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Micro- and nano-patterns are gaining increasing attraction in several fields ranging from nanoelectronics to
bioengineering. The mechanical properties of the nanostructures (nanopillars, nanotubes, nanowires, etc.) are
highly relevant for many applications but challenging to determine. Existing mechanical characterization
methods require mounting the testing setup inside a scanning electron microscope (SEM) and additional sample
modification. Here, we propose two atomic force microscopy (AFM) methods, based on contact mode imaging
(CMI) and force spectroscopy imaging (FSI), to determine the mechanical characteristics of individual micro- and
nanopillars as fabricated, without using SEM. We present the working principles of both methods and two case
studies on nanopillars fabricated by additive manufacturing methods: two-photon polymerization (2PP) and
electron beam induced deposition (EBID). Various mechanical parameters were determined using CMI and FSI,
respectively. For the 2PP nanopillars, we measured the stiffness (13.5 + 3.2 N/m and 15.9 + 2.6 N/m), the
maximum lateral force (883.0 4 89.5 nN and 889.6 + 113.6 nN), the maximum deflection (64.2 £+ 13.6 nm and
58.3 + 14.24 nm), the failure stress (0.3 £+ 0.03 GPa and 0.3 + 0.02 GPa), and the adhesion force (56.6 + 4.5 uN
and 58.6 + 5.2 pN). For the EBID nanopillars, we measured the failure stress (2.9 + 0.2 GPa and 2.7 + 0.4 GPa).
The similar results obtained using both techniques confirmed the efficacy and consistency of the methods. The
proposed methodologies have the potential of enabling otherwise impossible measurements particularly when
the specimens need to be tested under wet conditions, such as patterns for mechanobiological studies.

1. Introduction bacterial growth on the surfaces of implants [9-15].

The accurate characterization of the mechanical properties of indi-

Patterning strategies at the micro- and nano-scale are receiving
increased attention because of their many applications in diverse fields,
including nanoelectronics [1], nanoenergy [2], microfluidics [3], me-
chanics [4,5], and bioengineering [6-8].

Among the different technological area, surface patterning is
showing unprecedented potential in (mechano)biology and bio-
materials. Arrays of pillar-like nanostructures, e.g., nanopillars, nano-
tubes, nanowires, with specific geometries and mechanical
characteristics have been shown to influence the attachment, prolifer-
ation, and differentiation of mammalian cells [8,9] as well as inhibit

vidual nanopillars is a highly challenging yet fundamental aspect in the
manufacturing and optimization of patterned surfaces. Indeed, the me-
chanical characteristics of the individual nanopillars vary depending on
the material, geometry, and fabrication method and are fundamental in
several applications. For example, the stiffness of the nanofeatures
present on antibacterial surfaces determines their ability to penetrate
and damage the bacterial cell wall, thereby affecting their killing effi-
ciency [10,12,15]. Furthermore, it has been demonstrated that the dif-
ferentiation of stem cells depends on the stiffness of the surface on which
they grow [16-18]. As an another example, arrays of compliant
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micropillars have been used to study the forces exerted by individual
cells on surfaces [19,20]. The accuracy of the force measurements in
these systems is strongly related to the accuracy of the estimation of the
pillars stiffness.

The possibilities to measure the mechanical properties of single
nanopillars are still severely limited by the lack of tools and methodol-
ogies that are easy to access and use. The existing techniques though
efficient have certain limitations. They require mechanical testing tools
to be mounted inside scanning electron microscopes (SEM). For
instance, tensile [21-30], compression [31-34] and bending [34-38]
tests have been performed on different kinds of micro- and nanopillars
through the use of nanomanipulators, tensile machines, nanoindenters,
or AFMs mounted inside SEM. In these cases, the use of SEM is necessary
to position the punch or the tip on the nanostructure and to monitor its
displacement in real-time during the application of the force. These in-
struments are expensive, difficult to use, and not available in all
laboratories.

Another limitation is related to the sample characteristics. If the
mechanical test has to be performed in an SEM chamber, samples need
to be conductive. Therefore non-conductive samples have to be coated
with metallic films influencing their actual mechanical properties.
Furthermore, in many cases, the nanostructures need to be fixed to the
testing machines [23-26]. Otherwise, samples with specific shapes (e.g.,
dogbone specimens) need to be fabricated [27,29]. This means that
those techniques cannot be applied to nanopillars patterned on specific
substrates.

Finally, SEM microscopy cannot be used if the measurements need to
be performed under wet conditions, as is the case of (mechano)biolog-
ical studies involving live cells in which the properties of the nano-
features may be affected by the presence of water.

To our knowledge, there are very few reports on AFM-based methods
applied to the mechanical characterization of high aspect ratio nano-
structures without SEM support. These tests consists in three- and two-
points bending tests on double-anchored [39-46] or cantilevered [47]
nanostructures, but cannot be applied to vertical pillar-like structures.

In this work, we present two AFM-based methods to perform me-
chanical tests on individual nanopillars and characterize their proper-
ties, without making use of SEM and without any sample modifications.
These methods are based on two modes of operation that are available in
most AFM equipment, i.e. contact mode imaging (CMI) and force spec-
troscopy imaging (FSI). Both techniques can be applied to micro- and
nanopillars made with any aspect ratio, from any material, and on any
substrate.

First, we present the working principles of both proposed methods,
and the derivation of the equations needed to retrieve the mechanical
parameters from experimental data. The methods are then used to
characterize pillars produced by two-photon polymerization (2PP) and
electron beam induced deposition (EBID). In the case of 2PP pillars, a
complete mechanical characterization (i.e., determination of the stiff-
ness, maximum lateral force, maximum displacement, and maximum
stress) was performed using both methods. In the case of conical EBID
pillars, both proposed techniques were used to determine the maximum
stress.

2. Materials and methods
2.1. Samples fabrication

2.1.1. 2PP polymeric pillars

Arrays of pillars with a diameter of 255 nm and a height of 500 nm,
with 2.0 um interspace between pillars and 10 um interspace between
lines were printed over an area of 500 ym x 500 pm by 2PP using a Pho-
tonic Professional GT equipment (Nanoscribe, Germany) as described
elsewhere [11]. The pillars were printed in Galvo writing mode using the
IP-L780 resin (Nanoscribe, Germany), a laser power of 14%, and a writing
speed of 1200 um/s. The samples were developed for 25 min in propylene
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glycol monomethyl ether acetate (PGMEA, Sigma-Aldrich, Germany),
cleaned 5 min in isopropyl alcohol (IPA, Sigma-Aldrich, Germany) and
blow-dried with air. For the Young’s modulus measurements, a
disc-shaped sample of the IP-L780 resin with a diameter of 1.0 um and a
height of 500 nm was printed using the same parameters.

2.1.2. EBID nanopillars

A Helios Nano Lab 650 (FEI company, US) equipped for electron
beam induced deposition was used to fabricate the Pt-C nanopillars.
Trimethyl(methylcyclopentadienyl)-platinum v ((CH3CsH4)Pt
(CH3)3) was used as the precursor gas. An acceleration voltage of 17.8
kV and a beam current of 0.4 nA at a working distance of 4 mm were
used. Using MATLAB (MathWorks, US) stream files, cone-shaped
nanopillars with base diameter of 60 nm, height of 260 nm, and inter-
space of 340 nm, over a total area of 10 um x 10 um, were deposited on a
silicon wafer. For the Young’s modulus measurements, a disc-shaped
sample with a diameter of 1500 nm and a height of 190 nm of the
same material was prepared using the same deposition parameters.

2.2. SEM imaging

The morphology of the pillars was characterized by SEM using a dual
beam Helios G4 CX FIB/SEM (FEL Hillsborough, USA).

2.3. AFM experiments

2.3.1. To determine Young’'s modulus measurement of the nanopillars
material

The measurements of the Young’s modulus of the pillars’ materials
(IP-L780 and Pt-C) were performed in the quantitative imaging (QI)
mode on the disc-shaped samples, using a JPK Nanowizard 4 instrument
(Germany). Data were analyzed by using the JPK SPM data processing
software (JPK instruments, v6.1, Berlin, Germany).

The Hertz model for a paraboloid probe was used to fit the force-
distance curves and retrieve the elastic modulus of the samples:

4 E 1

31— W

F=k.d..=
where d ; is the deflection of the cantilever, k., the bending stiffness of
the cantilever, E the elastic modulus of the sample, v the Poisson ration
of the sample, R, the tip radius and § the indentation depth. The elastic
modulus of the sample E is proportional to the ratio kc,z/(de)I/ 2,

A diamond-coated probe (NM-TC, Bruker, Billerica, USA) with a
nominal spring constant of 350 N/m was used. This probe was cali-
brated by a combination of the contact method (to determine the
deflection sensitivity, S;) and the relative method.

The relative method uses a reference sample to force the ratio
kcjz/(R@)l/ 2 to be the “correct” one at a certain indentation depth [48].
An arbitrary value of cantilever stiffness (the nominal value 350 N/m)
was set and the value of tip radius to obtain the correct ratio k, ,/ (Rn-p)l/ 2
was determined using reference samples with known elastic modulus,
similar to the expected elastic modulus of the unknown samples. The
reference material was scanned first, and the tip radius (Rg) was
adjusted to make the measured elastic modulus of the reference sample
equal to its nominal value at a certain indentation depth. The mea-
surements on the unknown sample were then performed with the same
indentation depth used on the reference sample.

For IP-L780 characterization, the deflection sensitivity of the used
cantilever was calibrated on a sapphire surface using the contact method
and resulted in a value of S; = 21.33 nm/V. A polystyrene sample with a
nominal Young’s modulus of 3 GPa was used as reference material and
an indentation depth of 10 nm was set. A Poisson’s ratio of 0.34 for the
reference material (polystyrene) and 0.4 for IP-L780 was considered.
The value of Ry retrieved from calibration and used for the measure-
ment on IP-L780 sample was 10 nm.
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For Pt-C characterization, the deflection sensitivity of the used
cantilever was calibrated on a sapphire surface using the contact method
and resulted in a value of S, = 25.3 nm/V. A fused-silica specimen with a
nominal elastic modulus of 72 GPa (test samples kit, Bruker, Billerica,
USA) was chosen as reference material and an indentation depth of 5 nm
was used. A Poisson’s ratio of 0.15 for fused silica and 0.3 for Pt-C was
considered. The value of Ry, retrieved from calibration and used for the
measurement on Pt-C sample was 90 nm.

The Hertz’s contact mechanics model was used to calculate the
Young’s modulus from the force-distance curves recorded at each point
of the scanned area.

2.3.2. To determine the mechanical characteristics of single nanopillars by
CMI and FSI

For the mechanical tests on single nanopillars, contact mode and QI
mode were used. A SSRM-DIA probe (Bruker, Billerica, USA) was used,
with a cantilever length of 225 pym, a width of 50 um, a thickness of
5 pm, a nominal spring constant of 27 N/m. The tip of the probe consists
in a diamond square pyramid with a height (hyp) of 5.57 um, a length
and a width (I and w/2) of 5 um (measured by SEM, as reported in
Supplementary Information). Calibration (determination of sensitivity
S, and stiffness constant k ;) of the probes used for the mechanical tests
of single pillars was performed by the thermal tune method.

3. CMI and FSI methods for the mechanical characterization of
nanopillars

Contact mode (CMI) and force spectroscopy imaging (FSI) are well
established AFM techniques. CMI is widely used to characterize the
morphology of surfaces at the nanoscale [49]. FSI techniques, e.g., Force
Volume (FV) available on Bruker systems and Quantitative Imaging (QI)
available on Bruker JPK systems, are generally applied to perform
nano-indentations of a specimen and have been extensively used for the
measurement of the elastic modulus of both hard and soft materials [11,
51,52,62], as well as for the characterization of biological matter
[52-55].

Here, we propose a new application for these techniques which
consists of performing mechanical tests on single nanopillars to measure
their elastic properties and failure strength, as sketched in Fig. 1a and c.

In the procedures we propose, the nanopillars of interest are scanned
several times in CMI (in case of CMI method) or FSI (in case of FSI
method), with increasing values of the setpoint force, i.e., gradually
increasing the value of the force applied to the pillars, until they frac-
ture. The failure of the pillar, in most cases, is visible in the topographies
acquired with those high values of applied force. It can also be
confirmed by acquiring an additional CMI or FSI topography image
using a low non-destructive setpoint force.

To perform the mechanical tests on nanopillars by CMI or FSI, the
first contact between the probe tip and the pillar must occur at the apex
of the pillar. To satisfy this condition, the geometry of the probe, its
mechanical properties, and the scan directions must be appropriately
selected. Especially: i) the inclination angle between the sidewall of the
pyramidal tip and its vertical axis must be greater than the inclination
angle between the wall of the pillar and its vertical axis; ii) since, in most
AFM equipment, the cantilever is tilted with respect to the horizontal
plane, the contact between the tip and the pillar must occur on one of the
front sidewalls of the AFM tip. If the contact occurs on the back sidewalls
of the AFM tip, the first contact between the tip and the pillar could
occur not at the apex of the pillar, but at the base; iii) the inclination
angle of the facet of the AFM tip may not change during the experiments.
This means that the rotation of the tip due to the possible torsion of the
cantilever or bending of the tip must be negligible. Since most of com-
mercial cantilevers have very high torsional stiffness (order of 103 N/m)
as compared to the (bending) stiffness of micro and nanopillars samples,
the rotation of the tip due to the cantilever torsion can be considered
negligible. To obtain the negligible deformation (bending) of the tip, the
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tip must be rigid. This means that short and large tips, made of hard
material (e.g., diamond, such as the probe used in our work) are
preferred.

Furthermore, since, in CMI, each line is scanned twice (trace and
retrace), to avoid the contact from occurring on the back sidewalls of the
AFM tip during one of the two scans, the AFM tip must scan the sample
laterally, i.e., the fast scan direction must be set perpendicular to the
long axis of the cantilever.

In these conditions, knowing the geometry of the probe, from the
setpoint force and the measured signals in CMI or FSI, several me-
chanical parameters of the nanopillars can be determined. More spe-
cifically, both CMI and FSI methods allows for the quantification of:

171) The magnitude of the force applied to the pillar.

172) The displacement of the apex of the pillar at each level of the
applied force.

173) The stiffness of the pillar.

174) The failure force and the maximum displacement of the pillar.

175) The height of the most stressed section.

176) Furthermore, if the geometry of the analyzed pillars is known,
analytical equations or FEM simulations can be applied to esti-
mate the maximum stress at the section at which the failure
occurs.

Only in some specific circumstances (specified later) that generally
depend on the geometry of the pillars and the probe, some of the pa-
rameters (e.g, the maximum displacement) cannot be determined.

3.1. CMI method

The tip positions and the corresponding photodiode signals during a
CMI scan across the pillar are sketched in Fig. 1a.

The measured height, the vertical deflection error and the lateral
deflection vary along the pillar cross section with the trends showed in
Fig. 1b-1, b-2 and b-3 because of the interaction force between the
(front) sidewalls of the AFM tip and the apex of the pillar. The maximum
values of the vertical deflection error AVd,g .- and the lateral deflection
AVigt desi (point C in Fig. 1a and b), have to be considered to calculate the
maximum force applied to the nanopillar, as explained below.

When the pillar experiences significant deformation due to the
lateral force applied by the AFM probe, the signal profiles cannot be
symmetric (Fig. 1b-1). The distance Ax between the point of first tip-
pillar contact (point B of Fig. 1a and b) and the point corresponding to
the apex of the pillar (point D of Fig. 1a and b), can be used to determine
the value of the displacement of the apex of the pillar, as explained
below.

3.1.1. Calculation of the force applied to the pillar

Let us consider the cantilever geometry and the reference axes X, Y, Z
(Fig. 2a-d).

X and Y (Fig. 2a and c) are the fast and slow scan directions,
respectively. The contact between the probe and the pillar occurs on one
of the facets on the front of the pyramidal AFM tip (point C in in Fig. 2a).
The force Fy applied to the pillar, is, therefore, directed along the normal
to the plane of the face of the tip (Fig. 2a, d). Fy can be expressed in
terms of its components along the directions X, Y, and Z as:

Fyx = Fyycosf = Fycosficosy (2)
Fyy = Fyysing = Fysinficosy 3
Fy, = Fysiny @

where f is the half front angle of the base of the pyramidal AFM tip
(Fig. 2¢) and y is the angle of the inclination of the wall of the tip relative
to its vertical axis (Fig. 2d), which can be calculated as:
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Fig. 1. Schematic drawings of the contact mode imaging (CMI) (a-b) and force spectroscopy imaging (FSI) (c-d) methods we propose for determining the mechanical
characteristics of a nanopillar. a) Time sequence during a single CMI scan across a pillar (red cone) with a cantilever tip (green inverted pyramid) whose position is
monitored by reflected laser light (yellow dot) on a four-quadrant photodiode (black square). (a-A) To begin, the cantilever tip, in contact with the substrate, is far
away from the pillar; (a-B) the tip touches the pillar with its sidewall; (a-C) it goes upwards; (a-D) reaches the pillar apex; (a-E) goes downwards; (a-F) reaches the
substrate. The angle § is the half-cone angle of the AFM tip as seen from the front view. b) Representative profiles of the signals recorded during the contact mode
scan: (b-1) pillar height, (b-2) cantilever vertical deflection error, and (b-3) cantilever lateral deflection. The signs of vertical deflection error and lateral deflection
signals are just a convention: negative values correspond to the upward bending of the cantilever, while positive values correspond to the downward bending of the
cantilever, as it is conventionally set in most AFM apparatus. The points A, B, C, D, E, and F indicate the signal value corresponding to the scan points sketched in
Figures a-A, a-B, a-C, a-D, a-E, and a-F, respectively. Ax is the distance between the point of the first contact between the AFM tip and the pillar and the apex of the
pillar. AVyef err and AVig; geq are the maximum values of vertical deflection and lateral deflection signals, respectively. c) Time sequence during a single FSI scan across
a pillar (red cone) with the cantilever tip (green inverted pyramid) that is moving vertically (shown as red double arrow). The green and red inverted pyramids
represent different positions during the vertical movement. (c-A) Initially, the cantilever tip is far from the pillar and touches only the substrate. (c-B) the cantilever
tip touches the pillar apex (blue dot) with its sidewall and continues downwards to touch the substrate. (c-C) the cantilever tip touches the pillar apex (blue dot) with
its sidewall and continues downwards but does not reach the substrate. (c-D) the cantilever tip touches the pillar apex, continues downwards sliding along the pillar
(blue line), and does not reach the substrate. Here, the pillar experiences high deformation and/or the inclination angle of the AFM tip is small (the pillar rotation is
higher than the inclination angle of the AFM tip). d) The approach (blue) and retract (red) curves of the cantilever corresponding to each position illustrated in c).
From the slope of the approach curve, the equivalent spring constant can be obtained. k., is the spring constant of the cantilever, k* is the spring constant of the
system “cantilever+pillar” (when the cantilever tip touches the nanopillar), and k*yp, is the apparent spring constant when the cantilever tip slides along the pillar.
(‘For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

ZW (5) signal and AVgep o is the vertical deflection error signal, that can be

measured from the deflection error profile (Fig. 1b-2). k., and S, are

usually measured before each AFM experiments using well-established
protocols [56,57].

Since the height of AFM tips is generally in the range of 5-15 pm, if

hpingr is in the nano range, it can be often neglected and Eq. (9) can be

iR Liysing where S, is the vertical sensitivity, Viemoin: is the setpoint photodetector
y = arctan| — | = arctan (’p—)
tip

where hy, is the height and l;, is the length of the tip, respectively
(Fig. 2b). The length of the segment AB (Fig. 2c and d) is given by:

-— W

AB = —cosp = ltanficosp = l;,sinf 6) ]
2 rewritten as:
The lateral force Fy,, acting to the pillar, and producing the kd e (dpois + o)
breakage, is, therefore, a force in the XY plane and equals the vector sum Fy = 3 (l‘"z+f) =% :E(t:mf,) o (10)
. 3 Vipt+3) - . 3 Vuipt3)
of the components Fy x and Fyy, having the magnitude: siny —3 = sinficosy  siny —3 == sinficosy

The components Fy,y, Fny, Fn,z, and Fy,x, can be calculated from Egs.
(2), (3), (4), and (7), respectively.

Frna = \/Fy, + Fy, = Fycosy )

The value of the applied force Fy can be determined either from the
measured total vertical deflection signal or from the measured lateral
deflection signal, as explained below.

3.1.1.2. Calculation of the applied force from the lateral deflection signal.

Since the force Fy also has a lateral component Fy , (along the X-axis,
Fig. 2¢), acting at the end of the tip, the cantilever is also subjected to
torsion and, therefore, experiences a lateral deflection. The X-compo-

3.1.1.1. Calculation of the applied force from the total vertical deflection . B
nent of the applied force, Fy,y, can then be estimated by:

signal. When interacting with the pillar, the AFM cantilever can be
described as a beam subjected to the combined action of a point load P
= Fy, at its free end and a bending moment M = —Fy(hg + t/2),

Fyx = keydex = kex, SxAVy an

where t/2 is the half-thickness of the cantilever (Fig. S1 of the Supple-
mentary Information). Therefore, from the Euler-Bernoulli beam theory,
the displacement d; of the free end of the cantilever can be calculated
as:

PL> ML* 1 3 (hip +5 = hyir
— | Fy. - *FN,VM

%o 26 k.. 2 L

z = @ ®

where E is the Young’s modulus of the material, L is the length of the
beam, I is the area moment of inertia of the cross-section, and k., = % is
the stiffness constant of the AFM cantilever (assuming a rectangular
cantilever beam with a uniform cross-section with the load applied at its
free end and experiencing small deflections). d.; is the measured total
vertical deflection of the cantilever, given by the sum of the user-defined
setpoint deflection (dsepoind) and the deflection error (der).

Substituting Fy,; and Fy,, with Egs. (3) and (4), Eq. (8) can be used to
calculate the force Fy applied to the pillar as:

FN — k(;*d* — kc,z (d.sezpjzim + derr)
siny — 3 M sinfcosy  siny —3 (h”ﬁi;h”””) sinfcosy
_ kc\zSz (Vs‘ftpoint + Avdeﬂarr)
B siny — 2 7(/””’%;/”“”‘”) sinfcosy ©

where d. . is the measured lateral deflection that can be retrieved from
the lateral deflection profile (Fig. 1b-3).

ke x is the lateral stiffness of the cantilever-tip assembly with the
lateral load applied at the end of the tip (torque), which can be calcu-
lated using the vertical stiffness k., (known from calibration) as [58]:

Gbt* 2 L 1
how = =% ; 12
' 3L(hrip + é) 3 (hfiﬁ + %) (1 + y)
where G = ﬁ is the shear modulus, b is the width of the cantilever, t is

the thickness of the cantilever, and v = 0.27 is the Poisson ratio. S, is the
lateral sensitivity, which can be determined through the normal sensi-
tivity S, (known from calibration) via [58]:

E(hip +5) hip +5
= = . 1
S, e S = S (13)

1+v

assuming the photodiode to be rotationally symmetric. AV, is the lateral
signal measured by the photodiode.

Therefore, from Eq. (2), the force Fy applied to the pillar, can be also
calculated as:

FN,x _ ke,x, SxAVx

=—" = 14
cosficosy  cosficosy a4

Fy

and the components Fyy Fy, and the lateral force Fy,, can be
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Fig. 2. Schematics drawings of the AFM probe geometry and the tip-pillar interaction force (Fy). a): 3D view of the AFM probe interacting with the pillar with the ZY
(side-view), XY (top-view) and I planes. Point C indicates the contact point with the pillar and the arrow indicates the direction of the tip-pillar interaction force (Fy).
b-d): 2D views in the planes ZY, XY and II of the AFM probe interacting with the pillar; e-g): 2D views when the cantilever is tilted by an angle ¢, due to the tilting

angle of the cantilever holder.
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calculated from Egs. (3), (4), and (7), respectively.

3.1.1.3. Correction for the tilt angle of the cantilever. In most AFM sys-
tems, the cantilever is tilted with an angle ¢ relative to the Y-axis to
ensure that only the tip touches the sample surface. To take into account
the tilting angle ¢, we can consider a reference frame X* = X, Y*, Z*
jointed to the pillar (Fig. 2e-g).

In this case, the force Fy* directed along the normal to the sidewall of
the tilted tip can be calculated from the vertical deflection signal as:

ke..d. kc,z (d.\'etpoint + derr)

Fy = ok = (15)

. hip+E) s T hip+E) o
siny* —3 (Lﬂsmﬂ*cosy* siny* —3 (Lﬂsmﬁ*cosy*

and from the lateral deflection signal as:

Fy.. ke SiAV,
Fy=——— = (16)
cosfFcosy*  cosfiicosy*
where:
2
B = arctan w/ 17)
Lipcosep
and
l,‘ i *
v = arctanM (18)

tip

The components of F*y along the directions X* = X, Y* and Z* are:

Fy = Fycosp*cosy* (19)
Fy, = Fysingcosy’ (20)
Fy. = Fysiny® (2D
Fy = Fycosy’ (22)

From now on, we will always refer to the values of forces and angles
corrected for the cantilever tilt angle (i.e., F*n, F*n,x, F*N,y, F*N,2 F*N,xy
p*, and y*). However, since the tilt angle of the cantilever is generally
very small (¢ <10°), in most cases it can be reasonably neglected.
Indeed, if we consider the typical tilt angle of Bruker-JPK systems
(¢ = 10°), and the geometry of a typical probe appropriate for this kind
of measurements (e.g., SSRM-DIA from Bruker used in this work, having
the following dimensions: hyp = 5.57 pm, w/2 = 5 pym, and I = 5 um),
the difference between  and f* is <1% (8 = 45° and * = 45.438°)
while the difference between y and y* is 0.6% (y = 32.876° and
y* = 33.075°). If the correction for the tilt angle is negligible, all the
reported equations can be used without such a correction.

3.1.2. Calculation of the displacement and the stiffness of the pillar
The displacement of the center of the apex of the pillar occurring
when a certain lateral force F*y y is applied can be calculated as:

d)illarx B illar
d ey = Zpillarx ~ Rpittar 23
it cosf’ (23)

where dpjiqr, is the component of the displacement along the X direction
and Ryjqr is the half-width of the pillar (i.e., the radius in case of a cir-
cular section). Since the fast scan direction corresponds to the X direc-
tion, dpjar,x can be retrieved from the profile of the pillar in the CMI
topography corresponding to the section where the maximum height (i.
e., the apex) of the pillar is observed. Indeed, dpiar,y is:

Apittare = DX — NXip convolution (24)
where Ax is the distance (along the X direction) between the point of the

first contact of the AFM tip with the pillar (B in Fig. 1a and b) and the
point of the maximum height, (D in Fig. 1a and b). Axgp convolution is the
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convolution of the AFM probe:

AXip convolution = Ppitiartand (25)

where hyqr is the height of the pillar and 6 is:

w/2 > 26)

hyipcosg

5= arctan(

where w/2 is the half-width of the AFM tip.

By plotting the obtained values of the lateral force F*y,y, and lateral
displacement dyye- calculated for each setpoint value, the force-
displacement curve for each analyzed pillar can be obtained. If a
linear trend is observed, the slope of the force-displacement curve is the
value of the stiffness of the pillar, which can be also used to estimate the
maximum displacement of the pillar.

Indeed, when the rupture force F*,yy,max is applied, the pillar breaks
and it is not possible to retrieve the maximum displacement from the
topography at that force. However, knowing the stiffness of the pillar
from the force-displacement curve, the maximum displacement of the
pillar dpjjiar,max can be estimated as:

1
B 27)

dpillar,max = % N xy,max
pillar

3.2. FSI method

In FSI, a force-distance (F-d) curve is acquired at each point of the
scanned area.

In Fig. 1c-d, a schematic of the working principle of the proposed FSI
mode method is shown. Fig. 1c shows the sketches of the positions of the
tip relative to the pillar during the scan of a cross section of the pillar. In
Fig. 1d, the corresponding representative force-distance curves are
shown.

At the scan points far away from the pillar, the tip interacts only with
the substrate (Fig. 1c-A). The corresponding F-d curve is shown in
Fig. 1d-A. It is worth reminding that an AFM probe in contact with the
sample can be modeled as a series of two springs, k., and ksample, r€p-
resenting the stiffness of the cantilever and the sample, respectively.
Therefore, the equivalent stiffness k* of the system cantilever + sample
is:

ke zKsampi
k* _ c.zlsample 28
kez + Ksample 28
If the substrate is rigid, no indentation occurs and the contact region
of the approach curve has a linear trend, the slope of which is the spring
constant of the cantilever k.,
1 1 1 1
T 29

ko kez Ksampre—00 ke

As the scanning continues across the nanopillar, at some points the
sidewall of the tip comes in contact with the apex of the pillar first and
continues to move towards the substrate until the defined setpoint force
value is reached (Fig. 1c-B). At this points, the contact region of the
approach curve appears as two distinct segments with two different
slopes (Fig. 1d-B). The slope of the first region of the curve, where the
sidewall of the tip is in contact with the apex of the pillar without
touching the substrate, is k*:

1 1 1

kpillar

(30)

assuming a point contact between the probe and the pillar. The slope of
the second region, where the apex of the AFM probe is in contact with
the substrate, is the stiffness of the cantilever k.

When the AFM tip moves closer to the pillar (Fig. 1¢-C), the F-d curve
is similar to the one shown in Fig. 1d-C. During the approach, the
sidewall of the AFM probe comes into contact with the pillar, the tip



L. Angeloni et al.

descends till the setpoint force value is reached. The apex of the AFM
probe does not reach the substrate in this case. If the contact between the
tip and the pillar is a point contact occurring at the apex of the pillar, as
sketched in Fig. 1c-C, and the pillar is in the elastic regime, the trend of
the contact region of the approach curve is linear and its slope equals the
stiffness k* of the system ‘“cantilever + pillar” (Eq. 30). These curves
correspond to the scan points where the tip applies maximum force to
the pillar. Such curves are used for the calculation of the mechanical
properties of the pillars.

In some cases, when a sharp probe is used and/or the pillar experi-
ences significant deformation during the experiments, the rotation of the
pillar can reach the value of y* (i.e., the inclination angle of the facet of
the tip). In such cases, during the approach, the facet of the tip rests
against the pillar and “glides” along its sidewall (Fig. 1c-D). This case, in
which an apparent increase of the stiffness of the system “cantile-
ver+pillar” (k*gp) is observed, will be analyzed in more detail in the
paragraph 3.2.2.

As the scanning continues, the apex of the AFM probe comes into
contact with the apex of the pillar and then overcomes it. The contact
occurs on the other front sidewall of the tip and the same type of curves
will be obtained on the other side of the pillar.

3.2.1. Calculation of the mechanical parameters of the pillar: case of linear
force-distance curve

Similar to the CMI method, the force F*y applied to the nanopillar, is
directed along the normal to the plane of the sidewall of the tip where
the contact with the apex of the pillar occurs. The force components are
given by Egs. (19)-(22).

Assuming the contact between the sidewall of the AFM tip and the
pillar as a point contact (Fig. 1c-C) and the pillar in the elastic regime,
the magnitude of the force F*y (applied to the apex of the pillar) can be
calculated from the Euler-Bernoulli beam theory as:

kd.,

3 (haip+H5—hpitar) 2 o %
5~ sincosy

Fy = (31)

siny* —

where k* is the “equivalent” spring constant of the system cantilever +
pillar, which can be estimated as the slope of the contact region of the
force-distance curve measured when the tip is in (point) contact with the
pillar, and d_ , is the measured vertical deflection of the cantilever. In the
case of pillars in the nanometer range, hpjq- can be neglected.

The stiffness of the pillar (kpgqr) is obtained from Eq. (30) and the
corresponding displacement of the apex of the pillar can be estimated as
dpillar =F *N,xy/ kpillan

3.2.2. Calculation of the mechanical parameters of the pillar: case of “non-
linear” force-distance curve

If the rotation of the pillar, due to the applied force, reaches the value
y*(i.e., the inclination angle of the sidewall of the AFM tip), the AFM tip
slides along its lateral wall (Fig. 1c-D). The resultant force F*y is, in this
case, not applied to the apex of the pillar but is progressively applied to
lower heights. This phenomenon is characterized as the “apparent”
stiffening of the pillar. It can be recognized in the recorded force-
distance curves, by a progressive increase of the equivalent stiffness
constant of the system cantilever + pillar (Fig. 1d-D). The contact region
of the approach curve, in this case, is divided into two distinct regions.
At low levels of force, the contact between the probe and the pillar is a
point contact and occurs at the apex of the pillar. The curve in this region

L1 . e Keokoiar . .
is linear and its slope is k* = 22" which can be used to retrieve the

= kest+kpitiar
pillar stiffness. For high values of the force, starting from the point
where the tip starts sliding along the pillar sidewall, the curve is not
linear but is characterized by a progressive increase of its slope.

In this case, the force F*y applied to the pillar can be calculated as:
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K, de..
Fy = ap (32)

. heip+5—Npitiar)
siny* — 2 (i Ppitar) 2 it ) sinfcosy*

where k*qp is the “apparent” stiffness of the system, calculated as the
slope of the force-distance curve in correspondence with the highest
values of the applied force (Fig. 1d-D).

In this case, the calculated force F*y, should not be considered to be
applied at the apex of the pillar for the calculation of other mechanical
parameters, such as the maximum stress at the most loaded section.
Instead, it should be considered applied at a lower height, which needs
to be determined.

Different ways to calculate the height where the force is applied are
possible. In general, analytical or numerical models can be used. In one
of the case studies presented here on EBID conical nanopillars, we
analytically calculated from the residual height of the pillar after its
fracture.

It is worth noting that, also in case the pillar experiences plastic
deformation the force-distance curve could have a non-linear trend.
Also, in this case, the force should be calculated considering the value of
k*qpp corresponding to the highest values of applied force.

4. Results and discussion

In this section, we report two cases studies where the CMI and FSI
methods are applied for the mechanical characterization of nanopillars:
i) 3D printed polymeric pillars produced by 2PP and ii) Pt/C nanopillars
deposited by EBID.

4.1. Morphological analysis and measurement of elastic modulus of 2PP
and EBID nanopillars

The 2PP 3D printed nanopillars were cylinders rounded at the tip
with a base diameter of 250 nm (Fig. 3a) and a height, measured by AFM
QImode, of 529.7 + 7.3 nm. EBID pillars exhibited a conical shape, with
a base diameter of 60 nm and a height of 259.6 + 2.4 nm (Fig. 3b).

The elastic modulus of the materials was measured in QI mode on
disc-shaped samples of the same materials, deposited on the same sub-
strates (glass for 2PP pillars and silicon for EBID pillars) using the same
deposition parameters of the pillars. The IPL-780 disc-shaped structure
had a diameter of 1.5 um and a height of 500 nm. The EBID disc-shaped
structure had a diameter of 1 um and a height of 190 nm. It was
3.34 + 0.6 GPa (Fig. 3c) for the IP-L780 resin used for 2PP pillars
fabrication, in good agreement with the values provided by the supplier
of the resin and with our previous results [11], and 17.8 = 1.5 GPa
(Fig. 3d) for Pt-C, in good agreement with previous results obtained on
similar EBID structures [34,59].

4.2. 2PP nanopillars

4.2.1. Mechanical characterization using the CMI method

Mechanical characterization using the CMI method was conducted
on 8 pillars. The pillars broke for a setpoint force ranging between 30
and 90 nN. An example of experiment on 2 nanopillars is reported in
Fig. 4a-1-a-15.

After each scan in CMI, the possible changes in the morphology of the
sample (e.g., the failure of the pillars) were evaluated by acquiring a
topography image in the QI mode with a low setpoint force (10 nN)
(Fig. 4a-4, a-9, a-14).

When a moderate setpoint force was set (30 nN in the example re-
ported in Fig. 4), pillars remained intact (Fig. 4a-1-a-4). By increasing
the setpoint force (to 50 nN in the example of Fig. 4), some of the pillars
broke (Fig. 4a-6-a-9). The value of the setpoint force was then further
increased (60 nN in the example of Fig. 4) and all the pillars failed
(Fig. 4a-11-a-14).

The cross-sections profiles of the measured signals exhibited the
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Fig. 3. SEM images of the (a) 2PP-printed pillars, (b) EBID-fabricated nanopillars. The elastic modulus of the materials used c) IP-L780 resin for 2PP printing and d)
Pt/C for EBID were obtained by printing disc-shaped samples and performing AFM QI mode mapping across the specimens.

expected trends (previously shown in Fig. 1). An examples of height
profile is shown in Fig. 4b-1. It was zero when the AFM tip was scanning
the substrate (point A). It started to increase when the tip came into
contact with the pillar (point B) and reached a maximum at the apex of
the pillar (point D). Then, the height suddenly decreased when the tip
overcame the apex and it came back to zero when the tip touched the
substrate again (point F). All the measured contact mode height profiles
appeared asymmetric (Fig. 4b-1), indicating a visible deformation of the
pillar when subjected to the interaction force with the AFM probe.

A trend coherent to the height profile was observed for the vertical
deflection error profile (Fig. 4b-2). An increase of the negative (upward)
vertical deflection error was observed when the contact between the
sidewall of the AFM tip and the apex of the pillar occurred (point B). The
signal reached a maximum (C) and then came back to zero in the region
corresponding to the apex of the pillar (point D). The inversion of the
signal was then observed after the AFM tip overcame the apex of the
pillar (point E).

A similar trend was observed for the lateral deflection profile
(Fig. 4b-3). The signal rapidly increased when the probe-pillar contact
occurred (B), and reached a maximum (C). When the apex of the AFM tip
reached the apex region of the pillar (D), the lateral deflection was zero.
After passing the apex of the pillar, lateral deflection signal inverted
(point E), and came back to zero when the tip touched the substrate.

For each pillar, the values of applied force (F*y) and its lateral
component F*y,y, corresponding to each setpoint force were calculated
from the lateral deflection signal, by applying Eqs. (16) and (22). The
average value of the maximum lateral force F*nxy,max (i.e., the lateral
component of the force corresponding to the setpoint force at which the
rupture of the pillars was observed) resulted in 883.0 + 89.5 nN.

The displacement of the apex of the pillar corresponding to each
level of applied lateral force was calculated from the height profiles
using Egs. (23)-(26). The measured displacement values as a function of
the corresponding applied lateral forces were plotted in Fig. 4c. The
results show a linear trend (R% > 0.97 for all the curves), suggesting the

elastic behavior of the pillars under the entire range of applied forces.
This was also confirmed by the topography images acquired in QI mode
with low set point force (10 nN) after each level of applied force. Indeed,
on those images, no changes in the pillar morphology (i.e., no dis-
placements of the tips of the pillars) were observed even after the
highest values of forces were applied. This indicates the absence of
plastic deformation: the pillars elastically bent when the force was
applied and came back to their initial position when the force was
removed.

We calculated the stiffness of each pillar as the inverse slope, i.e., as
the ratio kpjiar = F*n,xy/dpilar- The calculated average value of stiffness
for the analyzed pillars were 13.5 & 3.2 N/m.

To validate our results, we compared the value of elastic modulus
calculated from the value of stiffness of the pillars obtained by using our
CMI method and the elastic modulus measured by a conventional, well
established AFM technique: QI mode mechanical mapping.

Assuming pillars perfectly cylindrical, we calculated the corre-

oitarPoer - TR
=g, with I = —5* the area

sponding value of elastic modulus as E = 5
moment of inertia and Ry the radius of the circular section of the
pillar. The elastic modulus corresponding to the experimental stiffness
resulted in 3.23 + 0.7 GPa. It is in very good agreement (only 3.3%
lower) as compared to the value measured (3.34 &+ 0.6 GPa) by con-
ventional QI mode on the disc-shaped sample, indicating an accuracy of
3.3% of the CMI measurement. Furthermore, the precision of CMI
method (coefficient of variation of 21%) resulted similar to the precision
of conventional QI mode (coefficient of variation of 18%).

The consistency between the elastic modulus retrieved from the
stiffness obtained by CMI method and the elastic modulus obtained by
conventional QI mode indicates the correct estimation of the values of
forces and displacements measured by CMI (Fig. S3). Indeed, in CMI, the
stiffness is retrieved as the ratio between the estimated value of the
applied force and the corresponding measured value of displacement
(kpitlar = Fn,xy/dpitiar). Force and displacement are independently
measured: the value of force was retrieved from the lateral displacement
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Fig. 4. Mechanical tests performed by using the CMI method on the 2PP 3D printed pillars. a) AFM images acquired during the tests: topography (a-1, a-6, a-11),
deflection error (a-2, a-7, a-12) and lateral deflection (a-3, a-8, a-13) with increasing values of setpoint forces (30 nN, 50 nN, 60 nN). After the application of each
setpoint force level, the morphology of the pillars was checked by acquiring topography images in QI mode with a lower setpoint force of 10 nN (a-4, a-9, a-14). The
corresponding pillars morphology is sketched in a-5, a-10, a-15. b) Height (b-1), vertical deflection error (b-2) and lateral deflection (b-3) profiles corresponding to
the sections of the pillar evidenced in figures a-6, a-7 and a-8, respectively. ¢) Summary of the experimental data (F*,x, and dpy,,) retrieved from the experiments
and plotted in a force-displacement graph. The values of applied lateral force were determined by applying Eqs. (16) and (22), and the pillar displacement was
obtained from Eq. (23). The data were fitted with linear curves (R?>0.97 for all the curves). The inverse slope of the plot gives the pillar stiffness (kpiar)-

of the cantilever and the geometry parameters of the probe through Eqs.
(16) and (22); the value of the displacement is retrieved from the
measured topography data, through Eq. (23). Since the measurements of
the two parameters are independent, the probability that there is a
systematic and equal error on the two measurements performed on all
the pillars can be considered almost null.

The maximum displacement of each pillar was estimated from
experimental data as dmax = Frnax/kpitlar (1ast points in the curves re-
ported in Fig. 4c). The average value of the maximum displacement was
64.2 + 13.6 nm, corresponding to a rotation of 6.9 significantly lower
than the angle y* of the used probe (33.07°). This result suggests that the
contact between the sidewall of the probe and the pillars is a point
contact occurring at the apex of the pillar. Indeed, for cylindrical pillars,
the sidewall of the tip can rest against the pillar only if the rotation of the
tip reaches the value of the angle y*.

A further validation of the results was obtained by comparing our
experimental data with theoretical values.

To validate the maximum displacement derived from the acquired
experimental data, we analytically (from fundamental beam theory)
calculated the deformation of the apex of the pillars subjected to a lateral
force equal to the measured value of the rupture lateral force F*y,xy, max
at its apex as:

* 3 * 3
d dar = N,xy,maxhpillar _ i“ FN,xy,maxhpiIIar (33)
e 3EI 3 Ry E

The elastic modulus of the material E was considered equal to the
value measured by conventional QI mode measurement (3.34 GPa). An
average value of the maximum lateral displacement of 68.2 + 6.9 nm
was obtained. This value is in good agreement (5.8% higher) with the

10

experimentally derived maximum displacement, confirming the con-
sistency of the results obtained by our CMI method.

The topography images acquired in QI mode with low setpoint force
(10 nN) after the breakage of the pillars, revealed the absence of any
residue of the pillar showing a perfectly smooth surface (Fig. 4a-14).
This result suggests that the failure of the studied pillars does not occur
because of the fracture of the material, but because of their detachment
from the substrate due to their poor adhesion. Indeed, if the polymeric
material fractured, some residues should have been present on the
substrate and visible in AFM images. This is in agreement with previous
studies that revealed poor adhesion of similar structures deposited by
the 2PP method [60], mainly due to the development step involved in
the process. Nevertheless, to our knowledge, no measurements of the
maximum stress and adhesion force of those structures to the substrates
were conducted experimentally.

By using our experimental results and Euler-Bernoulli theory, it was
possible to calculate the maximum stress, assumed as the maximum
bending stress:

o — MR F o hpittarRpittar _ 4F N X):lpzuar 34)
I 1 ﬂRplIIar

where M= F*n x, hpiiar (With hpjiar, the height of the pillar) is the bending
moment and A the area of the circular section of the pillar with radius
Rpillar

The maximum bending stress was found to be 0.3 + 0.03 GPa. It is
worth noting that we neglected the compression stress due to the ver-
tical component of the applied force Fy,, (0.01 GPa), being one order of
magnitude lower than the bending stress, and the possible stress due to
capillarity. We could retrieve the adhesion force of the pillar to the
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substrate as Fgqn = 0max A. The adhesion force of the studied 2PP pillars
was found to be 56.6 + 4.5 uN.

In summary, the application of our CMI method to the mechanical
characterization of the 2PP 3D printed pillars allowed us to successfully
determine: i) the stiffness of the pillars, ii) the elastic modulus of the
material (confirmed by the conventional QI mode), iii) the maximum
lateral force (applied at the apex of the pillar), iv) the maximum
displacement, from which it was possible to analytically estimate v) the
maximum stress and, consequently vi) the adhesion force of the pillars to
the substrate. The obtained quantitative results are summarized in
Table 1 and are compared with the values obtained by FSI method,
described in the following paragraph.

4.2.2. Mechanical characterization using the FSI method

Equivalent mechanical characterization of the same 2PP 3D printed
polymeric pillars was conducted using the alternative FSI method (QI
mode) and the results were compared and validated with the results
obtained by the CMI method.

The range of setpoint forces in which the pillars were observed to
break was 700-1200 nN, as shown in the representative example of
Fig. 5a, where the QI topography images of a pillar acquired with
increasing values of setpoint force are shown. When low values of set-
point forces were applied, no changes in the morphology of the pillar
were observed (as sketched in Fig. 5a-5 and a-6). When higher values of
setpoint forces were applied, the pillars broke (Fig. 5a-3) and no residues
were found on the surface after failure (shown in the topography image
of Fig. 5a-4 and sketched in Fig. 5a-7 and a-8).

Fig. 5b-1 shows a F-d curve acquired on the substrate (position
sketched in Fig. 1c-A). The slope of the contact region (approach curve)
on the rigid glass substrate gives the stiffness of the cantilever k.,
(13.3 N/m). Fig. 5b-2 shows a F-d curve acquired when the tip touches
the pillar (position sketched in Fig. 1c-B). The contact region in the
approach curve had two different segments: i) a region with lower slope,
when the sidewall of the AFM tip touched the pillar (low values of force),
whose value is the stiffness k* of the system “cantilever +pillar” and ii) a
region with higher slope, when the AFM tip apex went further and
touched the rigid substrate, whose value is equal to the stiffness of the
cantilever k ,.

In Fig. 5b-3, a F-d curve acquired with the tip touching only the pillar
(position sketched in Fig. 1¢-C) is shown. These curves were considered
for the calculation of the mechanical parameters of the pillars. The
contact region of the approach curve appeared linear. This indicated
that a point tip-pillar contact occurred at the apex of the pillar for the
entire range of applied force values and that the pillar bending was in
the elastic regime. This confirms the analogous observation made in CMI
method, where the maximum rotation of the apex of the pillars was
significantly lower than the angle y*, indicating no resting of the AFM tip
against the sidewall of the pillar. The stiffness of the pillars was esti-
mated from the slope of these curve (three curves for each pillar were
considered) using Eq. (30). The average value of the stiffness analyzed
from 9 different pillars resulted in 15.9 + 2.6 N/m. This value is in good
agreement compared to the value obtained by CMI method

Table 1

Additive Manufacturing 39 (2021) 101858

(13.5 &+ 3.2 N/m), as the difference (17%) is in the same range of the
experimental variability observed for the two methods. This value of
stiffness corresponds to a value of elastic modulus of 3.8 & 0.6 GPa
(calculated assuming a cylindrical pillar), which is in good agreement
with the values measured by conventional QI mode (3.34 + 0.6 GPa),
indicating an accuracy of 13.8% of the FSI measurement. The result was
consistent with the result obtained by the CMI method
(3.23 £ 0.77 GPa), the difference between the values being in the same
range of the experimental variability. Furthermore, the precision of FSI
method (17.7%) resulted similar to the precision of conventional QI
mode (18%).

The applied force F*y and its lateral component F*y, were esti-
mated using Egs. (31) and (22), where the value of k* was retrieved as
the slope of the entire contact region of the approach curves (average
values of three curves for each pillar). The average value of the lateral
rupture force of the analyzed pillars was 889.65 + 113.61 nN, in very
good agreement with the value previously found by the CMI method.

The values of F*nyy,max and the stiffness kpyqr Were reported in a
force-displacement graph in Fig. 5c. kpjqar is the inverse slope of the
reported curves. We estimated the maximum lateral displacement of the
apex of the pillars using the experimental data as dpiiar,max = F*N,xy,max/
kpitiar- An average value of 58.4 £14.2nm was found, which was
consistent with the values obtained with the CMI method (64.2 4+ 13.6).
To verify the result, we analytically calculated the maximum displace-
ment of the pillar as the deformation of the apex of a cylindrical pillar
subjected to the maximum lateral force F*y xy,max (i.e., using Eq. 33). It
was done by considering the elastic modulus of the material equal to the
value measured by conventional QI mode measurements (3.34 GPa). We
found a value of 68.7 + 8.8 nm, in agreement with the values similarly
calculated using the CMI data (68.2 + 6.9 nm).

Topography images acquired in the QI mode with low setpoint force
(10 nN) after the breakage of the pillars showed the absence of residues,
confirming the complete detachment of the pillars from the substrate.
The failure of these pillars was therefore confirmed to be due to the poor
adhesion to the substrate and not to the fracture of the material, as
already observed by using the CMI method.

From the experimental data obtained with the FSI method, the
maximum stress of the pillar calculated as the maximum bending stress
using Eq. (34) resulted to be 0.3 & 0.02 GPa. It is worth noting that we
neglected the compression stress due to the vertical component of the
applied force Fy; (0.01 GPa), being one order of magnitude lower than
the bending stress. We also neglected the stress due to capillarity.
Indeed, the adhesion force due to capillarity was found to be about 120
nN (Fig. 5-b3, peak of retract curve) which produces a local stress two
orders of magnitude (about 0.003 GPa) smaller than the bending stress.

The adhesion force of the pillar to the substrate was 58.6 + 5.2 uN, in
excellent agreement with the results obtained with the CMI method
(56.6 + 4.5 uN).

In summary, our FSI method allowed us to measure i) the stiffness of
the pillars and ii) the maximum lateral force. From those values it was
possible to retrieve iii) the maximum displacement, iv) the maximum
stress and v) the adhesion force of the pillars to the substrate. The

- Summary of the mechanical parameters of 2PP and EBID nanopillars obtained by CMI method and FSI method. The reported errors are the standard deviation values

of the measurements.

2PP nanopillars

EBID nanopillars

CMI method (lateral deflection) FSI method CMI method (vertical deflection) CMI method (lateral deflection) FSI method
F*N max (NN) 1053.7 + 106 1061.7 + 135 588.5 + 69 604.8 + 36 500.8 + 48
F*N,xy,max (nN) 883 + 89 889.6 + 113 493.1 + 58 506.8 + 30 423.0 + 40
Presidue (nm) 0 0 21.4+1.9 21.4+1.9 35.6 + 11
hpn,xy,max (D) 530 (apex) 530 (apex) 1183+ 1.2 1183+ 1.2 127.7 +7.8
dpﬂlunma_x (nm) 64.2 £13 58.4 + 14 - - -
Kpittar (N/m) 135+ 3.2 159 + 2.6 - - 2.4+0.3
Omax (GPa) 0.3 +0.03 0.3 +0.02 2.8+0.3 29+0.2 2.7+ 0.4
Fadn,pittar (WN) 56.6 + 4.5 58.6 + 5.2 - - -
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Fig. 5. Mechanical tests performed by FSI on 2PP 3D printed pillars. a) Topography images acquired in QI mode with increasing values of the setpoint force: (a-1) 50
nN, (a-2) 700 nN, (a-3) 800 nN, and (a-4) topography image acquired with low setpoint force (50 nN) after the pillar broke (failure occurred at 800 nN setpoint
force), indicating no residue of the pillar. (a-5, a-6, a-7, a-8) schematic morphology of the pillar after each scan. b) Force-distance curves during tip interactions: (b-1)
with the substrate, (b-2) with the pillar and subsequently with the substrate and (b-3) only with the pillar without touching the substrate. The approach contact
region of the curves acquired with the tip interacting only with the pillar showed a linear trend, indicating a point tip-pillar contact occurring at the apex of the pillar
(situation sketched in Fig. 3a-C) and the elastic behavior of the pillar. ¢) Summary of all the experimental data. The maximum lateral force (F*xy,max) and the
stiffness of the pillars ko (inverse slope of the plot) are deduced from the force curves acquired when the tip was interacting with the pillar without touching the
substrate (Fig. b-3), applying Eqgs. (31) and (30), respectively. The value of maximum displacement is dpjiar,max = F*N,xy,max/Kpitiar

quantitative values of all the mechanical parameters are summarized in
Table 1. The results are in good agreement with the values obtained with
our CMI method.

4.3. EBID Pt/C nanopillars

4.3.1. Mechanical characterization using the CMI method

Mechanical characterization using the CMI method was carried out
on 10 nanopillars.

Due to their conical geometry, EBID nanopillars showed a different
behavior during the mechanical tests relative to the 2PP pillars.

An example of experiment is reported in Fig. 6a-1-a-18.

When low values of setpoint force (10 nN in the example reported in
Fig. 6a-1-a-6) were applied, a slight decrease of the height of the pillar
was observed in QI mode images acquired after CMI scans (252 nm in
the reported example, see corresponding height profile in Fig. 6b-1),
meaning that the fracture of the pillar occurred at a section very close to
the apex of the pillar. This behavior is coherent with the stress distri-
bution in a “sharp” conical pillar with a lateral force applied at its apex,
where the height of the maximum stress is closer to the apex of the pillar,
the tinier the tip of the pillar is [59].

Indeed, referring to Fig. 6b-2, the maximum bending stress (which is
in the section corresponding to the height of the residue of the pillar,
where the fracture occurs), can be written as:

*
MR res 4 N. .xy.maxz

1 7R}

res

Omax (Z) = (35)

where Ry is the radius of the section of the cone corresponding to the
height of the residue, which is:
Ries = Rypex + (Ahp

N,xy.max

+ z)tana (36)

with a the half cone angle of the pillar and z the distance between the

point of application of the force and the height of the residue.
Calculating the derivative of the o/,4x(2) and equaling it to zero:

12

dgmax (Z)

=0,
dz ’
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we obtain the equation for the distance z between the point of appli-
cation of the force and the most stressed section:

)tana

N xy.max

Rapex + AhF;,_” AN Ryper + (Mpittar — D 38)

7=

2tana 2tana

This relationship tells us that the most stressed section is as closer to
the point of application of the force (z—0) as sharper is the tip of the
pillar (Rgpex—0) and as closer to the apex of the pillar is the point of
application of the lateral force (hr«n,xy,max—Hpitiar)-

By further increasing the setpoint force we observed the fracture of
the pillars occurring at a significantly lower height. For instance, in the
example reported in Fig. 6, a residue of about 150 nm in height was
observed (Fig. 6b-1) when a setpoint force of 90 nN was applied (Fig. 6a-
7-a-12) and a residue of about 20 nm in height (Fig. 6b-1) was observed
when a setpoint of 100 nN was applied. (Fig. 6a-13-a-18). This can only
be due to the fact that the lateral force was applied at a lower point
possibly as a result of: i) the previous breakage of the tip of the pillar, i.e.,
the lowest height of the truncated pillar; ii) the resting of the AFM tip
against the sidewall of the deformed pillar, which could further lower
the application point of the force.

The use of the data acquired when the pillars broke very close to their
apex were not convenient for the calculation of the mechanical pa-
rameters of the pillars, e.g., the maximum stress, because of two reasons:
i) the breakage of the pillars was not easily visible while performing the
experiments and the height of the pillars had to be precisely measured
after each applied force level; ii) the distance (z) between the application
point of the force and the most stressed section (important to accurately
calculate the maximum stress, as showed by Eq. 35) was in the order of
few nm, i.e., the same order of magnitude as the AFM topography ac-
curacy on these kinds of structures, and therefore it was considered not
measurable with enough accuracy.
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Fig. 6. Mechanical tests performed by using the CMI method on EBID nanopillars. a) AFM images acquired during the test on a single pillar: topography (a-1, a-7, a-
13), deflection error (a-2, a-8, a-14) and lateral deflection (a-3, a-9, a-15) images acquired in contact mode with increasing values of the setpoint forces (10 nN, 90
nN, 100 nN). Before (a-4, a-10, a-16) and after (a-5, a-11, a-17) the application of each setpoint force level, the morphology of the pillars was checked by acquiring
new topography images in QI mode with low setpoint force. The morphology after the application of each setpoint value is sketched in a-6, a-12, a-18. b-1) Height
profiles obtained by QI topography images acquired after the application of each force level (sections of the pillar evidenced in figures a-4, a-5, a-11, a-17), where the
variation of the height of the pillar can be observed. hyq- is the initial height of the nanopillar (260 nm), hyesique (26 nm) is the height of the residue at the force level
used for the calculation of the maximum stress of the pillar. b-2) Sketch of a generic pillar with conical shape with a lateral force F*y, xy, max applied at a certain height
hp+N, xy,max- We indicated with hy;q, the height of the pillar, hregique, the height of the residue of the pillar after breakage, z the distance between the point of application
of the force F*y xy max and the height of the residue, Ry the radius of the base of the pillar and Ry, the radius of the apex of the pillar. c) Line graphs across the
pillar: height (c-1), vertical deflection error (c-2) and lateral deflection (c-3) profiles corresponding to the sections of the pillar evidenced in figures a-7, a-8 and a-9,
respectively.

Therefore, we considered convenient, in order to make the mea- the maximum stress depends only on the value of the lateral force F*y yy,
surement procedure easier and more accurate, to use values of the max> the height of application of the force, the distance (z) between the
applied force high enough to produce the fracture of the pillar at a lower height of application of the lateral force and the height of most stressed
(visible and accurately measurable) height. This was possible because section (i.e., the height of the residue), and the initial geometry of the
the increase of the value of the force used to break the conical pillar and pillar (i.e., Rgpex and the aperture angle a).
the consequent decrease of its application height (hp«n;xy,mad) did not We easily observed the fracture of the nanopillars (with residues of
affect the measured value of the maximum stress, but only lowered the about 20 nm height) by applying setpoint forces in the range 90-120 nN
height of the most stressed section. Indeed, according to Eqs. (35)—(37), and we applied this range of setpoint forces to 10 nanopillars to retrieve
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the maximum stress.

In Fig. 6¢, example profiles of the height (Fig. 6c¢-1), vertical
deflection error (Fig. 6¢-2) and lateral deflection (Fig. 6¢-3) recorded at
90 nN setpoint force (cross-sections highlighted as colored lines in
Fig. 6a-7, a-8, a-9) are reported. The trend of these profiles were
coherent with the expected trends and similar to those observed for the
3D printed pillars.

For each pillar, the applied force (F*y) and its lateral component F*y,
xy were calculated in two different ways: i) from the vertical deflection
signal, by applying Eqs. (15) and (22), and ii) from the lateral deflection
signal, by applying Eqs. (16) and (22). The average value of the lateral
rupture force F*y xymax (i.e,. the lateral component of the force corre-
sponding to the setpoint force at which the visible rupture of the pillars
was observed) was 493.1 + 58.0 nN, calculated from the vertical
deflection signal, and 506.8 & 30.3 nN, calculated from the lateral
deflection signal. The good agreement between the results obtained
from the two different signals confirms the validity of both calculation
methods.

From the topography images acquired in QI mode with low setpoint
force (10 nN) after the breakage of the pillars, we were able to measure
the height of residue, i.e., the height of the most stressed section (where
the fracture occurred) in the tested experimental conditions. For the
tested pillars, an average residue height of 21.4 + 1.9 nm was found.

The height of the application of the lateral force can be analytically
calculated by using Eq. (38) and, interestingly, depends only on the
height of the residue of the broken pillar (and its geometrical parame-
ters). Indeed, the distance z between the point of application of the
lateral force and the most stressed section (at the height of the residue of
the pillar) can be written as
hy

Noxy.max

— Hrey (39

Zomax =
with hp«n xy,max the height of application of the force F*y,xy,max and hyes
the measured height of the residue of the pillar.

Therefore, we could obtain the height of the application of the force,
which was:

- 1 Repes(Mpitiar + 2hyey)

' 40
Naymax 3 tana “40

hr
where we considered Rgpex = 5 nm (estimated by SEM images).

By using this relationship, we calculated the height of the application
of the lateral force of each analyzed nanopillar and we found an average
height of 118.3 + 1.2 nm.

We finally calculated the maximum bending stress, corresponding to
the section where the fracture occurred through Eq. (35) and we found a
value of 2.8 + 0.3 GPa and 2.9 + 0.2 GPa considering the lateral force
calculated from the vertical deflection signal and from the lateral
deflection signal, respectively. The compression stress due to the vertical
component of the applied force Fy ; and the stress due to capillarity were
not taken into account, being negligible (1-2 orders of magnitude lower
than the bending stress).

It is worth noting that, differently from the previous case of the 2PP
3D printed pillars, no detachment of the pillars from the substrate was
observed, but real fractures of the material. Therefore, this value of
maximum stress can be assumed as the fracture stress of the Pt-C EBID
deposited material.

To our knowledge, no other data on the fracture stress of the same Pt-
C EBID nanopillars are available in the literature, but the values we
found are in line with the stress values measured by other authors on
bigger structures fabricated by EBID using different precursors (in the
range 1-3 GPa) [61].

In summary, our CMI method allowed us to successfully characterize
the maximum stress of the conical EBID nanopillars. Indeed, it enabled
us to apply a controlled lateral force which produced the fracture at a
certain measurable height. These two parameters (F*xy,max and hyes)
allowed us to determine the maximum stress for the analyzed structures.
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Those values are summarized in Table 1 and are compared with the
same parameters obtained by FSI method (described in the following
paragraph).

4.3.2. Mechanical characterization using the FSI method

Equivalent mechanical characterization (determination of the
maximum stress) of the same EBID nanopillars was carried out using our
alternative FSI method. This allowed us to compare again the results
obtained with the two methods and corroborate them. Eight nanopillars
were analyzed by using this method.

In Fig. 7, the topography images of 2 pillars subjected to increasing
values of setpoint force are shown. At low values of setpoint force (10 nN
in the example reported in Fig. 7a-1), no changes in the morphology of
the pillars were noticed, meaning that no fracture of the pillars occurred.
Similar to what we observed in the CMI, at higher values of setpoint
force (e.g., 100 nN in the example reported in Fig. 7a-2), a very small
decrease of the height of the nanopillars was observed (about 5 nm),
coherent with the conical geometry (see Eq. 38). By further increasing
the setpoint force (300 nN in the example reported in Fig. 7a-3), we
observed the fracture of the pillars occurring at a lower and more visible
height. This was mainly because increasing the setpoint force we made
the tip to rest against the pillar sidewall, lowering the actual point of
application of the force. Similar to the methodology applied in the CMI,
to improve the ease and the accuracy of the measurements, we focused
on these values of applied force, ie., high enough to produce the
breakage of the pillar at a lower height (e.g., hy.s showed in Fig. 7b).

The range of setpoint forces in which the pillars were observed to
break at a low and visible height was 260-320 nN.

In Fig. 7c, examples of force-distance curves acquired in different
points along the section of a nanopillar are shown. Since the substrate
was rigid (Si wafer), the curves acquired on the substrate (Fig. 7c-1)
exhibited, as expected, a slope of the contact region equal to the stiffness
of the cantilever. In the first scan points where the AFM tip touched the
pillars, the contact region of the approach curves presented two different
slopes (Fig. 7c-2), corresponding to: i) the equivalent stiffness of the
system “cantilever+pillar” k* at low force values and ii) the stiffness of
the cantilever at high force values, indicating the tip touching the
substrate.

In Fig. 7¢-3, a typical curve registered when the AFM probe was
interacting only with the pillar is reported. Different from the case of the
3D printed cylindrical polymeric pillars, the slope of the contact region
of the approach curve was observed to be not constant in the entire
range of force values. At the very beginning (low force values), the curve
appeared linear, indicating a point contact between the sidewall of the
AFM tip and the apex of the pillar (situation sketched in Fig. 1c-c). From
the slope of this region, it was, therefore, possible to retrieve the stiffness
of the pillars using Eq. (31), which resulted in a value of 2.4 4+ 0.3 N/m
(the average value of three curves for each pillar was considered).
Nevertheless, it is worth noting that this value cannot be assumed as the
value of the stiffness of the pillars, since probably a part of the tip of the
pillar was already broken due to the previously applied levels of force.
After a certain force value, the slope of the curve starts to progressively
increase, indicating that the AFM tip rests against the deformed pillar
and starts to glide along its lateral wall (situation sketched in Fig. 1¢c-D).
This result is coherent with the findings obtained with our CMI method.

As previously explained, in this case, the value of applied force can
be calculated by using Eq. (32), considering the slope of the very last
part of the approaching F-d curve (k*g,;). We obtained an average value
of applied lateral force at breakage F*n,xy,max of 423.0 & 40.7 nN for the
analyzed pillars. This value of force is slightly lower than the values of
maximum lateral force obtained by our CMI method on the same
nanopillars, but the results are coherent if we look at the height of the
pillars residues. Indeed, topography images acquired with low setpoint
force after pillars fracture revealed the presence of a residue that was
slightly taller than that one observed with CMI method, ie,
35.6 + 11.6 nm. This indicates a different position of the application
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Fig. 7. Mechanical tests performed by the FSI on EBID nanopillars. a) Topography images acquired in QI mode with increasing values of setpoint force: (a-1) 10 nN,
(a-2) 100 nN,(a-3) 300 nN and (a-4) 320 nN. (a-5, a-6, a-7, a-8) schematics of the morphology of the nanopillars observed after each scan. b) Height profiles of the
pillar recorded at each setpoint force level. The corresponding sections are shown in Fig. a-1, a-2, a-3 and a-4. h,qr is the initial height of the pillar and hyegigye is the
height of the residue at the force level that was used for the calculation of the maximum stress (setpoint force of 320 nN in this case). c¢) Force-distance curves
acquired with: (c-1) the tip on the substrate, (c-2) the tip in contact with the pillar and eventually with the substrate and (c-3) the tip in contact only with the pillar
without touching the substrate. The approach contact region of the curves acquired with the tip interacting only with the pillar showed a progressive increase of the
slope, indicating that the AFM tip slides along the sidewall of the tip (as shown in Fig. 3a-D).

point of the lateral force.

We calculated the height of application of the lateral force of each
analyzed nanopillar using Eq. (40) and we found an average height of
127.7 + 7.8 nm, as expected, slightly higher than the height of the force
found in the CMI experiments.

We finally calculated the maximum stress, corresponding to the
section where the fracture occurred and we found a value of
2.7 £ 0.4 GPa, comparable with the values of maximum stress obtained
using our CMI method and with the few data available in the literature
for different EBID structures deposited with different precursors [61]. It
is worth noting that the compression stress due to the vertical compo-
nent of the applied force Fy; and the stress due to capillarity were
negligible and were not taken into account for the estimation of the
maximum stress.

In summary, our FSI method allowed us to measure the maximum
stress, similar to the CMI method. The very good agreement between the
values of maximum stress found with FSI method and CMI method (see
the comparative Table 1) represents further evidence of the suitability of
our AFM based methods for the mechanical characterization of
nanopillars.

5. Conclusion

In this work, we have proposed two methods to perform mechanical
tests on single nanopillars, addressing the need for novel mechanical
characterization methodologies accessible and easy to be performed for
this kind of structures without sample modification. The proposed
methods are based on the sole use of AFM in the contact mode imaging
(CMI) and force spectroscopy imaging (FSI) mode. They do not involve
modification of the samples and allow for the quantification of the
elastic properties of the structures and of their breaking strength (i.e.,
maximum force, maximum displacement, most loaded section).

The effective operation of the two methods was demonstrated by two
case studies: i) polymeric nanopillars fabricated by two-photon
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polymerization (2PP) and ii) Pt-C nanopillars fabricated by electron
beam induced deposition (EBID). In the case of the cylindrical 2PP
nanopillars, the stiffness, the elastic modulus, the maximum lateral
force, the maximum displacement, the maximum stress and the adhe-
sion force of the pillars to the substrate were measured by both methods
(ie., CMI and FSI). In the case of the conical EBID nanopillars, the
maximum stress of the nanopillars was determined by CMI and FSI
method. A high consistency of all the results obtained with our two
methods was observed.

The novel CMI and FSI methods were validated by comparing the
elastic modulus values of 2PP pillars with the elastic modulus value
obtained by the well-established Quantitative Imaging (QI) mode. We
determined an accuracy of 3.3% for CMI method and 13.8% for FSIL. The
precision of both CMI and FSI methods (coefficient of variation of 21%
and 17.7%, respectively), was similar to the precision of the conven-
tional QI mode (18%). In addition, the validity of our methods was
further demonstrated by the consistency of our results with the param-
eters analytically calculated.

In summary, we developed two effective AFM based methods for the
mechanical characterization of single nanopillars, that do not require
the use of SEM and/or additional sample modification. The proposed
methodologies are easy to use and could be beneficial for fabrication and
optimization of micro and nanopatterned surfaces. Furthermore, they
have the potential of enabling otherwise impossible measurements,
particularly when the specimens need to be tested under wet conditions,
such as in the case of mechanobiological studies involving living cells.
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