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e Quantitative nanomechanical
measurements of polymer samples
in HybriD mode showed that the
local elastic moduli correlate well
to their macroscopic values.

e Maps of elastic modulus were suc-
cessfully applied for compositional
mapping of immiscible polymer
blends.

e High spatial resolution of the elas-
tic modulus mapping was dem-
onstrated on polymers with well-
defined lamellar structures.
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INTRODUCTION

Atomic Force Microscopy (AFM) has been intro-
duced for high-resolution visualization of surface
structures with the help of a micro-fabricated
probe with a sharp tip. The tip-sample forces,
which are used for surface profiling in different
AFM modes, can be monitored and optimized
with so-called force curves [1]. The most com-
mon force curve is the dependence of the can-
tilever deflection (D) on the tip-sample distance
(Z) — DvZ. When the probe force is strong enough
it can deform a sample and, therefore, the force
curves are often employed for local mechani-
cal measurements [2]. Such measurements can
be performed in a single sample location or at

THE EXPERIMENT IN HYBRID MODE

multiple sites covering a chosen sample area. The
analysis of these curves in a framework of differ-
ent solid state deformation models provides local
values of elastic modulus and work of adhesion.
Quantitative nanomechanical measurements
(QNM) in a relatively novel AFM mode - HybriD
mode [3] are presented in this application note.
We will describe the experimental routines of
nanomechanical measurements, discuss theo-
retical approaches for calculations of mechani-
cal properties and verify QNM on bulk samples
of neat polymers, on films of immiscible poly-
mer blends and polymer materials with a well-
defined lamellar structure.

In contact mode and in oscillatory non-resonant
modes such as HybriD mode the tip-sample
forces are measured by the deflection of the

cantilever. When a sample is vertically moved to-
wards a probe, the tip comes first in the attrac-
tive and then in the repulsive force interactions



with a sample. These interactions are monitored
by the bending of the cantilever, which is directly
proportional to the force through the cantilever
spring constant. In the contact mode, the DvZ
or force-versus-distance, FvZ curve is recorded
when the sample is moved vertically by a trian-
gular voltage wave applied to the scanner with a
rate in the 0.1 — 10 Hz range. At higher rates, a
ringing at the turnaround points generates un-
welcomed high-frequency responses, and this
limits a fast recording of the force curves and a
construction of high-density maps of mechanical
properties within a reasonable time. In HybriD
mode the situation is improved because the
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oscillatory motion of a sample is actuated by sine
voltage wave and the force curves are collected
at the kHz rate. This allows real-time QNM that
include the time-efficient harvesting of the force
curves and their fast analysis yielding the maps
of local mechanical properties practically simul-
taneously with the height image, which presents
a surface profile.

In HybriD mode a sample is driven at 1.5 kHz rate
and amplitude of these oscillations (typically 30
nm) is chosen to be high enough to embrace a
complete cycle of the cantilever bending from
the baseline to the baseline, Figure 1.
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Figure 1. Force-versus-time, Fvt (left) and force-versus-distance, FVvZ (right) curves in an oscillatory cycle of the HybriD mode. The sine wave in the
left part shows a vertical scanner motion. This motion is accompanied by a probe deflection from the initial separation — baseline (1), to slightly
attractive (2) and then repulsive interaction until the tip-force reaches a predefined set-point (3). This approaching part (in red) is followed by a re-
versed sample motion and the tip departure from the sample in the retracting part of the cycle (in blue). The probe bending returns to the baseline
level (5) passing the adhesive well (4). The curve slopes, which are used for the evaluation of elastic modulus, are marked with E.

The related deflection-versus-time, Dvt or force-
versus-time, Fvt curve reflects the cantilever
bending in the approaching and retracting parts
of the oscillatory cycle with the slopes corre-
sponding to the tip-induced deformation and
the attractive wells - to adhesion. The Dvt (Fvt)
curve can be transformed to the DvZ (FvZ) curve
using the sine trace of the scanner. As the solid
state deformation models are applied to force-
vs-deformation curves (Fvh), the latter can be
obtained from the Fvt and FvZ curves using the
spring constant of the probe and optical sensi-
tivity of the microscope. These essential QNM
parameters can be extracted from thermal tune
procedure with the use of Sader approach [4]. In
addition to the spring constant of the probe — k,
a nominal radius of the tip apex (R) can be ap-
plied for analysis of the force curves in terms of
Derjaguin-Muller-Toporov (DMT) model [5]. In
this model the Fvh dependence is described as

F(h)=§Er JREY? 4 27wR

where E — the reduced modulus of the sample

and tip, and W — work of adhesion. The modulus
is related to the Dvh slope:

dD_2a
dh k7 ,
where ais a contact radius derived from } -4
R
The d_D is linked to the experimental slope d_D
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This expression can be simplified by substituting

d_D:x and Lz;—l;=y, then the error oy =

dz

ox
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can be large as x approaches 1. To avoid this ef-
fect in studies of hard samples one should use
the probes with high k that makes
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Our estimates showed that to avoid a double in-

crease of 6y compared to 6x one should choose
probes with k at least of 30 N/m for studies of
materials with elastic modulus of 3 GPa and less;
and the probes with k> 175 N/m — for materials
with elastic modulus of 40 GPa. For evaluation
of HybriD mode capabilities we chose neat poly-
mers: polycarbonate (PC), low-density polyeth-
ylene (LDPE); films of binary immiscible blends
of polystyrene (PS) with poly(butadiene) - PBd,
LDPE, poly(methyl methacrylate) - PMMA, and
polymers with well-defined lamellar morphol-
ogy: high-density polyethylene (HDPE), linear
low-density polyethylene (LLDPE) and block co-
polymers of PS-b-PMMA and PS-b-PBd-b-PS. The
polymer films were thicker than 100 nm to avoid
a substrate influence. The results obtained on a
blend of syndiotactic PS — sPS and poly(vinyl dif-
luoride) —PVDF, which exhibits a dewetting mor-
phology on a Si substrate, were used for a cover
picture.

Our QNM studies were conducted with the NEXT
scanning probe microscope on polymer samples
whose macroscopic elastic modulus was below
4 GPa. Therefore, we employed a Si probe NSG
30A with k = 28.2 N/m and R = 10 nm. In the
experiments, we simultaneously collected height
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Figure 2. The Fvt curves recorded on PC and LDPE with maximal force of 55 nN are
shown in black color. The fit curves are shown in solid gray color. The gray lines are
symmetrical with the respect of the maximal force because they are derived from
the elastic deformation model. The vertical green lines define a retracting part of the
curves, which was used for the fit procedure. The solid red lines define the peak force

area applied for feedback.

images and maps of deformation, elastic modu-
lus and work of adhesion, all with 512x512 pix-
els density. The measurements were performed
in the NT-MDT thermally stable cabinet, where
an electronic control keeps a sample tem-
perature constant with a precision that is bet-
ter than 0.01°C. This allows low-thermal drift
(<0.2 nm/min) studies on areas down to 100 nm
on side with the scanning rates in the 0.4 — 1 Hz
range.

It is good practice to perform the tip engagement
to the sample in the amplitude modulation (AM)
mode, which is characterized by the most gen-
tle tip-sample forces. Soft approach, which is the
unique feature of NT-MDT microscopes, provides
a probe landing, in which an initial intermittent
contact is judged by the jump in the phase sig-
nal of the oscillating probe. After this happens
at a particular amplitude, the AM servo can be
switched off and HybriD mode can then be cho-
sen for operation.

The on-line analysis of the elastic modulus was
performed using the DMT model in two differ-
ent approaches. This is one of several models:
Hertz, Sneddon, Johnson-Kendall-Roberts — JKR,
which are embedded in our on-line and off-line

analysis software. In the first ap-
PC proach, the point-by-point calcula-
tions of the elastic modulus and work
of adhesion are performed in a region
of interest of the Fvh curve [6]. The
second approach, which is less com-
mon, is based on an optimal fit of the
Fvt curve or its part using the elas-
tic modulus and work of adhesion
as the fit parameters. This approach
is shown in Figure 2, where the Fvt
curves obtained on PC and LDPE sam-
ples with the maximal force of 55 nN
are presented.

So far, most of the solid state defor-
mation models, which are applied for
the QNM analysis of AFM curves, de-
scribe the conservative deformation.
i We also limit ourselves to such DMT
model and a comparison of the best
fit theoretical plots with the experi-
mental curves obtained on PC and
LDPE (Figure 2) shows that a deviation
from the conservative case is strong-
er in LDPE, where the asymmetry of



the experimental curves with re-
spect to the force maximum is more
pronounced than in the case of PC.
Therefore, we confined the analysis
to the retracting part of the force
curves, and the data reported be-
low were received in such approxi-
mation. Our analysis is restricted to
the elastic modulus data. The work
of adhesion for different polymers
will be analyzed separately.

QNM STUDIES OF NEAT POLYMERS

At the initial stage of verification of
QNM with HybriD mode we have ex-
amined a series of neat polymers,
whose elastic modulus spans from tens
of MPa to several GPa. These meas-
urements are illustrated by studies of
PC and LDPE, Figures 3-4. A scanning
of these polymer blocks was made on
an area of 1 um?, and the force level
was changed from 20 nN to 55 nN. The
height images of PC and LDPE samples
reveal the smooth surfaces with corru-
gations in the range of a few nm.

The deformation and modulus maps
are different for these polymers. The
elastic modulus of PC does not change
as the deformation increases. Its value
isin the 3.0 - 3.5 GPa range that is simi-
lar to the modulus obtained in the mac-
roscopic studies [7].

In the case of LDPE, its elastic modu-
lus has increased from 250 MPa to
400 MPa as the sample deformation
changed from 5 nm to 10 nm (Figure 4).
This result can be explained by the in-
creasing influence of stiff lamellae un-
derlying a top layer, which is enriched
in an amorphous material. Both mod-
ulus values are in the relatively broad
range of macroscopic elastic modulus
of this polymer [7].

The differences of the lamellar content
and morphology are likely responsible
for the variations of the elastic modu-
lus of this polymer.
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Figure 3. The height image and maps of deformation and elastic modulus of PC. The
force was increased from 20 to 55 nN with the scanning in the “up” direction.
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Figure 4. The height image and maps of deformation and elastic modulus of LDPE. The
force was increased from 20 to 55 nN with the scanning in the “up” direction.
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THE ELASTIC MODULUS MAPPING OF IMMISCIBLE POLYMER BLENDS

Study of the relationship between mor-
phology of multicomponent materials and
their performance is an essential issue of
modern material characterization. In the
last two decades the compositional map-
ping of heterogeneous polymer materials
with AFM was performed with the phase
imaging. The latter reveal dissimilarities
of the components, which are expressed
by variations of the energy dissipated by
the probe interacting with these compo-
nents. Yet the correlation between the
phase changes and specific sample prop-
erties such as elastic modulus, adhesion,
and viscoelasticity is not well established.
Even twenty years after the introduction of
phase imaging its interpretation remains
an unsolved problem. For practical pur-
poses, researchers have used a tabulated
relationship between the phase shift and
stiffness of the components derived from
studies of model systems, in which the ra-
tio of the components has been varied in
a systematic way. With the broadening of
HybriD mode applications, there is defi-
nite progress. We'll demonstrate the use
of elastic modulus mapping for composi-
tional imaging of heterogeneous polymer
materials in studies of several PS-contain-
ing blends.

The analysis of the results obtained on the
PS/PBd blend showed that the depressed
domains embedded into a matrix exhibit
a much lower elastic modulus in the map
recorded at 6 nN force. A profile across
the domains shows that their modulus is
in the range of tens of MPa that is much
smaller than the modulus of the matrix (2.5
GPa), Figure 5. These values are close to
the macroscopic moduli of PS and PBd [7].
Hence, we assign the domains to PBd and
the matrix —to PS.

When the imaging force has been in-
creased 3 times, the elastic modulus map
exhibited several changes. The blue-color-
ed profile shows the modulus increase for
both domains but the central location of
the larger domain. This reflects that an en-
forcement effect of the underlying matrix
happens when the domains are not deep.

In a study of PS/LDPE blend, the height image and the elas-
tic modulus map exhibit a binary morphology, Figure 6. In
the modulus profile the depressions and elevations are
characterized by the elastic moduli of 2.5 GPa and 0.5 GPa,
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Figure 5. Height image and maps of the elastic modulus of PS/PBd blend recorded at 6
nN force (top map, red profile) and 20 nN force (bottom map, blue profile). The elastic
modulus profiles are taken across the white dotted lines in the related maps.
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respectively. A comparison of the obtained modulus val-
ues with the macroscopic data for these polymers [7]
pointed out that the depressed regions are enriched in PS
and the elevations — in LDPE.



As the elastic modulus of the components
of the binary blends such as PS/PMMA
becomes closer to each other, the mod-
ulus-based compositional imaging in Hy-
briD mode becomes more complicated.
In some cases the combined AFM/Raman
studies might be quite helpful. (For this
study we have used a combined NT-MDT
Spectra AFM and ThermoFisher DXR Ra-
man™ microscope). The morphology of the
examined PS/PMMA blend was character-
ized by the round-shaped elevated inclu-
sions, which are 50-100 nm higher than the
matrix, Figure 7. Simultaneously with this
height image we recorded a map of the
intensity of the PMMA-related band. This
map revealed that the elevated domains
are enriched in PMMA and, hence, the ma-
trix is dominated by PS.

Height

At present, a spatial resolution of polymer-
specific AFM/Raman imaging is still limited
by several hundreds of nanometers. The
developing technologies of tip-enhanced
Raman imaging might convert this tech-
nique into the chemical analytical tool with
a resolution comparable to AFM.

In the study of the same sample with Hy-
briD mode the elastic modulus contrast
became distinctive only after the tip-force
was raised from 20 nN to 80 nN. The re-
lated height image and the elastic modulus
maps of 2 um area are shown in Figure 8.
At the high force, the elastic modulus
profile shows that the elevated domains
exhibit modulus of 2.5 GPa and the ma-
trix - 3.0 GPa. The obtained values of PS
and PMMA moduli are consistent with
the ranges of the macroscopic modulus of
these polymers, which show that PS is typi-
cally harder than PMMA. Note that in our
samples of the PS/PMMA blend and PS-

Intensity of PMMA Raman Band

Figure 7. The height image and a map of intensity of PMMA-specific Raman band of PS/
PMMA blend.
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Figure 8. The height image and elastic modulus maps of PS/PMMA blend. The top map

b-PMMA the molecular weight of PS and
PMMA was ~ 100K.

was obtained at the maximal force of 20 nN and the bottom map at the maximal force of
80 nN. The modulus profiles are taken along the dashed white lines in the maps.

HIGH-RESOLUTION MAPPING OF THE ELASTIC MODULUS

A tip apex of the majority of AFM probes has a
diameter in the 10-20 nm range and a similar
spatial resolution is expected for local mechanical
measurements. Common polymer structures of a
similar size are lamellae of semi-crystalline polymers
and block copolymers. In semi-crystalline polymers a
lamellar width (10-40 nm) is defined by a length of
the extended part of the macromolecular chain in
folded conformation. Typically, the lamellar length
is higher than the width, and these parameters are

varied dependent on chemical structure, molecular
weight and crystallization conditions. In block
copolymers, in which two chemically different blocks
are covalently linked into one macromolecule, the
lamellar width (typically in the 10-90 nm range) is
defined by molecular weight of the constituents,
and the morphology depends on the conditions of
micro-phase separation, which is defined by the
sample preparation. The QNM studies with the
nanometer-scale resolution were performed on



two neat polyethylene samples: hot-
pressed blocks of HDPE and LLDPE.
These polymers exhibit different
crystallinity due to different content of
chain branching that restricts the chain
folding. The surface of the HDPE sample
is enriched in lamellar structures as
seen in the height images, which were
obtained in the AM and HybriD modes
on 3 um?and 1 um? areas, Figure 9.

The ordered assemblies of lamellae,
which are 20-30 nm wide, cover this
surface. The lamellar structures are
well distinguished in the 1-um height
image obtained in the HybriD mode
due to a stronger tip depression of the
amorphous interlamellar regions in
the imaging with the tip-force of 40 nN
force.

After further reduction of a scanning
area to 400 nm (Figure 10), the height
image shows that the lamellar struc-
tures are slightly disturbed yet the elas-
tic modulus map exhibits the contrast
variations on the individual lamellae of
approx. 20 nm in width and interlamel-
lar amorphous regions. A modulus pro-
file along several lamellae shows that it
is varied between 1.5 GPa on the lamel-
lae and 0.5 GPa in between.

Surface morphology of the LLDPE block
is characterized by a smaller amount
of lamellar structures, which are more
curved and elongated compared to
those in the HDPE sample. The height
and phase images in Figure 11 illustrate
this statement. The stiffer lamellae are
best resolved as dark elongated struc-
tures, which are 30-40 nm wide, in the
phase image. According to the NT-MDT
phase convention, the darker features
in the high-force phase images corre-
spond to stiffer locations.

This semi-empirical assignment is con-
sistent with the results of the elastic
modulus mapping in HybriD mode. The
imaging of the same area in HybriD
mode at the tip-force of 40 nN reveals a
large number of the lamellar structures
compared to the AM images.

Elastic Modulus Height

Figure 9. Height images of HDPE sample obtained in the AM mode (left) and HybriD
mode (right).
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Figure 10. Height image and elastic modu-
lus map of HDPE. The modulus profile is
taken along the dashed white line in the  gg
map.
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Figure 11. Height and phase images obtained in the AM mode on LLDPE sample.



Elastic Modulus

Elastic Modulus

]
1
.||

ol
I\ I-' I'“lw-\.II ", H
I,..I'.l.'.ll r‘;.l !

B 130 160 200 40 nm

Figure 12. Height image and elastic modulus map of LLDPE. The modulus profile is along the dashed white line in the map.
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Figure 13. The height image and elastic modulus maps of PS-b-PMMA. The modulus
profiles are taken in the maps along the dashed white lines.

In HybriD mode the tip penetrates deeper into the
sample through the amorphous polymer, which en-
riches the surface layer.

The lamellar structures are well distinguished in the
elastic modulus map, and the profile taken along sev-
eral lamellae along a white dashed line shows the
modulus variations with a spatial resolution of 20 nm,
which is comparable to the lamellar width. The mod-
ulus values (up to 200 MPa) are lower than in the case
of the HDPE sample that is consistent with the dif-
ferences of macroscopic moduli of these polymers.

The micro-phase separation of block copolymers is
well distinguished in the height and phase images,
which are recorded in AM mode at a relatively high
force level.

The phase contrast, which is dissimilar on the blocks
of a different chemical nature, is not well understood,
and this does not allow an explicit assignment of
the image features to the material constituents. The
situation is definitely improved with the help of the
elastic modulus mapping in HybriD mode. The height
image and modulus maps of the PS-b-PMMA film at
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Figure 14. The height image and the maps of elastic modulus and work of adhesion of
PS-b-PBd-b-PS, which were obtained with the tip-force of 20 nN.

1 um and 400 nm areas (Figure 13) reveal a typical
micro-phase separation pattern.

The modulus profiles taken in the maps demon-
strate the spatial variations with a repeat distance of
50 nm — the periodicity of the micro-phase separa-
tion. The modulus varies between 1.5 GPa and 1.2
GPa. The fact that macroscopic modulus of PS is high-
er than that of PMMA allows assigning the brighter
areas in the modulus map to the PS blocks. Another
block copolymer that we looked at was triblock co-
polymer PS-b-PBd-b-PS, which has been prepared as

CONCLUSIONS

a film on Si substrate. The sample was also annealed
at high temperature, and this led to extended lamel-
lar morphology, Figure 14. In addition to the height
image, a micro-phase separation is observed in the
elastic modulus maps and profiles.

The elastic modulus variations in the 1.7 GPa — 2.4
GPa range follow the morphology. The high modulus
features can be assigned to PS blocks. In the above
examples the modulus profiles follow the nm-scale
phase separation with the spatial resolution ap-
proaching 10 nm.

The presented data of the QNM mapping in HybriD
mode show that the local elastic modulus of most
polymers matches their macroscopic analogs.

This justifies the use of the elastic modulus mapping
for compositional imaging of multi-component poly-
mers that was demonstrated on immiscible polymer
blends.

The elastic modulus mapping of polymer lamellar
structures reveals the modulus variations with spa-
tial resolution of 20 nm comparable with the tip apex
size. This encourages us to apply similar approach to
polymers in confined geometries, which are not ac-
cessible by other mechanical methods. The viscoelas-
tic behavior of polymers is the further subject of our
research with HybriD mode.
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