information gained from the technique introduced in this work. In past studies, we have
been able to explain phenomena through a concerted simulation and experimental effort, mostly
based on comparisons between top-down 2D SEM images and 3D structures obtained by
simulations. In a few cases cross-sectional images were also used to investigate the structural
ordering inside the polymer film. Simulation models contain approximations and assumptions that
have to be validated against experimental results. In particular, we have used a coarse-grained
description based on the standard model of block copolymers to describe the self-organization of
these materials. This model has been successfully used to predict the behavior in the bulk. In BCP
thin films, it is also necessary to describe the properties and effects of the confining surfaces. In
our approach, for simplicity, we have assumed that the substrate interface and the polymer-air
interface are described by hard walls, and surface chemical affinity is taken into account by an
effective one-body interaction characterized by a strength parameter, A (see model description in
experimental methods for details). By tuning A, it is possible to control surface-polymer interfacial
energies and therefore the wetting state of the blocks. In the case of symmetric BCPs under non-
preferential conditions, regardless of A value, perpendicularly oriented lamellae are always
obtained. However, this is not the case for sphere- and cylinder-forming melts. By increasing A,
the sphere-forming phase goes from complete wetting to partial wetting, and eventually to a
dewetting state (Figure S6). From these results, we found that the condition which matches the 3D
experimental results is when A ~1. Our simulations suggest that A controls the line tension of the
nanoscale spherical domains on the substrates, and is therefore critical for defining the wetting
behavior of BCP domains. By using this experimentally-informed parameter value, we explored
if the model is able to predict the structural transition as film thickness increases. Firstly, we
performed simulations for a film thickness L, = 1.0 Lo, simulations predict the ordering of spherical
domains into a BCC lattice, as can be seen in Figures 9d and 9e, in agreement with experimental

results. By increasing film thickness to L, =1.33 L, a structural transition is observed numerically,



where spherical domains arrange into layers of hexagonal lattices. Thus, simulations also predict
this morphological transition and agree well with experiments, as can be seen in Figure 9i and 9j.

Conclusions

In summary, the introduction of Al,Oz into the polar domains of PS-PMMA BCPs via the SIS
process enabled detailed investigation of BCP films through ADF-STEM tomography. STEM
elemental mapping has shown that the Al,Oz grows mainly in the PMMA domains of PS-PMMA
BCP films and therefore selectively enhances their contrast, similar to the heavy-metal staining
frequently employed in biological electron microscopy. The Al,Os dramatically increases the
atomic number (Z) contrast of the film while keeping the domain size and spacing constant, and
this approach can therefore be exploited both as an inorganic staining method in BCPs for STEM
imaging and for etch-contrast enhancement for BCP pattern transfer.

ADF-STEM tomography performed on SIS-treated lamellae-forming, cylinder-forming, and
sphere-forming PS-b-PMMA films provided detailed data on the three-dimensional morphology
of the phase, grain boundaries, and on defects’ 3D structure, and highlighted the importance of 3D
characterization, even for films as thin as 50 nm. Delaunay triangulation and unit-cell orientation
analysis of xy slice series in the SIS-treated cylinder-forming PS-b-PMMA film revealed complex
behavior of five-fold/seven-fold coordination defect pairs at grain boundaries as a function of z,
including parallel cylinders at the top of the film that transform to perpendicular cylinders under
the surface of the film, perpendicular cylinders that split into two cylinders toward the bottom of
the film, and tilted cylinders that move from grain to grain at the grain boundary. In SIS-treated
sphere-forming PS-b-PMMA films, the exact phase morphology as a function of the films’
thickness was deciphered using ADF-STEM tomography and was correlated with molecular
simulations. These results demonstrate the ability of ADF-STEM tomography to provide accurate
3D real-space characterization and provide data for molecular simulation optimization. The
experimental and quantitative analysis methodologies presented in this work can be applied to
investigate both self-assembled and directed self-assembled BCP structures, enabling nanometric-

level understanding and leading to better design, synthesis and assembly of BCP nanostructures.



Experimental Methods

Materials. Poly(styrene-block-methyl methacrylate) (PS-b-PMMA) were purchased from
Polymer Source, Inc., and used as received. The My, PDI, and bulk spacing (Lo) of the three PS-
b-PMMA BCPs used in this work were: lamellae-forming PS-PMMA: 37k-b-37k, 1.08, 40 nm,
cylinder-forming PS-PMMA: 46k-b-21k, 1.09, 38 nm, and sphere-forming PS-PMMA: 71.5k-b-
12k, 1.17, 48 nm, respectively. Crosslinkable poly(styrene-ran-methyl methacrylate) with 4mol%
glycidyl methacrylate (GMA) crosslinker and different PS vs. PMMA compositions were
synthesized by nitroxide-mediated polymerization.*®4° They have a mole faction of ~ 57 % (PG4-
57 %), or a mole fraction of ~ 70 % (PG4-70 %) styrene by *H NMR analysis. Poly acrylic acid
sodium salt solution (Mw = 15,000 g/mol, 35 % mass fraction in water) was purchased from Sigma-
Aldrich and used as received. Toluene was purchased from Fisher Scientific and was used as

received.

Sample preparation. To prepare samples for TEM imaging silicon wafers were cleaned
with piranha solution and rinsed extensively with deionized water. 5 % mass fraction solution of
poly acrylic acid sodium salt (PAA-Na) in water was spun cast to create a 100 nm thick water
soluble layer, and annealed at 160 °C for 5 min. The substrate chemistry was modified by spin
casting a mat layer (PG4-57% or PG4-70%) on the silicon-PAA-Na substrate. The mat polymer
was spin cast from a 0.25 % mass fraction solution in toluene to create an 8 nm to 10 nm thick
layer, followed by annealing at 250 °C for 10 min to 30 min under nitrogen atmosphere.
Uncrosslinked PS-r-PMMA was removed by sonicating the substrate in toluene. PS-b-PMMA
films with thicknesses of 80 nm (lamellae), 50 nm (cylinders), and 48 nm to 64 nm (spheres) were
spin cast from toluene solutions with concentrations of 1 % to 2 % mass fraction on the silicon-
PAA-mat substrates. Samples were annealed at 235 °C to 250 °C for 10 min under nitrogen
atmosphere (lamellae, cylinders), and at 190 °C for 12 hrs under vacuum (spheres). The BCP film
and mat were floated in deionized water and collected with a silicon nitride supporting film (100
pm silicon frame, 50 nm silicon nitride supporting film in 0.5 mm x 0.55mm window). Al,Oz SIS

was performed using alternating exposures to TMA (Aldrich, 97 %) and deionized H20 at 85 °C.



The SIS was performed in semi-static mode.® N, gas (99.999 % purity) at 2.25 x 10 mol/s (300
sccm) flow was used as purge and carrier gas. To achieve thermal equilibrium the BCP samples
were loaded into the reactor 30 min before commencing the experiment. The base pressure of the
reactor was set ~ 2.6 Pa (20 mTorr) before introducing precursors vapor. Using a predetermined
exposure period, TMA at a pressure of ~ 665 Pa (5 Torr) was admitted into the reactor after which
the TMA dosing valve was closed, and then pure N2 gas flowed through the reactor at ~ 133 Pa (1
Torr) for a predetermined purge period. A similar exposure/purge process was used for the H20 to
complete the SIS cycle. The exposure and purge time used in this experiment was 60 s and 300 s,
respectively, for both precursors.

Film thickness was measured using an alpha-SE® ellipsometer.

Imaging. TEM imaging, STEM imaging, and XEDS-STEM were performed using field-
emission gun TEM operated at 200 kV (FEI Tecnai F20ST- ANL EM Center). XEDS-STEM
measurements were performed using Sapphire 30 mm? EDAX® detector. Elemental maps were
extracted from (128 x 128) pixels (2.3 nm/pixel) XEDS mapping acquired with 0.8 s dwell
time/pixel. Elemental line scans were extracted from 160 nm XEDS line scan with 2.0 nm spatial
resolution and 10 s dwell time/point.

STEM tomography experiments were performed using a field-emission gun TEM operated
at 300 kV (FEI Titan- NIST CNST). In both microscopes STEM camera length was set to 300 mm.
A series of STEM images were acquired at tilt angles ranging from -70° to +70° at angular intervals
of 3° from -60° to +60°, and at angular interval of 2° from +60° to +70° and from -60° to -70°.
The morphology and feature sizes were unchanged after acquisition compared to the initial state
and therefore the data was not significantly affected by beam damage. The tilt series of the STEM
images (51 projections) were aligned using Inspect 3D (FEI) using naturally occurring defects in
the block copolymer film and in the silicon nitride supporting film. Reconstruction was performed
using the simultaneous iterative reconstruction technique (SIRT) algorithm applied through the
same software. The large field of view in the reconstructed volume showed a small tilting or a
curvature in z (thickness) direction, which is probably due to sample preparation and placement of
the sample in the TEM holder. The tilt of the resulting reconstructed stacks was corrected using

interactive stack rotation in ImageJ. Segmentation (thresholding) of the reconstructed volume was



performed manually using Image] to define the PMMA domains for surface rendering.

Visualization of the segmented volume was performed using Amira software.

Quantitative analysis. The high tilt angles used for tomography in this study (x 70°) are
predicted to have a relatively small elongation factor of 1.1 due to minimization of the missing
wedge, according to a study by Kawase et al.>! However, that study used a filtered back projection
reconstruction and SIRT likely reduces this elongation effect.>? A recent experimental study by
Gotrik et al.’® indicates that the elongation estimated by Kawase et al. is probably too large. Thus,
the accuracy of dimensional measurements parallel to the optic axis (z-depth) was assumed to be
close to the in-plane measurement accuracy; it is worth noting that measurement accuracy is not
directly determined by resolution (the ability to distinguish two closely spaced objects), which will
be poorer along the optical axis. Due to the large field of view and a slight curvature in the
cylindrical sample, the bottom surface of the film, i.e. the interface with the random copolymer
mat layer, had also a slight curvature in the xy slice series. The z height difference in the entire
field of view was estimated to be 4.4 nm. For convenience, z =0 nm was defined according to the
center of the field of view and the xy slice series height was calculated using 1.1 nm z resolution.
For quantitative analysis, the xy slice series was segmented using a script that employed the
watershed algorithm. Following segmentation, individual PMMA domains were identified and
their center-of-mass was recorded. Center-to-center distances (Lo) were measured by computing
the distance between neighboring centers of mass as identified by Delaunay triangulation on the
extracted points. Cylinder domain size analysis was performed by measuring the cylinders’
circumference, and extracting the cylinders’ diameter from it under the assumption that the
cylinders’ face is a circle. Sphere domain size analysis was performed by measuring the area of
the sphere section at the spheres’ equators, and extracting the spheres’ diameter under the

assumption that the spheres’ section is a circle.

Molecular simulations. To describe the block copolymer thin films, we use a coarse-grained
model where a molecular representation is adopted and the intermolecular interactions are
represented by a functional of local densities®!. Macromolecules are represented by flexible

linear chains described by the discretized Gaussian chain model composed by N beads, with the

position of the t bead in the i chain given byr,(t). The intermolecular interactions take into



account the repulsion between unlike monomers and the finite compressibility of the melt. The
system comprises n chains ina volume V at temperature T and the Hamiltonian defining the model

is given by:®3%

Eq. 2: % = gZi n(t+D) —6 OF +poj{xAB¢AcoB +§(1— Oa— 05 )ﬂds’r
B i1t v

where b? is the mean squared bond length of an ideal chain, ¢, is the local density of beads type a

(A or B) and po is the bead number density. The incompatibility between the polymers is quantified

by the Flory-Huggins parameter y,;, and the melt compressibility by k. Macromolecules are

confined between two hard surfaces, located in the planes z= 0 and z = L,, which are impenetrable

to the chains; in the other two directions we apply periodic boundary conditions. The influence of
the surfaces is represented with a short-range interaction potential, Us, acting on each bead:®

Eq. 3: Us(ra)  AY 2°
KT dJR, T

— _E

The potential decays over a distanced,, and AN determines the strength of the interaction

between beads of type « and the surfaces. Under homogeneous conditions, Us, only depends on z,
the distance from the surface. The interaction between the blocks (A or B) with the surfaces are
AB

top

and A?

bottom *

specified by four parameters: A% _, AL

top ! bottom?

The interaction range was fixed at

dg =0.15R, . Equilibrium morphologies were determined by Monte Carlo simulations and local
densities were computed from the beads’ positions through a particle-to-mesh interpolation
approach.®® We sampled configurations according to the Metropolis criteria,
P,.. =min[L,exp(~ AH /k,T)], where AH is the energy change between two configurations, and
includes both bonded and non-bonded contributions as well as contributions from the surfaces. We
considered these trial moves: local displacements of the beads, reptation-like moves and translation

of an entire chain. To represent the sphere-forming block copolymer, we have used kN =40, yasN

=32, and p,R’/N =110 for representing PS-b-PMMA diblock copolymer with molecular weight

equal to 84 kg/mol. The chain is composed by N = 27 + 5 beads and the end-to-end distance R,

sets the length scale in the model. For these parameters, the natural period of the BCC morphology



in the bulk is L, ~1.9R, . The simulation box had dimensions Lx= Ly = 4L, (we have also used Lx=
Ly = 8L, for exploring finite-size effects but these were not observed) and L,. We considered both

— AB - B -
_Atop - Abottom_ A. We

surfaces to be equivalent and non-preferential, i.e. A% =A%

top bottom
performed a sweep in parameter space of A, to establish the effect of substrate surface energy on
the wetting of the minority phase (see Figure S6). From these data, we deduce that the condition
which matches the 3D experimental results is when A ~1; our simulations suggest that A controls
the line tension of the nanoscale spherical domains on the substrates, therefore being critical for
defining wetting behavior of BCP domains.
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Figure 1: Schematic illustration of sample preparation process. (a) PS-PMMA BCP thin film (50-80 nm in
thickness) was self-assembled on a random copolymer mat layer on top of a water soluble poly acrylic acid
(PAA) layer. The BCP film together with the random copolymer film were floated off in water and scooped
up using a silicon nitride window designed for TEM tomography imaging. (b) The silicon nitride window
with the polymer layers on top was treated with 3 cycles of SIS in an ALD chamber, resulting in

incorporation of Al,Os; within the PMMA domains.



Figure 2: Effect of SIS on PS-PMMA STEM imaging. STEM images of lamellae-forming PS-PMMA
(37k-37K, (a)-(b)), cylinder-forming PS-PMMA (46k-21k, (c)-(d)), and sphere-forming PS-PMMA (72k-
12k, (e)-(f)) as prepared ((a), (c), (e)), and after three cycles of Al,Os SIS ((b), (d), ().



Figure 3: XEDX-STEM mapping of lamellae-forming PS-PMMA. (a) ADF-STEM image of lamellae-
forming PS-PMMA after three cycles of Al.Os SIS; (b)-(e) are the corresponding elemental mapping of
aluminum, oxygen, carbon, and silicon K x-ray lines, respectively. Scale bars are 50 nm.
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Figure 4: Quantitative analysis of ADF-STEM imaging of cylinder-forming PS-PMMA film treated with
three cycles of AlO; SIS. Measured distribution (black histogram) and fitted Gaussian curve (red line) of:

(a) cylinder spacing by center-to-center measurements, and (b) cylinder diameter extracted from face area
measurements.



Figure 5: ADF-STEM tomography of cylinder-forming PS-PMMA treated with three cycles of Al,Os SIS:
(a) visualization of the 3D reconstructed volume. For clarity PMMA domains are colored in blue while PS
domains are transparent. The dimensions of the reconstructed volume is 910 nm, 930 nm, and 60 nm (X,y,Zz).
(b) 1.1 nm thick xy slice of the reconstructed volume taken from the middle of the film. (¢) 1.1 nm thick yz
digitally sliced cross section of the reconstructed volume taken from the central grain. Scale bars are 100
nm.
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Figure 6: Quantitative analysis of 1.1 nm thick xy slice series obtained from ADF-tomography of cylinder-

forming PS-PMMA treated with three cycles of Al,Os SIS. (a) Delaunay triangulation analysis of xy slice

at z= 9.9 nm above the substrate interface. The analysis shows 6-fold cylinders (not colored) vs. 5-fold

(blue) and 7-fold (red) cylinders indicating dislocation defects. (b

) Delaunay triangulation analysis of xy

,C,



slices at various z heights at areas marked by yellow and red rectangles in (a) respectively. (d) Unit cell
orientation color map of xy slice at z= 9.9 nm above the substrate interface, where the colors of the
orientation indicate a range from 0 to 7/3. (e) Unit cell orientation color map of xy slices at various z heights
at area marked by white rectangle in (d).

Figure 7: The three dimensional structure of a splitting defect in the SIS-treated cylinder-forming PS-
PMMA film. (a) 1.1 nm thick xz slice taken at the splitting plane. (b) Visualization of the reconstructed
volume of the area of the same defect.



Figure 8: ADF- STEM tomography of lamellae-forming PS-PMMA treated with three cycles of Al,O; SIS:
(a) visualization of the 3D reconstructed volume. For clarity, PMMA domains are colored in blue while PS
domains are transparent. The dimensions of the reconstructed volume is 1506 nm, 1470 nm, and 80 nm
(x,y,2). (b,c,d) 1.5 nm thick xy slices from the top, middle and bottom of the film, respectively. The slices
show three individual PMMA lamellae close to the film’s surface (z = 66.0 nm), merging at the middle of
the film (z = 37.5 nm), and then splitting into two lamellae towards the bottom of the film (z = 19.5 nm).
Scale bars are 200 nm.



Figure 9: ADF- STEM tomography of sphere-forming PS-PMMA treated with three cycles of Al,Os SIS
and corresponding molecular simulations: (a)-(e) film thickness equals to 1L, (Lo is the axial length in cubic
unit cell, i.e. 48 nm), where spheres form a BCC morphology; (f)-(j) film thickness equals to 1.5Lo, where
spheres form an HCP morphology. (a),(f) Visualization of 2-3 unit cells from the reconstructed volume;
inset shows an illustration of the morphology. (b), (g) 0.78 nm thick and 0.54 nm thick, respectively, xy



slices taken at z equals to half the thickness of the film. (c), (h) 0.78 nm thick and 0.54 nm thick,
respectively, xz slices taken at (002) and (0002) planes, respectively. (d,i) 3D and (e,j) slab cross-section
(corresponding to those planes at (c) and (h)) images obtained by Monte Carlo simulations, non-preferential
top and bottom surfaces were used; red and blue correspond to PS and PMMA domains, respectively.



Supporting Information



Figure S1: Effect of SIS on PS-PMMA TEM imaging. TEM images of lamellae-forming PS-PMMA (37k-
37Kk, (a)-(b)), cylinder-forming PS-PMMA (46k-21k, (c)-(d)), and sphere-forming PS-PMMA (72k-12Kk,
(e)-(F)) as prepared ((a), (c), (e)), and after three cycles of Al.O3 SIS ((b), (d), (f)). Scale bars are 100 nm.



(b)

210004 a0

1504

20000 oy 604

Counts
Counts
Counts

_ 404
19000 0

T T T T T
L a0 100 150 a0 100 150

T T
a0 100 150 - -
Pasition (nim) Position (nm) Fosition (nm)

Figure S2: XEDX-STEM elemental analysis of lamellae-forming PS-PMMA. () ADF-STEM image of
lamellae-forming PS-PMMA after three cycles of Al.O; SIS. (b-d) line profiles of ADF detector counts, Al
K signal and oxygen K signal, respectively, acquired in a line scan shown in orange in (a). Line profiles
show that there is a good agreement between bright domains in STEM image



Figure S3: Stability of SIS-treated PS-PMMA films under ADF-STEM conditions. Lamellae-forming PS-
PMMA treated with three cycles of Al,O3 SIS after continues scanning for various times using 300 e/A?
dose per scan (scan time 60 sec). No visible change could be detected even after 80 min of continuous

scanning. Scale bar is 200 nm.
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Figure S4: Quantitative analysis of cylinder-forming PS-PMMA film treated with three cycles of Al.Os
SIS xy slice series as a function of depth: (a) average center-to-center distance, and (b) average cylinder
diameter as a function of z height.



Figure S5: 1.1 nm thick digitally sliced cross section of SIS-treated cylinder-forming PS-PMMA film,
showing a tilted cylinder at grain boundary (example 1). Scale bar is 50 nm.

Figure S6: Block copolymers assembly between non-preferential chemically homogeneous surfaces
obtained by numerical simulations for different values of A (a-c, A =0, 0.75 and 1.5, respectively) and film
thickness L, = Lo. PS-PMMA interfaces appear as blue triangulated surfaces, and substrate is shown in gray.
For clarity, only domains in contact with the substrate are shown, while the rest of the film is transparent.



