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ABSTRACT: The mechanical properties of several types of block
copolymer (BCP) thin films have been investigated using
PeakForce quantitative nanomechanical mapping. The samples
consisted of polystyrene/poly(methylmethacrylate) (PS/PMMA)-
based BCP thin films with different pitches both randomly oriented
and self-assembled. The measured films have a critical thickness
below 50 nm and present features to be resolved of less than 22 nm.
Beyond measuring and discriminate surface elastic modulus and
adhesion forces of the different phases, we tuned the peak force
parameters in order to reliably image those samples, avoiding plastic
deformation. The method is able to detect the changes in
mechanical response associated with the orientation of the
PMMA cylinders with respect to the substrate (parallel versus
vertical). The nanomechanical investigation is also capable of
recognizing local stiffening due to the preferential growth of alumina
deposited by atomic layer deposition on BCP samples, opening up
new possibilities in the field of hard mask materials characterization.
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1. INTRODUCTION

Among alternative lithographic methods for the creation of
ordered patterns, direct self-assembly (DSA) of block
copolymer (BCP) is attracting major interest and effort."
Due to the potentially high throughput and relatively simple
processing, DSA is likely to be adopted by the microelectronics
industry within a few years. BCPs are macromolecules that are
formed by two (or more) polymer chains (blocks) joined by
interblock covalent bonds. The two phases, which are
thermodynamically incompatible, have a natural tendency to
separate at length scales close to the polymer’s chain
dimensions. Phase separation will generate nanostructured
morphologies with different structural configurations (plates,
cylinders, spheres, or other more complex shapes) depending
on several parameters (i.e., the ratio of molecular weights of the
blocks forming the copolymer).” The spontaneous formation of
nanostructures has to be guided to obtain long-range order and
the desired orientation,* often employing a so-called guiding
pattern generated either by conventional lithography' or
alternative methods.” The future employment of such
structures in the semiconductor industry is thus raising new
issues related to metrology and inspection.

Atomic force microscopy (AFM) can overcome the problems
usually connected with nanoindentation (in which typical
indentation depths range from about 10 nm to 10 um)®’ by
probing the very top surface (less than 10 nm), and it is broadly

v ACS Publications  © Xxxx American Chemical Society

used to simultaneously capture surface topography on the
nanometric scale and map the qualitative differences in local
surface properties such as friction, adhesion, and elastic
modulus on several kinds of samples, such as polymers,®’
paper coatings,10 and proteins.11 Using PeakForce quantitative
nanomechanical mapping (QNM), it is possible to reliably
quantify Young’s modulus (E) of materials with high spatial
resolution and surface sensitivity.'” This technique is capable of
acquiring a large number of force—distance curves and
elaborates the curves in real time to calculate the mechanical
properties at each point. We apply this technique to
characterize the mechanical properties of polymer ultrathin
films (thicknesses <50 nm) that are challenging to characterize
and are of key interest in the area of advanced lithography and
directed self-assembly of block copolymers. It is also important
to mention that alongside the force—volume-based techniques,
different approaches based on AFM dynamic modes'*~'® have
yielded remarkable results in terms of resolution and
acquisition speed.'

When probing ultrathin films, film thickness is of the same
order of magnitude as the indentation performed so that the tip
also senses the substrate for very small loads and therefore the
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mechanical properties are dominated by the stiff substrate,
resulting in rather large apparent modulus values compared to
the bulk one."” To avoid the substrate effect (or the so-called
double-layer effect), it is widely accepted to limit the
indentation depth to less than 10% of the film thickness.'®"
Interestingly, using a larger indenters radius™ (and thus
reducing the contact strain) does not imply a more accurate
measurements of E for hard polymeric thin films'® (GPa range)
and moreover would prevent the resolution of different BCP
phases. We experimentally validated those findings, showing
that by using standard AFM tips under precise indentation
conditions and fitting the data with simple Hertzian models it is
possible to reliably measure E with no need for further
corrections. Preliminary results previously published”' give an
indication of the proper indentation conditions when the two
polymers composing the BCP are polystyrene (PS) and
poly(methylmethacrylate) (PMMA), more precisely, poly-
(styrene-n-methilmethacrylate) (PS-b-PMMA), generating la-
mellae-like domains with a 42 nm pitch. PS-b-PMMA thin films
can self-assemble into ordered periodic structures on the
molecular scale (5 to S0 nm) with a rich variety of nanophase-
separated structures (lamellar, pillars, etc.). The difference in
elastic modulus between the two phases (PS, PMMA) when
measured in the bulk is around 0.6 GPa. In this work, we
extend the investigation to different PS-b-PMMA-based films
forming both lamellae and cylinders, analyzing the response of
the film at various loads (and thus deformation), describing the
mechanical behavior of the polymer phase when indented
under precise experimental conditions, and pointing out the
force threshold at which the response is no longer purely
elastic. We also provide insight into the changes in mechanical
properties of the differently oriented domains, for example,
measuring the different elastic response of the cylinder
structures when vertically or horizontally aligned. We also
show that it is possible to overcome typical limitations of
friction force microscopy and tapping mode where only the top
surface layer is probed. In terms of lateral resolution, we bring
the technique to its spatial limits'® by discriminating nano-
phase-separated structures with a half pitch of 11 nm. As a final
benchmark we measured BCP samples that have undergone
several cycles of alumina deposition by atomic layer deposition
(ALD), clearly showing how the stiffness increase is limited to
the former PMMA domains.

2. MATERIALS AND METHODS

Grafting of the Hydroxyl-Terminated Polystyrene (PS-OH)
Brush Layer. The starting substrates are p-type silicon (4—40 Q-cm
resistivity) chips bearing a native silicon oxide layer. In order to
achieve segregation and directed self-assembly (DSA) a supporting
brush layer is anchored on the bare silicon. The brush layer is created
from PS—OH (M, = 4.5 kg'mol™!, PDI = 1.09), purchased from
Polymer Source, Inc. The grafting process starts by coating the silicon
surface with the polymer brush. Previously, the silicon surface has been
cleaned and activated by O, plasma for 10 min to allow the reaction
between the hydroxyl groups from the PS—OH and the native oxide of
the surface. A 40-nm-thick PS—OH brush layer is deposited by spin
coating at 5000 rpm from a 1.5% (w/w) toluene solution.
Subsequently, samples are annealed in a nitrogen environment at
260 °C for S min. After the samples are annealed, the unreacted PS—
OH is rinsed away with toluene by ultrasonication at 40 °C for 5 min,
leaving a grafted PS layer of approximately 5 nm.

Block Copolymer Self-Assembly. The BCPs employed were L37
poly(styrene-n-methyl methacrylate) (PS-b-PMMA 50:50, M,, = 79 kg-
mol™!, PDI = 1.13), L22 poly(styrene-n-methyl methacrylate) (PS-b-
PMMA 50:50, M,, = 42.3 kg:mol !, PDI = 1.1), and C3S poly(styrene-
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Figure 1. (a) Hertz contact model for a spherical indenter. (b) Typical
force plot on a PS reference sample of E & 2.7 GPa obtained with a
cantilever of nominal stiffness K = 42 N/m. All parameters used by the
real-time calculation are reported. The deformation is obtained from
the approach curve. The minimum force fit boundary and the
maximum force fit boundary positions are set at 90 and 15% of the
peak force, respectively (approach curve branch), thus the deformation
reported is slightly smaller than full deformation. The portion of the
withdraw curve used for the fit to obtain the modulus is also indicated.

n-methyl methacrylate) (PS-b-PMMA 69:31, M,, = 60.8 kg-mol ™", PDI
= 1.09); the prefix L or C indicates the foreseen segregation
configuration (L for lamellae and C for cylinders) while the number
indicates the L, pitch dimension of the features. The PS-b-PMMA
powder is dissolved in PGMEA, resulting in a 1.5% (w/w) solution.
The block copolymer solution is spin-coated onto the brush layer to
obtain a film with a uniform thickness. Afterward, the samples are
annealed for 10 min at 230 °C in nitrogen in order to achieve self-
assembly, or the so-called “fingerprint” pattern. Film thickness was
measured by AFM after gently scratching the film with plastic tweezers
(Figure S2 in the Supporting Information).

Atomic Layer Deposition. Alumina was synthesized using binary
reactions of trimethylaluminum (TMA, Aldrich, 97%) and water at 85
°C within the polymer films in order to infiltrate the PMMA phase
preferentially. The deposition was performed as follows: first, chamber
stabilization with nitrogen was performed for 10 min. Then, the
precursor, TMA, was admitted into the reactor in predetermined
concentrations for 60 s. Afterward, the chamber was purged with
nitrogen for 60 s. The same procedure as above was repeated for
water. This entire sequence was repeated cyclically. Detailed process
parameters are explained elsewhere.””

Atomic Force Microscopy. Imaging of surface topography and
surface material properties was obtained using an atomic force
microscope (AFM) (Dimension Icon, Bruker) operating in peak force
tapping mode mounting standard tapping cantilevers (OTESPA and
RTESPA, from Bruker; nominal radius of 7 nm) and super sharp
tapping cantilevers (TESP-SS, from Bruker, nominal radius of 4 nm)
used for both imaging and PeakForce. Cantilever spring constants k
range from 26 to 42 N/m, and the tip half angle is less than 18°. The
value of the peak force ranged between S and 150 nN. This range of
cantilever stiffness is particularly suitable for obtaining comparable
(therefore detectable) values for the cantilever deflection (d.,,) and
the sample deformation (dsample) during the nanoindentation experi-
ments, as can be estimated from

F
dcant k ( 1)

J _( 3F )2/3
sample 4E*\/E (2)

where F is the load force, R is the tip radius, and E* is the sample
reduced Young’s modulus (d,,. here is the indentation calculated
with the Hertzian contact model). During measurements in PeakForce
the Z-piezo is modulated at a frequency far below the cantilever
resonance frequency (2 kHz), and the vertical motion of the cantilever
relies on the deflection (force) signal for feedback so that the surface
position is acquired when the maximum cantilever deflection (the peak
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Figure 2. AFM topography: (a) reduced modulus and (b) maps of a PS film used as a reference for calibration. The set point force (peak force) was
increased during the scan in order to identify the optimal indentation conditions. The average deformation is reported for each increase in force. In
(c) the value of the sample reduced modulus E* is plotted along profile 1. As the deformation reaches 2.1 nm, the value of E* does not change with
respect to the force applied, matching the reference value +10%. The inset plots the apparent elastic modulus as a function of peak force. (d) 3D
topographies of a C35 sample (vertical cylinders configuration) at various force set points; as deformation approaches 2 nm all circular PMMA
domains become clearly visible in the topography.
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Figure 3. Reduced modulus map (a) of a 40-nm-thick L22 PS-b-PMMA BCP film. Three force set points (10, 50, and 100 nN) are applied during
the same scan in order to identify the optimal indentation conditions. Spatially averaged reduced Young’s modulus values of the whole image along
the slow scan direction are plotted in (b). E* related to the bulk polymer film is measured for deformation d between 1 and 4 nm (center part of
panel b). When d exceeds 10% film thickness, the proximity of the stiff substrate begins to influence the measure and the so-called double-layer effect
becomes visible.

force) equals the force set-point value. Peak interaction force and To determine the elastic modulus of the sample the curve is fitted
material property information is collected for each individual tap. By with the Derjaguin—Muller—Toporov (DMT) model,”* applicable to
calibrating of the optical lever sensitivity, cantilever spring constant, systems with low adhesion and a small tip radii, using a portion of the
and tip radius, the force vs distance curves obtained yield quantitative unload curve as the fit region. The DMT model is a modified Hertzian
information such as the elastic modulus, adhesion force, sample model that also takes adhesive forces into account. The reduced

deformation and dissipated energy. The deflection sensitivity of the modulus E* comes from the formula

cantilever was calibrated on a hard sapphire substrate. Cantilever axial 4 3

stiffness was calibrated by the Sader method.” F= EE* Y RdsamPle + Egn 3)
In Figure 1 we report one force vs separation curve obtained with a

single approach (blue) and withdraw (red) on a PS reference sample. Here, F,g, is the maximum adhesion force and dgpy. is the

The various region marked indicates the parameters taken into instantaneous sample deformation (that depends on the instantaneous
value of the applied force). In the present work we will refer always to

the reduced modulus E*. The relation between E* and the sample
modulus E; is

consideration during the calculation of mechanical properties. The key
parameter deformation is defined from a portion of the approach
(blue) curve, and it is the parameter represented in the deformation
images. The minimum and maximum fit boundary parameters were 1 1-y> 1-1
kept at 90 and 15% of the peak force, respectively, in all experiments. =

. . . ) o E* E, E (4)

The quantity d (deformation) measured in the experiments is slightly s
smaller than the full deformation (or d,yp at maximum force), being where v, and E, are the Poisson’s ratio and elastic modulus of the tip
d ~ 0.75dsy. The indentation could be eventually measured as the and v, and E; are the Poisson’s ratio and elastic modulus of the sample.
separation from the minimum force to the peak force in the loading Assuming that the tip modulus, E, is much larger than the sample
curve. modulus (E, &~ 160 GPa), we can neglect the first term. Approximating
C DOI: 10.1021/acs.langmuir.5b02595
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v, to 0.34 for both PMMA and PS,° the relation between the reduced
and sample modulus becomes E, = 0.88E*.

The tip radius values were obtained using a calibration kit from
PELCO.” By scanning a mica substrate with attached Au spherical
nanoparticles of known geometry (nominal particle radius of S nm), it
is possible to calculate the tip radius (Rﬁp) from the height profile. This
method is described in detail elsewhere.”® Tip radii degrade quickly
during the scan, deviating consistently from the nominal value (ie., 7
nm) in a few scans. Once the tip radius was calculated, we performed a
500 X 500 nm? scan at 128 X 128 resolution on the PS reference in
order to verify the indentation conditions. A reference sample
characterization is shown in the Supporting Information (ESI), Figure
S1. The images shown in this article correspond to the first image
acquired after tip radius calibration. When the tip radius exceeded 11
nm, the tip was discarded. For simplicity in all figures the nominal
radius is taken into account. The topography images were subjected to
a second-order polynomial flattening algorithm to correct for surface
tilt and bow effects. Some of the modulus images obtained ata 1 X 1
um?* scan size were subjected to FFT high-pass filter smoothing in
order to remove noise.

3. RESULTS AND DISCUSSION

Identifying Optimal Indentation Conditions. Thin film
mechanical properties may vary consistently from bulk values.
Apart from the influence of a rigid substrates, other phenomena
might influence indentation experiments with AFM.'®*° The
thin film glass-transition temperature may increase or decrease
with respect to bulk values depending on the film thickness and
the interaction with the supporting substrate.”” A softer
liquidlike layer is probably present at the polymer—air
interface,”® even if its influence could be neglected due to the
compression exerted by the tip during indentation. Moreover,
end chains with lower surface energy tend to migrate to the
surface of glassy polymers.”” These factors lead to difficulties in
the quantitative interpretation of the modulus values obtained
and demand for precise indentation conditions for reliable
quantitative results.

As a first reference sample we probed a PS film (nominal E
value = 2.7 GPa) at various peak force set points (Figure 2).
Between 0.4 and 0.9 nm of deformation, the E* value shows a
step (increase) every time the set point peak force is raised
(Figure 2b); in addition to that, by representing E* versus the
peak force a minimum threshold for deformation lies between 1
and 2 nm, i.e., a peak force larger than 15 nN is needed, leading
to the conclusion that the very top layer is not representative of
the intrinsic elastic properties of the material. When
deformation is between 2.1 and 3 nm, E* remains constant
as expected, matching the nominal value of the reference
sample (2.7 GPa) with 10% variability, within the RMS value of
the modulus image (0.26 GPa).

Topography contrast results were also enhanced by optimal
indentation condition, as shown in Figure 2d. In this panel, we
show 3D topographies of a different sample, the surface of a
C35 PS-b-PMMA BCP oriented in vertical cylinder morphol-
ogy. As the topography in peak force is generated at maximum
loading, different materials will deform differently, thus
contributing to the contrast in the height signal. Height maps
taken at lower loads/indentations (15, 25 nN) do represent the
topography of the sample surface, but images taken at higher
loads (40, 60 nN) capture each polymer domain better, with
PMMA domains (vertical cylinders) resulting in higher
topography. Real surface topography could eventually be
reconstructed, acquired with a very low force set point or
from “soft” tapping (i.e., minimizing the tip—sample
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Figure 4. Force curves acquired on an L37 PS-b-PMMA BCP thin
film. The indentation position lies in the middle of the PS phase (a)
and PMMA phase (b), as the two insets illustrate. Approach and
withdraw curves overlap in the linear region, showing a purely elastic
response. When increased loads are applied (120 nN) the sample
undergoes a plastic deformation that is different for each phase (c); the
area between the approach and withdraw curves represents the work
required to plastically deform the material. The inset in (c) is an
adhesion map of the area scanned. Even if topography results are
altered by the deformation, in the adhesion channel it is still possible
to clearly identify both phases.

interaction), resulting in a much flatter surface® with a
roughness of about 0.3 nm,,,; (Figure S3 in ESI).

After identifying the minimum deformation required for bulk
reliable measures, we characterized a 40-nm-thick PS-b-PMMA
BCP L22 film. As illustrated in Figure 3, the presence of a stiffer
substrate becomes visible for peak force loads above 50 nN (d >
4 nm), with such a value matching the empirical estimation. We
have thus identified that the optimal deformation must be
between 1 and 4 nm for R & 7 nm.
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Table 1. Characteristics of BCP Samples”

sample M, (kg/mol) thin film morphology thickness (nm) R,” E*pg phase (GPa) E*pMMA phase (GPa)
L37 79 vert. lamellae 1 1.97 £ 021 3.10 £ 0.73
122 42.3 vert. lamellae 1 2,63 + 0.19 3.08 + 0.20
C35 60.8 vert. cylinders 222 2.36 £ 0.25 291 £0.22
horiz. cylinders 2.09 + 0.24 2.74 £ 0.27
“E* values correspond to the center of each Gaussian distribution. “R: molar ratio of PS to PMMA.
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Figure 5. Characterization of a self-assembled L37 PS-b-PMMA BCP thin film sample: (a) SEM image of the film after the PMMA phase has been
removed by oxygen plasma and then height (b), adhesion (c), elastic (d), and deformation (e) maps of the same sample acquired by peak force
tapping at a 30 nN set point. In the graphs below we report the detailed profiles of the topography (f), reduced modulus (g), and deformation (h),
with the profiles indicated as 1, 2, and 3, respectively. For deformation and elastic maps the corresponding Gaussian fittings of the data histograms

are also reported in (i) and (j).

As it is shown in Figure 4a,)b, under the above conditions,
approach and withdraw curves overlap in the linear region,
showing a purely elastic response. When increased peak force
loads are applied (120 nN), the sample undergoes a plastic
deformation that is different for each phase (Figure 4c); the
area between the approach and withdraw curves represents the
work required to plastically deform the material.

Self-Assembled BCP Samples. Three different BCP films
have been characterized after the self-assembly, and their
characteristics have been summarized in Table 1. In all BCP
samples, deformation was kept between 1 and 4 nm. The
contrast between the two phases (PS and PMMA) reverses
from the modulus (PS phase softer/darker) to deformation and
adhesion maps (PS deforms more and always results in higher
adhesion as depicted in Figure 4c). The value of E* reported in
Table 1 is obtained by fitting the modulus distribution of a
single image (256 X 256 resolution) to two Gaussians, each
representing the modulus distribution of each phase. The
center of the two distributions is given as a reference reduced
modulus. The values of E* are compatible to the values
measured for PS thin films having the same thickness and
similar molecular weight at ambient temperature.’’ Deforma-
tion distributions have been presented in the same way. Such
distributions give additional information regarding the sample
probed; in fact, the size of each segregated phase is close to the
volume of interaction of the tip. As foreseen, the two peaks (PS
and PMMA) are better resolved for wider-pitch BCPs (L37 and
C35 vertically oriented cylinders). First we imaged a PS-b-
PMMA (L37) BCP thin film (43 nm thickness) with a standard
silicon tip (OTESPA) under the proper indentation condition
(30 nN set point force). Adhesion, modulus, and deformation
channels (Figure Sb—d) present enough contrast to distinguish

the two segregated phases, with PS and PMMA phases
contributing equally to the histogram (Figure Si). Detailed
profiles of Figure S show the pitch size (Figure 5f) and the
stiffer top of the PMMA phase due to the fact that the probe
interacts only with PMMA lamellae (Figure Sg).

In the following measures we imaged a PS-b-PMMA (L22)
BCP 40-nm-thick film with a standard silicon tip (OTESPA)
under the proper indentation condition (30 nN set point
force). As is shown in Figure 6, vertical lamellae visible by SEM
(Figure 6a) can be also distinguished in all peak force channels
(Figure 6b—e) with contrast between PMMA and PS
worsening in the modulus image. If we look at the surface
stiffness distribution (Figure 6f), the PMMA stiffer component
(red Gaussian) is slightly less represented if compared to L37
where the contribution was equal. The two peaks are also less
separated, with the PMMA phase almost constant (3.08 GPa)
and PS around 2.63 GPa, showing that as the tip radius (in this
case, approximately 7 nm) gets closer to the half-pitch size (11
nm) it will be increasingly difficult to distinguish the elastic
contribution of each separated phase. If the experimentally
determined value of the modulus is influenced by the elastic
response of the surrounding volume, then adhesion (Figure 6c)
is more related to the properties of the topmost surface and
shows a good contrast, which is similar to what happens to the
phase signal when similar samples are imaged in tapping mode.

With the next BCP sample, PS-b-PMMA C3S, the molar
ratio of the PS component changes from 1 to 2.22 with the
effect of changes in the type of segregation occurring
(schematics in Figure 7a). The film thickness chosen produced
a so-called mixed morphology”” in which the PMMA cylindrical
nanodomains orient either parallel or perpendicular to the film
surface within a few hundred of nanometers (Figure 7b). The
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Figure 6. PS-b-PMMA L22 BCP sample characterization: (a) SEM image of the film after PMMA removal by oxygen plasma and then (b) height,
(c) adhesion, (d) E*, and (e) deformation maps of a 500 X 500 nm” area with vertical lamellae randomly aligned. Reduced modulus and
deformation maps are accompanied by a detailed profile, marked as 1 and 2, respectively. For the deformation and elastic map the corresponding
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Figure 7. (a) Schematic representation of the two possible phase organization in a C35 PS-b-PMMA BCP sample. (b) SEM image of the film after
the PMMA phase has been removed with oxygen plasma. In the second column we report the (c) height, (d) elastic, (e) deformation, and (f)
adhesion maps of the same sample acquired by peak force tapping. The scanned area presents both configurations: horizontal cylinders (area marked
with 1) and vertical (marked with 2). To compare the different areas we report detailed (g) height and (h) modulus profiles. The two histogram in
(i) show the difference in deformation between horizontally (1) and vertically (2) aligned cylinders. (j) Modulus histograms of two different scans in
which cylinders were aligned horizontally (above) and vertically (below) as depicted in the insets, showing that the PMMA phase is more strongly
represented in the horizontal configuration while the vertical configuration shows a stiffening effect of both phases. (d) Reduced modulus and (f)

adhesion maps are shown with an adaptive nonlinear color scale.

complete characterization is presented in Figure 7, consisting in
a 500 X 500 nm* scan acquired with a standard silicon tip
(OTESPA) under the proper deformation conditions (20 nN
peak force set point). The topography (Figure 7c) presents a
left bottom area with cylinders lying horizontally while the rest

of the area is filled with cylinders in a vertical position. To
predict the elastic behavior of the sample in the two different
orientations, we ran a simulation using the structural mechanics
module of Comsol Multiphysics 5.0 modeling the indentation
of an infinitely rigid sphere (AFM tip apex) into a cylindrical
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Figure 8. AFM height image acquired in peak force tapping for the PS-
b-PMMA L37 BCP sample as prepared (a) and topographies after
different alumina deposition cycles: three (b), six (c), and nine (d)
cycles. The height difference between PMMA (brighter in all images)
and the PS phase grows during each ALD step, confirming the
preferential deposition of alumina on the PMMA nanodomains. (e)
Schematic of the alumina layer final growth. (f) Histogram showing
the height distribution of the sample exposed to nine ALD cycles. The
height difference between the two phases (Az) is approximately 2.7
nm and corresponds to the expected growth of nine alumina layers
(once Az, is subtracted and the height is corrected by an amount
equal to deformation). In order to minimize convolution effects, a
supersharp Si tip was used for these experiments.

body (PMMA) with different orientations embedded in a PS
matrix on top of a rigid Si layer (details in the SI). As predicted
by the simulation and confirmed by the measurements, vertical
cylinders appear stiffer if compressed perpendicular to the
surface (Figure 7d and detailed profile in Figure 7h).
Consequently, deformation obtained in the two areas will be
different, as the histograms of Figure 7i show. The two phases
are well separated in the deformation distributions with the
more rigid PMMA component (narrower red Gaussian curve in
Figure 7i) shifting from 1.9 to 1.7 nm average deformation.
Two areas with a homogeneous distribution were imaged as
well, and the modulus histograms are reported in Figure 7j,
showing that the PMMA phase is more strongly represented in
the horizontal configuration (larger area under the red Gaussian
curve) while in the vertical configuration the PS component
(area under the blue Gaussian curve) is largely dominating.

Those differences are probably due to different wetting on the
top surface, with lamellae and horizontal cylinders gresenting a
thin wetting top layer largely composed of PS.”> We also
compared the modulus of directed self-assembled areas of the
film and randomly aligned areas expecting mild stiffening due
to the additional stress built during the directed self-assembly,
but we did not notice any appreciable increase or step in the
modulus profile after crossing the border between the two areas
(Figure SS in the SI).

ALD-based techniques involve gas-phase molecular assembly
reactions to infiltrate polymers with inorganic materials or
selectively deposit oxides in order to obtain a certain hardening
of the polymeric lithography resists and improve the following
pattern-transfer steps. Specifically, the preferential reaction of
the trimethylaluminum (TMA) precursor used for AL,O; ALD
with PMMA functional groups has been successfully proven for
PS-b-PMMA diblock copolymer samples.**** For each cycle,
selective deposition by ALD produces a selective growth of
alumina on top of PMMA domains. In order to verify the
localized stiffening and measure the amount of Al,O; deposited,
we compared three BCP samples exposed to increasing ADL
cycles (3, 6, and 9, respectively) plus a BCP reference sample.
As shown in Figure 8 the thickening of the PMMA phase is
consistent with the increasing number of cycles run on each
sample (Figures 8a—d). In Figure 8f the histogram shows the
height distribution of the sample exposed to nine ALD cycles.
The height difference between the two phases (Az) is
approximately 2.70 nm and corresponds to the expected
growth of nine alumina layers. We can estimate that nine cycles
deposit 0.9—1.08 nm of ALO3;*® once we have subtracted Az,
the initial difference in height between the two phases (Az, =
1.35 nm), plus an additional Azy = 0.40 nm corresponding to
the local deformation (average obtained from the deformation
channel), what remains is a 0.95 nm thickness that lies in the
expected range (Figure 8e,f). In Figure 9 the increasing local
stiffening of the PMMA phase due to Al,O; deposition is
clearly detailed. We report four elastic maps with the same
color scale (Figure 9a) for samples exposed to a progressive
number of ALD cycles (pristine, three, six, or nine cycles),
showing how former PMMA domains become brighter (stiffer).
To better detail the deposition we report a line modulus profile
of three PMMA phases (Figure 9b); in the graph, it is evident
how the PS elastic response remains constant after several ALD
cycles while PMMA domains covered by alumina present
considerable stiffening (from 3 to 10 GPa). To better describe
the effect of ALD we also reported the data histograms of the
elastic maps reported in Figure 9a, showing the progressive
increase in the stiffer alumina phase on the overall sample area.

4. CONCLUSIONS

Peak force measurements make it possible to access the local
mechanical properties of the single segregated phases in BCP
ultrathin films, surpassing the limitations of standard nano-
indentation methods. Through accurate tip calibration and
adjustments of the indentation conditions, avoiding plastic
deformation and minimizing the substrate influence, we could
discriminate PS and PMMA phases in terms of the surface
modulus and adhesion forces, resolving features approaching 10
nm lateral size. Average modulus values of PS and PMMA
phases are compatible with existing literature values. Interest-
ingly, the technique is able not only to distinguish composi-
tional differences but also to detect the influence of domain
orientation on their elastic response, as found while indenting
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Figure 9. L37 BCP sample stiffening effect due to ALD cycles: (a) AFM elastic map of the BCP “fingerprint” unmodified compared to the elastic
map of the same BCP exposed to an increasing number of ALD cycles (three, six, and nine). From left to right, the PMMA phase becomes brighter
as expected (the color scale is the same in all four images). (b) Detailed profile of the reduced modulus along three PMMA domains for each sample.
It is clear how stiffness increases locally only on former PMMA sites while the PS elastic response remains unchanged. (c—f) Data histograms of the
elastic maps reported in (a) showing the progressive increase in the stiffer alumina phase on the overall sample area.

vertical and horizontal PMMA cylinders in a PS matrix. The
technique that is shown also has the unique capability of
recognizing local stiffening induced by the deposition of
alumina, and it is able to recognize the evolution in terms of
thickening and stiffening after each ALD cycle, making the peak
force an ideal tool for the monitoring of hard mask growth/

infiltration in polymers.
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