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ABSTRACT: Sequential infiltration synthesis (SIS), when
combined with novel polymeric materials capable of self-
assembly, such as block copolymers (BCPs), has been shown
to effectively improve the pattern transfer of nanoscale
templates. Herein, we present a study of the SIS process
aimed at elucidating some critical aspects such as the evolution
of the BCP morphology and mechanical properties after
infiltration. Atomic force microscopy nanomechanical mapping
was able to measure a consistent stiffness change within the
SIS-infiltrated poly(methyl methacrylate) (PMMA) blocks.
Interestingly, the increase in Young’s modulus of the infiltrated
blocks is small compared to the final stiffening of the same
infiltrated features after a treatment with oxygen plasma.

?
Ah~1nm PMMA/SIS

CPMMA s

+—~20nm —*

3 GPa 10 GPa

1. INTRODUCTION

Sequential infiltration synthesis (SIS) consists of an adapted
version of atomic layer deposition (ALD) in which the vaporized
precursor does not saturate the surface but eventually diffuses
and reacts into the bulk material, usually a synthetic or natural
polymer. As a result, it yields the selective growth of inorganic
materials embedded in a polymeric matrix." SIS recently
attracted the attention of researchers because of its potential
for nanofabrication when coupled with block copolymers
(BCPs) capable of self-assembly.”~* AL O, SIS using trimethy-
laluminum (TMA) as a gas precursor is the most studied system,
and it has been tested on several polymers,” proving to be an
effective method for increasing the tensile strength of natural
fibers® and improving the etch resistance of lithography resists
such as poly(methyl methacrylate)” (PMMA). During the first
step of the SIS process, the precursor (a Lewis acid) diffuses
within the film and reacts with PMMA nucleophilic carbonyl and
ester groups to form a weakly bonded intermediate complex;®
later, water exposure allows Al,O; nucleation. Subsequent cycles
can completely saturate PMMA, creating Al,O;-modified
domains that exhibit enhanced resistance to plasma treatments.
The SIS of PMMA has been successfully employed to selectively
modify polystyrene-block-poly(methyl methacrylate) (PS-b-
PMMA) BCP thin films."*"°

This process has indeed a strong potential for improving
pattern transfer, in most cases, BCP thin films do not have
enough differential etch selectivity between blocks to be
employed as practical lithography materials. Moreover, the self-
limiting nature of SIS leads to final features in which changes in
volume are minimal'' and can be controlled by varying the
number of SIS cycles'” or other SIS parameters such as
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adsorption/purge time or temperature."” With regard to the
effect of infiltration on pattern quality, there is evidence of
improved line edge roughness’ (LER), especially for low- and
midfrequency roughness regimes,14 whereas surface roughness,
another sensitive parameter, showed a modest increase after
infiltration."> Roughness analysis in ref 15 was performed on the
top surface of PMMA/SIS sub-100-nm lithographic patterns.

From the perspective of obtaining a reliable method for SIS
process characterization, it is important to monitor the changes
in morphological and mechanical properties that the infiltrated
phase (in this case, PMMA) undergoes after several cycles of SIS,
as both tyes of properties influence the final result after pattern
transfer. With regard to lithography-patterned PMMA features
(40—110 nm wide), the morphological aspect was clarified by
Darling and co-workers'” in an inspection of SIS-treated PMMA
patterns by atomic force microscopy (AFM) and scanning
electron microscopy (SEM). Other important elucidations of
morphology and defects arise through the use of scanning
transmission electron tomography (STEM) for the three-
dimensional characterization of self-assembled cylindrical,
lamellar, and spherical PS-b-PMMA thin films.""

In this work, we evaluated the effects of SIS in PMMA on both
micrometer-scale homopolymer droplets and BCP films. From
our experience, samples that undergo fewer than five cycles of
SIS, under the processing conditions employed here, do not
show enough resistance to Si dry etching, resulting in poor
pattern transfer. Therefore, we focused on characterizing samples
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exposed to between 5 and 11 cycles of SIS. Other authors,”"’

using different SIS process parameters (e.g., lower temperatures
or higher chamber pressures during TMA introduction), have
limited the number of cycles to 3. It is expected that the higher
chamber temperature'”'® employed here enhances TMA
diffusion out of the film, resulting in the need for further SIS
cycles. For details about the SIS process parameters, see the
Materials and Methods section.

AFM is broadly used in surface science to obtain surface
topography at the nanometer scale. Additional compositional
information can be obtained, for example, from the phase signal
when performing AFM in tapping mode. Quantitative nano-
mechanical mapping (QNM) can be achieved by performing
nanoindentation or collecting conventional force—distance
curves,'”"” but both approaches present some limitations,
namely, excessive indentation depth during nanoindentation
and limited acquisition speeds in the collection of force—distance
curves. Recently, dynamic modes were successfully used to map
the nanomechanical spectra of soft matter surfaces, using higher
harmonics,'® multifrequency excitation,'® and force reconstruc-
tion algorithms.”® Pulsed-force techniques*”* represent an
alternative that lies between the above approaches. PeakForce
Tapping mode is, in fact, able to acquire a large number of force—
distance curves and elaborate them in real time to calculate
mechanical properties at each point; the typical, off-resonance
working frequency (2 kHz) allows for imaging speeds that are
comparable to those of standard tapping mode, and the sample
deformation depth is limited to a few nanometers, avoiding
resolution loss due to tip damage caused by large tip—sample
interactions. With regard to polymers and soft materials in
general, this technique has demonstrated great utility: PeakForce
Tapping mode can reliably measure the elastic moduli of bulk
materials with 50-nm lateral resolution,”>** and it allows for the
probing of polymer ultrathin films that are challenging to
characterize by any other technique.”>*® Some of the samples in
this study include PS-b-PMMA BCP films forming lamellae and
cylindrical structures with characteristic lengths less than 20 nm,
and extracting reliable information about such nanoscale
domains is possible if proper indentation conditions are
employed”” (i, to avoid the substrate effect, the so-called
“double layer effect”, and plastic deformation). By using
PeakForce QNM, we were able to obtain insight into the
changes in mechanical properties (Young’s modulus and
adhesion) of different SIS samples both at the micrometer
scale (homopolymer blends) and at the scale of self-assembled
nanodomains (PS-b-PMMA BCPs).

2. MATERIALS AND METHODS

2.1. Brush Layer. PS and PS-r-PMMA having PS/PMMA
volume ratios of 59:41 (R60) and 68:32 (R70), provided by
Arkema, were used to form the brush layers. The polymers were
dissolved in propylene glycol methyl ether acetate (PGMEA)
resulting in a 1.5% (w/w) solution and spin-coated on the
substrates. To graft the polymer, samples were annealed for 5
min at 230 °C in a nitrogen atmosphere. Finally, the remaining
ungrafted polymer was removed by PGMEA rinsing,

2.2. Homopolymer Blend. The homopolymers employed
were PS [M,, = 38.6 kg-mol ', polydispersity index (PDI) = 1.12]
and PMMA (M, = 38.6 kg:mol™!, PDI = 1.12). Homopolymer
solutions in PGMEA were spin-coated at 2500 rpm for 30 s,
forming films of approximately 20 nm. To accelerate the
dewetting and phase separation, samples were annealed at 230
°C for 10 min in a nitrogen environment.
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2.3. Block Copolymer Self-Assembly. The BCPs
employed were provided by Arkema: L37 poly(styrene-b-methyl
methacrylate) (PS-b-PMMA 50:50, M, = 79 kg'mol ™!, PDI =
1.13) and C3S poly(styrene-b-methyl methacrylate) (PS-b-
PMMA 69:31, M, = 60.8 kg'mol™', PDI = 1.09), where L
indicates lamellae and C indicates cylinders resulting in the final
self-assembly and the number represents the nominal pitch, L.
Each PS-b-PMMA powder was dissolved in PGMEA, resulting in
1.5% (w/w) solutions. The block copolymer solutions were spin-
coated onto the brush layer to obtain films with the desired
uniform thickness. Samples were then annealed for 10 min at 230
°C in nitrogen to induce self-assembly.

2.4. Sequential Infiltration Synthesis. Alumina was
synthesized using binary reactions of trimethylaluminum
(TMA, Aldrich, 97%) and water at 135 °C. The complete SIS
process was performed as follows: First, chamber stabilization
with nitrogen was performed for 10 min. Then, the precursor,
TMA, was admitted into the reactor at 0.5 Torr for 60 s.
Afterward, the chamber was purged with nitrogen for 80 s. The
same procedure was repeated for water. This entire sequence was
repeated cyclically.

2.5. AFM. To obtain surface topography and elastic modulus
maps, we used a Dimension Icon microscope (Bruker Inc.)
operated in normal soft tapping mode (200-nm free oscillation
amplitude with a set point above 70%) or in PeakForce tapping
mode. The cantilevers employed were standard tapping
cantilevers (TESPAR3; nominal tip radius of 7 nm) with a
nominal spring constant value of k = 26 N/m. The sample
Young’s modulus (I GPa < E < 10 GPa) determines the
cantilever spring constant to choose to obtain detectable
deformation. The applied force set points ranged between 10
and 25 nN; in particular, the force set point was adjusted to
obtain optimal deformation for a reliable fit (1—2 nm) and not to
produce plastic deformation.”® Further details about the
experimental procedure for the imaging of BCP thin films are
well described in refs 26 and 27. During measurements in
PeakForce Tapping mode, the tip oscillates at 2 kHz.
Information about the indentation force and material response
was collected for each individual oscillation. By a careful
calibration of the cantilever spring constant and tip radius (see
ref 27 for details), force—distance curves are able to provide
reliable quantitative information at the nanoscale,”® such as
elastic modulus, adhesion force, and sample deformation.

The curves were fitted with the Derjaguin—Muller—Toporov
(DMT) model,'® derived from a Hertzian model that takes
adhesive forces into account. It is applicable for systems with low
adhesion and small tip radii, using a portion of the unload curve
as the fit region. The relationship between the applied load and
the reduced modulus E* is given by

4 3
F=—EVRd® + E

3 - (1)
where F is the force, R is the tip radius, d is the deformation, F,g,
is the maximum adhesion force, and z is the vertical
displacement. The relationship between the reduced modulus
E* and the sample modulus E can be expressed as

2
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In our case, a Si tip has a Young’s modulus, E,, ranging from 160
to 190 GPa, and the sample Poisson’s ratio, v, can be
approximated as 0.3, giving E; &~ 0.88E*. For clarity, in this
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Figure 1. (a) SEM images of polymer blend droplets (PS/PMMA) on three different brushes, showing different dewetting behaviors as the percentage
of PMMA in the brush layer increases. Images on top of PS=OH and R70 were recorded after an oxygen plasma treatment intended to remove PMMA.
Scale bar = 2 ym. (b) SEM image of a cross section of a PS/PMMA droplet after five SIS cycles. A central darker PMMA circular island is surrounded by
PS. The contrast in the cross section reveals the extent of SIS within PMMA (80—90 nm), as indicated by the yellow arrows. Scale bar = 200 nm.
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Figure 2. Morphological comparison of PS/PMMA blend droplets deposited on different brushes. (a) AFM phase image of a blend droplet on an R60
brush, where darker areas are smaller PS droplets, and PMMA is lighter in color. On the right side, the height profile of the droplet is also reported. Scale
bar = 2 ym. (b) Height maps of the central area of a droplet (left) before and (right) after five SIS cycles. After infiltration, the PS present a rougher
surface as a result of the creation of alumina particles. Scale bar = 500 nm. (c) AFM three-dimensional height map representation of blend droplets on
different brushes. AFM detailed topographies of 1.4 um? areas taken from the droplet surface were used to calculate surface roughness (R,). For each
sample, PMMA (blue) and PS (red) R, values are presented in the chart. Scale bar = S00 nm.

work, the figures and color maps always report E; values.
Topography images were subjected to a polynomial flattening to
correct the surface tilt and enhance the contrast of interesting
features. Surface topographies acquired in tapping mode were
reconstructed with the freeware program Gwyddion™ to

partially correct the influence of the tip on the image data.
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3. RESULTS AND DISCUSSION

3.1. Infiltrated PS and PMMA Homopolymer Films. As a
first step, we studied the effects of five SIS cycles on a
homopolymer PS/PMMA blend deposited on different brushes
in such a way that droplets formed easily after dewetting. After an
annealing of 10 min at 230 °C, the final morphology of the
surface consisted of semispherical micrometer-scale droplets, in
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Figure 3. (a,c,e) AFM topography, Young’s modulus, and deformation maps of (a) a PS droplet, (c) a PMMA droplet, and (e) the homopolymer blend
after SIS. (b,d,f) Profiles reporting the value of the Young’s modulus for (b) PS, (d) PMMA, and (f) infiltrated PMMA. Deformation maps show that the
samples were probed under similar conditions. The set-point force was set at 20 nN for all samples. From panel f, one can appreciate the increase in
stiffness of the PMMA phase due to five cycles of SIS. The PMMA droplet surface E changes from 3.0 + 0.5 to 5.3 + 0.7 GPa. The PS surface modulus
tends to be less affected (even showing an apparent softening), changing from 2.6 # 0.3 to 2.2 # 0.4 GPa. The value reported is the average E value along

the 10 line profiles. Scale bar = 1 ym.

which the two blend components were easily distinguishable.
Figure la shows how the dewetting behavior changed when the
fraction of PMMA in the brush was increased. The relative
affinity of the surface for the two blocks defines the contact angle
of the droplets with the substrate and, thus, the final morphology
of the film after annealing. On top of brush films with greater
affinity for PS (PS—OH and R70), PS formed large drops, which,
in turn, incorporated smaller PMMA droplets. When the blend
was deposited on top of R60, the opposite behavior occurred,
with large PMMA droplets tending to incorporate smaller PS
droplets. Figure 1b shows an SEM cross-sectional image of a
droplet formed on a PS—OH brush and subjected to five SIS
cycles. In this case, a central island of infiltrated PMMA was
surrounded by a larger PS region. The image allows for a rough
estimation of the infiltration depth (80—90 nm), as it presents a
clear distinction between the darker pristine PMMA and the
lighter gray infiltrated PMMA. The infiltration thickness was less
than the 200—300 nm reported previously for similar infiltration
conditions’ but still ensured that the SIS process completely
saturated the BCP thin films, whose thicknesses were usually less
than 50 nm.

Homopolymer blends, before and after SIS, were analyzed by
AFM. The results are presented in Figure 2. A clear phase
contrast allows for the identification of the two components of a
noninfiltrated sample (Figure 2a). A height profile is also given in
Figure 2a to appreciate the size of the droplet. Panel b of Figure 2
shows that the PMMA root-mean-square roughness (R,
remained substantially unaffected by the five SIS cycles. The R,
value was calculated after the flattening of the topography (thus
the subtraction of the droplet curvature): It remained less than
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0.25 nm in all three samples deposited on the different brush
layers. Sample morphology and roughness values are summar-
ized in panel c of Figure 2. The main feature is that the PS surface
showed a consistent increase in surface roughness after SIS, due
to the nucleation of AL, O5 clusters. In contrast, the surface
roughness of the infiltrated PMMA areas exhibited a small
decrease.

In the determination of nanomechanical properties, micro-
meter-size homopolymer droplets present the advantage that
high lateral resolution is not needed, and as a result, a duller AFM
tip can be used to increase contact area. In this way, the data are
more accurate and can be compared to the results obtained from
nanoindentation or macroscopic measurements.”* In Figure 3,
we summarize the results from the investigation of three samples:
a PS droplet (Figure 3a,b), a PMMA droplet (Figure 3c,d), and a
blend of the two components after infiltration (Figure 3e,f). We
found that the surface modulus of the PMMA droplets increased
from 3.0 + 0.5 to 5.3 + 0.7 GPa after five cycles of SIS. This
relatively low increase is compatible with the diffusion of the
TMA precursor (for five SIS cycles, PMMA carbonyl sites should
be saturated") and the incorporation of Al,O; within the polymer
without the creation of a continuous scaffolding. On the contrary,
the PS surface stiffness was less affected (even showing an
apparent softening), changing from 2.6 + 0.3 to 2.2 + 0.4 GPa.

3.2. Infiltrated PS-b-PMMA Self-Assembled Films. Two
types of PS-b-PMMA films were investigated: C3S (vertical
cylinders) and L37 (vertical lamellae). Starting with cylinders,
Figure 4 shows the changes in surface morphology as a function
of the number of SIS cycles. From the SEM images in Figure 4,
one can clearly observe a reversal in contrast: Vertical PMMA
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Figure 4. Comparison of SEM images of C35 BCP samples: (a) pristine and (b,c) infiltrated by (b) five and (c) eight SIS cycles. SEM top views show
how, in the pristine film (without PMMA), cylinders appear as dark spots. We also notice a switch in contrast (vertical infiltrated PMMA cylinders
appear as brighter spots after SIS) and a widening of the infiltrated area. Next to each SEM top view are shown AFM topography maps. Images were
acquired in tapping mode. Vertical PMMA cylinders are disposed in a hexagonal lattice, as shown in each inset. All scale bars represent 200 nm. (d)
Comparison of height profiles, showing progressive swelling due to SIS. (e) Schematic representation of the overall effect of eight SIS cycles: A single
PMMA cylinder is likely to increase its height by approximately 1 nm and to widen its diameter by 25% within the first five cycles. (f) Topography
masked by the Otsu method, identifying the PMMA domains (details in the main text). (g,;h) Changes in (g) cylinder diameter and (h) cylinder height as

a function of the number of cycles.

cylinders appear as darker spots in Figure 4a (pristine C35) and
as brighter spots in Figure 4b (after five cycles of SIS) and Figure
4c (after eight cycles of SIS). Top-view SEM images already
provide a clear indication that the PMMA domains tended to
become wider after each cycle. This phenomenon was quantified
through the analysis of AFM images, as described later.

With a methodology similar to that presented in the previous
section, we studied the morphologies of the BCP self-assembled
films after infiltration. First, we employed AFM in tapping mode
under conditions such that the tip—surface interaction was
minimized (“soft” tapping mode, where the tip—surface
interaction is dominated by attractive forces), and then we
probed the same samples in PeakForce Tapping mode to obtain
maps of mechanical properties at the nanoscale. Through
comparisons of the results of the two types of experiments, it can
be ensured that (i) the topographical information acquired in soft
tapping mode is not affected by local deformation and (ii) the
deformation exerted during the PeakForce scan is not plastically
modifying the sample.

From the topographic images, we determined that the
infiltrated PMMA tended to swell.'” The pristine C35 film
presented PMMA domains that were slightly elevated with
respect to the PS matrix, with a difference in height (Ah) of
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approximately 0.35 nm. (This average Ah value was obtained by
threshold masking of the AFM height image according to the
Otsu method.*®) The height difference was approximately 1 nm
within the first five cycles. For a larger number of cycles up to 11
SIS cycles, the increase in height was less pronounced (Figure
4d)h). The slow increase in apparent height after five SIS cycles
was probably due to the accumulation of alumina on top of the
PMMA/SIS phase. These results confirm that the swelling of the
PMMA domains was self-limited" and that it reached saturation
within a few (five) SIS cycles.

The diameter of the PMMA cylinders showed a similar
behavior (Figure 4g). The value of the diameter was obtained by
performing a grain analysis (equivalent grain radius of more than
150 masked areas) after surface reconstruction and masking the
whole AFM height image according to the Otsu method (Figure
4f). The measured diameter for the pristine sample was 20.5 +
1.4 nm, which is in good agreement with the expected value of
19.5 nm.*" After five cycles, the PMMA/SIS cylinder diameter
increased by approximately 4 nm, and no significant additional
increase was observed after adding more cycles. The overall effect
on the PMMA cylinders after eight SIS cycles is schematized in
Figure 4e. The main morphological change that occurred after
more than five SIS cycles was the formation of tiny bridges

DOI: 10.1021/acs.jpcc.6b11233
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SIS cycles. Surface morphology changes according to the schematic shown in Figure 4e. Stiffer PMMA domains (light green) are visible in all images. All
scale bars represent 50 nm. (b) Modulus distribution of a pristine sample, with a clear distinction between PS and PMMA domains. Inset: Resolved E
map of a hexagonal cell of vertical cylinders (light green). (c) Tendency of the modulus of the PMMA cylinders to increase with SIS. Inset: Summary of
the values of the Young’s moduli of the two phases as a function of the number of SIS cycles. The color scale of modulus maps (infiltrated samples) is
nonlinear.
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Figure 6. (a) Force—distance curves acquired on PS and PMMA nanodomains; the red dotted curve (PS) presents higher adhesion. (b,c) Adhesion
force maps comparing (b) a pristine sample with (c) a sample subjected to five cycles of SIS, confirming that the PS surface is not involved in SIS whereas
the PMMA phase shows a shift in adhesion. (d) Two distributions of adhesion force values for PMMA obtained from each scan: pristine (black curve)
and infiltrated (red curve). The color scales of panels b and c are nonlinear. Scale bar = 200 nm.

between the PMMA/SIS phases, probably due to the nucleation are clearly resolved. The evolution of the Young’s modulus of the
of alumina clusters on the PS, as was observed on top of the infiltrated PMMA phase after increasing numbers of SIS cycles is
homopolymer microdroplets. presented in Figure Sc. Whereas the stiffness of the PS phase
The fact that exceeding a certain number of SIS cycles (five in remained constant upon infiltration (~2.4 GPa), the modulus of
our case) led to the formation of a thin top layer of alumina was the PMMA/SIS phase increased consistently over 11 SIS cycles
also confirmed by images recorded in PeakForce Tapping mode. (Figure Sc) from approximately 3.8 GPa (pristine) to 6.5 + 0.7
Figure Sa shows 250 X 250 nm height and modulus maps of C35 GPa. All maps were acquired with the same tip at a constant force
samples ranging from the pristine film to films subjected to 5, 8, set point of 10 nN, inducing an average deformation ranging
and 11 SIS cycles. The value of the Young’s modulus that we from 0.8 to 1.3 nm. This increase is compatible with the creation
report is the average of the region masked by the height threshold of a thin cap of stiff material localized on PMMA/SIS domains®
mask (as reported in Figure 4f). Figure Sb shows the modulus in samples subjected to more than five SIS cycles. Examples of
distribution of the pristine film in which PS and PMMA domains the force curves acquired on the PS and PMMA domains are
3083 DOI: 10.1021/acs.jpcc.6b11233
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Figure 7. (a) SEM top views of vertical lamellae in fingerprint orientation obtained with L37 PS-b-PMMA BCP. SIS-infiltrated lamellae tend to show a
higher contrast: What appears dark in the left panel (PMMA plasma-removed domains) is instead brighter when imaging an infiltrated sample. Scale bar
=200 nm. (b,c) AFM topography acquired in tapping mode of L37 PS-b-PMMA BCP samples with random lamellae in vertical configuration: (b)
pristine and (c) treated with five SIS cycles. (d) Two height profiles confirming PMMA swelling due to SIS. Scale bar = SO nm. (e—g) Topography,
modulus map, and adhesion map, respectively, acquired in PeakForce Tapping mode. As expected, the infiltrated PMMA phase (light green in the
modulus map) shows the reverse contrast in the adhesion map. The color scales in panels e and f are nonlinear. All scale bars represent 200 nm.

presented in Figure 6a. The most visible difference in this set of
curves (taken at a higher set-point force to enhance contrast)
occurs in the region below zero force where attractive forces are
dominant; the most negative value of the force was used to
calculate the adhesion force.

Adhesion force maps comparing the pristine sample and the
sample subjected to five SIS cycles (Figure 6b—d) confirmed that
the PS surface remained unmodified during SIS whereas the
PMMA phase exhibited lower adhesion (Figure 6d) after being
infiltrated. This small shift is depicted in Figure 6d, where the two
distributions of adhesion force values for PMMA obtained from
each scan, pristine (black curve) and infiltrated (red curve), are
reported.

We performed similar characterization of the L37 PS-b-
PMMA BCP with lamellae in both random and aligned
configurations (Figures 7 and 8, respectively). We analyzed the
effects of infiltration on samples subjected to five SIS cycles. The
SEM images before and after SIS show a switch in contrast
(Figure 7a), as occurred for the PS-b-PMMA BCP forming
vertical cylinders (C35 samples). AFM topography shows a
swelling in the range of what was found for C35 (Figure 7b—d)
with the peak—valley distance changing from 0.8—0.9 nm to
approximately 2.5 nm. Figure 7e—g presents a high-resolution
PeakForce Tapping scan of L37 in the fingerprint orientation. A
modest increase in stiffness (PMMA/SIS phase stiffness =3.6 +
0.4 GPa) was also measured, which is consistent with the findings
on cylindrical BCPs examined previously.
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PeakForce Tapping mode imaging was performed on an L37
aligned (directed self-assembly) sample subjected to five SIS
cycles (Figure 8). This sample was subjected to a further step,
consisting of an oxygen plasma etching process to remove the PS
block. In Figure 8a—c, we show topographic and modulus maps
of the vertically aligned infiltrated PMMA stripes. Interestingly,
the oxygen plasma treatment induced a significant increase in
stiffness (Figure 8d) with a distribution of the Young’s modulus
values centered at about 13.6 GPa (red area), much greater than
the modulus distribution before the plasma treatment (green
area), which was centered at about 3.6 GPa. The map was
acquired at 10 nN. To obtain the Young’s modulus distribution,
we first masked the topography by height threshold set at 50%
(inset of Figure 8b), and then we transferred the mask to the
modulus image. The increase in stiffness during the TMA/water
cycles is likely to have been due to the creation of a hybrid
material"® in which AL,O, was dispersed in the polymeric matrix.
The subsequent plasma treatment not only removed the
polymeric portion of the film but also seems to have promoted
the densification of the Al,O; clusters into a stable network,” as
suggested by the significant stiffening revealed in the final
measurements. To confirm this hypothesis, we removed the
PMMA blocks of a pristine sample by oxygen plasma treatment
and measured the stiffness of the remaining PS blocks. The
plasma seemed not to have affected the resulting stiffness, as the
modulus of the L37 PS phase after oxygen stripping revealed a
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Figure 8. AFM topography images of L37 aligned samples subjected to
five SIS cycles. (a) Topography of a wide stripe of aligned lamellae. (b)
Topography of a smaller area (500 X 500 nm) showing the height mask
used to extract E values, which are mapped in panel c. (d) Young’s
modulus histograms comparing the E values PMMA blocks before
(green) and after (red) oxygen plasma treatment. Scale bar = 200 nm.

slight increase in Young’s modulus that was not comparable to
the increase in stiffness of the SIS-infiltrated samples.

4. CONCLUSIONS

In conclusion, we have shown the impact of sequential
infiltration synthesis on the morphology and mechanical
properties of PS-b-PMMA BCPs by AFM characterization. We
have demonstrated that the methodology is adequate for
determining the optimal SIS process conditions. The results
confirmed that the optimal number of SIS cycles under the
processing conditions used in the present work was between 5
and 11 but that, after more than five SIS cycles, the appearance of
alumina bridges between PMMA features was induced. The
PMMA surface roughness remained substantially unaffected by a
few SIS cycles, whereas the PS surface could eventually show
roughening as a result of the nucleation of Al,O; grains. We
confirmed that the swelling due to SIS was self-limited and

reached saturation in a few (five) cycles; for more than five cycles,
the formation of alumina networks tended to progress on the
surface connecting the PMMA domains.

The results of the determination of the Young’s modulus are
summarized in Table 1. Infiltration was found to increase the
PMMA stiffness (40—70%) but to leave the PS elastic modulus
substantially unaffected. No major differences were found in the
resulting properties of the blocks depending on whether the
infiltrated films consisted of vertical cylinders or lamellae. The
increase in Young’s modulus of the infiltrated phase was modest
compared to the final stiffening after treatment with oxygen
plasma, suggesting that further densification of the alumina
domains occurred during exposure to oxygen plasma.
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