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Introduction
Highly localized probing of surface nanomechanical prop-
erties with a submicron resolution can be accomplished with
scanning probe microscopy (SPM). The SPM ability to probe
local surface topography in conjunction with mechanical, adhe-
sive, friction, thermal, magnetic, and electric properties is
unique.! However, the quantitative probing of the nanome-
chanical materials properties is still a challenge and only a few
examples have been published to date.

In this note, we briefly review the latest developments in
the nanomechanical probing of compliant materials
(predominantly polymers). We solely focus our analysis of
SPM-based approach in a so-called static force spectroscopy
(SFS) mode. It is obvious that useful results can be obtained
with classic nancindentation technique and dynamic force
spectroscopy (DFS). However, the first approach lacks the
ability of micromapping surface mechanical properties with
high spatial resolution (especially for the compliant materials
considered here), and DFS still suffers from ambiguous inter-
pretation. Finally, it is worth noting that this is not a compre-
hensive review with all developments meticulously listed but
rather a brief sketch of recent findings from the authors’ lab.

Basic Principles

SPM is a microcantilever-based experimental technique
that uses a highly sensitive optical detection scheme to monitor
a very minute (a small fraction of a nanometer) deflection of
the microfabricated cantilever with a very sharp tip attached
(Figure 1). Cantilever length is within 50 to 200 ym. The canti-
lever is usually tilted to assist optical detection. Typical tip ra-
dius is within 10 nm to 50 nm and its shape is, usually, close to
paraboloid. For nanomechanical probing in the SFS mode, ex-
perimental data are collected in the form of so-called force-
distance curve (FDC) that is, essentially, a cantilever deflection
versus a piezoelement displacement during approach and
withdrawal of the piezoelement.

A sketch of a typical FDC presented in Figure 2 displays
four major regions for further analysis. Region | presents no
tip-surface interaction and is assigned as a zero deflection
range. Region [l is related to non-contact interactions
(measurements of weak surface forces, dominated by capillary
forces in air, not of interest in this discussion) followed by a
jump-in contact (impartant for the definition of contact point and
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Figure 1. Scanning probe microscope cantilever in indentation
mode.
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initial indentation). Regicn Il corresponds to the direct intimate
contact of the SPM tip and the surface and is the base for the
nanomechanical analysis. Region IV is the pull-off region during
retracing of the cantilever and its returning to the zero deflection
(measurements of adhesive forces, not discussed here).

The equation for the calculation of Young’s modulus from the
cantilever deflection data can be derived by using a two-spring
linear model of the interacting cantilever and elastic surface
(Equation 3).2 Conditions for quasi-static equilibrium for this model
are presented as the equality of cantilever spring forces exerted
and elastic surface response:

Kn s Zgen = P(h) (1)

where P(h) is a surface response as a function of indentation
depth, A = Zyos - Zgen Zaen i @ measured vertical deflection of the
cantilever, Zps is the vertical displacement of the piezoelement
with attached cantilever chip (Figure 1), k, is the normal spring
constant of an AFM probe cantilever. By using the known relation-
ship between P(h) and materials parameters for the elastic con-
tact, one can obtain analytical expressions for Young's modulus
evaluation.?®

A popular approximation frequently used for the analysis of
the indentation data and calculation of Young's modulus from an
overall FDC slope (Figure 2, region IV) is Sneddon's formula
(Equation 2).° The Sneddon's model gives the relationship be-
tween dFP/dh and Young's modulus, E, in the form:

dP/dh = (2NANT) . E (2)

By estimating dP/dh and the contact area for the specific
shape of the indentor (circular, pyramidal, and parabolic), one can
evaluate the elastic modulus from Equation (2). For routine esti-
mation of the elasticity modulus for small indentation depth, the
Hertzian model of a sphere-plane contact is applied. For larger
indentations, the Sneddon’s model with parabolic tip and a plane
surface contact (Figure 3) is used. The tip shape in the Sneddon
model is described with equation z = b+x?, where b is a parabolloid
focus. In the case of highly adhesive surfaces, the more compli-
cated Johnson-Kendall-Roberts (JKR) model can be used.® For all
models, Young's modulus is estimated from:

E =3/4.(1-AR™ . dPld(h¥?)  (3)

where P is applied force for Hertzian and Sneddon's models. In
the JKR model, the applied force is described with the additional
tip-surface interaction due to adhesion in the contact zone.*® The
R in the equation (3) describes the tip radius in Hertzian and JKR
models, or Sneddon’s tip radius, R = 7/{2+b), in Sneddon’s madel.
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Figure 2. Force-distance curve (FDC) with major regions for
nanomechanical analysis.
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For the polymer systems considered here, we assume:
Eiip >> Epoymer (the elastic modulus of a silicon tip is 160 GPa
versus 0.01 to 5 GPa for polymers).

These approaches were tested for a number of compliant
materials and showed reasonable results for polymers ranging
from very compliant rubbers with E = 2 MPa to hard glassy
polymers with E = 5 GPa.>® Below, we present some of these
findings and summarize major technical steps to be taken to
get practical and reliable results. Major issues in the SFS prob-
ing will be briefly discussed as well.

Selected results and practical advice

Young's modulus for amorphous elastomeric materials is
virtually constant at indentation depths larger than 30 nm.* At
small indentation depths (below 30 nm), unstable results are
caused by the initial tip jump-in phenomenon. The approaches
mentioned above give convergent results and close absolute
values of Young's modulus as demonstrated for a wide range
of polymeric materials. That is, the absolute value for polyiso-
prene rubber is determined to be within 2 to 3 MPa, that is
close to its measured bulk modulus of 2 MPa. The Hertzian
model systematically overestimates the absolute value of
Young's modulus by 20 to 30% due to underestimation of the
initial contact area (zero adhesive force assumption).? How-
ever, for routine calculations we usually select the Hertzian
model, which is relatively simple, gives reliable results, and
does not require additional measurements of surface energy.
The Hertzian approximation works quite well for hard materials
far from the glass transition temperature, as can be seen from
Figure 4, where a Hertzian approximation is applied to stiff,
epoxy-based composites. However, for compliant materials in
a viscoelastic state, significant deviations from the Hertzian
behavior are observed at higher normal loads as demonstrated
for Kraton resins in Figure 4.

Micromapping of surface mechanical properties can be
achieved by repeating FDC pixel-by-pixel within a selected sur-
face area.” Reasonably stable sets of data can be collected for
surface areas from a few micrometers to a few tens of a mi-
crometer across with 32 x 32 or 128 x 128 pixels and a lateral

Figure 3. Tip indentation experiment with two-spring model and
sphere-plane and parabola-plane approximations.

increment better than 100 nm. Ultimate lateral resolution (level of
localization of nanomechanical probing) can be as low as 2 to 5
nm for ultrasharp tips and modest indentation depths. Keeping a
constant Z-range and a threshold level for cantilever deflection are
critical for quality data collection. From collected data, histograms
of the surface distribution of elastic modulus can be calculated as
demonstrated in Figure 5 for composite rubber-plastic films. Sepa-
rate elastic modulus values for rubber (dispersed) and glassy
(matrix) phases can be resolved by this micromapping technigue.
Cantilever choice. SPM probing routine controls only a piezo-
element displacement but not a cantilever deflection. Actual inden-
tation depth can be calculated from a cantilever deflection data. To
get the “right” indentation depth, the appropriate stiffness of the
microcantilever should be selected. Typical indentation depths for
elastic compliant materials are within 50 to 400 nm, but should be
limited to 10 to 30 nm for glassy polymers to avoid plastic defor-
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Figure 4. Experimental loading parts of FDC data for stiff (epoxy
composite) and compliant (Kraton elastomeric resin = SEBS) sur-
faces along with their Hertzian approximations and corresponding
elastic moduli.

L

B prase

tmquancy

it

HEDHERH RN

Yourg's medubus, MPa
Figure 5. Surface topography of rubber-glass (polybutadiene
(PB)-polystyrene(PS)) polymer composite film and corresponding
histogram of surface distribution of elastic moduli with two peaks
for rubber and glassy phases.

Continued on page 12
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mation. Typically, a set of silicon and silicon nitride cantilevers
with spring constants from 0.1 N/m for very compliant surfaces
(E ~ 1 MPa) to 50 to 70 N/m for hard materials (E ~ 1 to 10
GPa) can be used. Harder materials will require a diamond tip
with spring constants higher than 100 N/m. The plot for the mi-
crocantilever selection is presented in reference 8.

Vertical spring constants. To obtain a quantitative value of
elastic modulus, accurate values for vertical spring constant
and tip radius must be known. Vertical spring constants are
very uncertain and manufacturers usually provide a very crude
estimation (£100%). If a better accuracy is desired, one of the
handy but labor-consuming methods can be used. Added
mass technique, spring-against-spring, damping in fluids, and
modeling resonant response are the most popular approaches
that give precision within £20% (for a brief review see refer-
ence 9). Commercially calibrated tips are available.

Tip radius. To estimate tip radius, one can use a specially
prepared reference sample introduced by Butt. This is a mix of
gold nanoparticles {diameters of 5 to 100 nm) tethered to a
smooth surface (Figure 6). From nanoparticle cross-sections,
the tip radius can be calculated by using a simple spherical
model, or tip shape can be restored by mathematical morphol-
ogy. Tip radii for commercial tips vary in the range from 10 nm
for silicon ultrasharp tips to 20 to 60 nm for silicon nitride py-
ramidal tips. Ultrasharp tips provide much higher resolution
(contact area for modest loads (nN) is close to 1 nm) but usu-
ally are much less stable and prone to brittle fracture.

As is clear from preceding the discussion, comprehensive
analyses of nanomechanical properties requires extensive data
processing and analysis. The authors are developing a soft-
ware package, MMA (MicroMechanical Analysis), that allows
processing of a single FDC and its arrays for surface histogram
evaluation. The detailed description of the calculation routines
applied will be published elsewhere'® and the initial version of
this package will be available soon with a request to the au-
thors for testing and evaluation.

Issues

Several important “issues” that complicate nanomechani-
cal probing are briefly discussed in this section.

Probing procedure. The jump-in contact is usually caused
by strong capillary forces. This results in initial uncontrolled
surface deformation and instabilities in tip deflection measure-
ments for small indentation depths. Usually this range is limited
to several nanometers, but for very compliant materials, it can
reach 30 to 50 nm. This contribution can be reduced by using

Figure 6. Tip radius evaluation from imaging of gold nanoparti-
cles (3D image, top) for parabolic and spherical approximations.

low initial forces (low set point voltage), softer cantilevers, larger
tip radii, and probing in fluid or in dry gas.

Piezoelement nonlinearities. Non-linearity of the SPM piezo-
element is usually not an issue for compliant and low adhesive
materials like polymers. However, for harder surfaces with E > 5
GPa, these phenomena require special attention. Linear behavior
within 1% is observed when “infinite” stiff surface (e.g., a silicon
wafer) is used for a sensitivity calibration under modest (‘100 to
102 nN) loads.

Tilted cantilever. Small tilting of the SPM cantilevers (usually
<10% results in non-axial normal load, lateral movement that can
be as large as 5% of vertical motion, and buckling of the SPM tip.
Complicated vertical-lateral motion of the piezoelement can be
used to compensate for this problem. However, for the vast major-
ity of polymers and under elastic deformation conditions, the stiff-
ness of the SPM tip in the buckling mode is much higher than the
vertical cantilever deflection, and a non-axial contribution does not
significantly affect the data measured.

Topographical contribution. The topographical contribution is
a serious issue for the nanomechanical probing. Having local
groves and ridges with tilting angles higher than 20 to 30° and ele-
vations and depressions on a sub-micrometer scale can com-
pletely change conditions for the local mechanical contact. Actual
contact behavior can be very different from the sphere-plane
model used for data processing. As a result, significant overesti-
mation/underestimation of elastic modulus (100% to probably not
more than 200%) can be observed for concave/convex surface
areas. There are no simple ways to remove this contribution and
analytical models do not exist for the general case. On the other
hand, numerical solution of the contact problem is too cumber-
some and prone to instabilities to be practical. Working with
smoocth, strictly horizontal surfaces, blunter tips, and selecting lo-
cal areas with modest fluctuations of elevations is helpful. Reason-
able results can usually be obtained for surfaces with microrough-
ness of less than 1 um within a 100 x 100 uym area.

Thickness dependence and gradient properties. The nanome-
chanical probing of thin films on solid substrates is limited due to
the influence of a stiff substrate on the elastic response. Depend-
ing upon the ratio between elastic moduli, reliable results can be
obtained for and indentation depth less than 20 to 40% of the
whole film thickness. The variable mechanical properties in the
direction normal to the surface cause deviations from the Hertzian
behavior and can be treated with more complicated contact me-
chanics models.

Rate dependence. The viscoelastic nature of polymeric sur-

Figure 7. Visualization of the crashed tip end shape in the form of
“nanchearts” of about 100 nm across by scanning tethered gold
nanoparticles. Image size is 715 x 715 nm, Z scale is 19 nm.

Continued on page 14
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faces contributes to their mechanical response, especially in
the vicinity of the glass transition temperature where dramatic
variations of both storage and loss moduli are observed. As a
result, significant deviations from the Hertzian behavior are
observed (e.g., see Figure 4) and “apparent” elastic modulus
varies with probing frequency, vertical range and forces ap-
plied. Significant contributions in recorded response can be
seen during micromapping of such surfaces due to a lag in re-
covery of neighboring indented areas. Separation of these con-
tributions is a non-trivial problem. This can be done only for
relatively simple cases by using one of the viscoelastic models
like the Maxwell or Voight models. Keeping, if possible, identi-
cal probing conditions for different surfaces helps to create
comparable measurements. Thermal drift can be also an issue
if the thermomechanical properties are probed at elevated tem-
perature and high-resolution (time-consuming) micromapping
is exploited (with pixels 64 x 64 and higher).

Tip crashes and contaminations. This is a common prob-
lem for nanomechanical probing of compliant materials that
can prevent any meaningful data processing. Hunting for high
I resolution requires ultrasharp silicon tips, which are very unsta-

ble against multiple probing and calibration on a stiff (e.g., sili-
con) surface. Usually tips with R < 10 nm cannot pass this test.
Stable results can be obtained with silicon nitride or silicon ni-
tride coated tips with R > 20 nm. Contamination of SPM tips is
always an issue and periodic cleaning with solvent or under
I UV-light is needed. Checking of the tip shape before and after
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a series of measurements with, for example, gold nanoparticles
imaging is required to have a correct “current” value of tip radius.
As a result of tip crashes, the tip end can assume a very frivolous
shape such as, for example, “nanohearts” presented in Figure 7.
Two “nanoheart” images with apparent lateral sizes about 100 nm
and one “broken" nanoheart in-between were obtained by scan-
ning tethered gold nanoparticles with diameter of 10 nm with the
damaged SPM tip.
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