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N
anoelectromechanical systems are
very important for their interest-
ing applications in the field of ad-

vanced devices and sensing. To this end,
in recent years, great efforts have been
performed for the comprehension of the
mechanical and elastic properties of materi-
als at the nanometer scale. In particular,
atomic force manipulation of nanowires,1�3

pinned in a particular location, has been
largely employed to measure the elastic
(Young's) modulus Y ofmaterials at reduced
dimensionality. Several experimental works
reported a strong variation of Y when the
nanowire width is reduced. In fact, some of
them reported a decrease of Ywith the nano-
wire width decreasing,1,2,4,5 while other works
reported an increasing of Y.3,6,7 As demon-
strated by theoretical works on silicon and
othermaterials,8�10material complianceshould
decrease at low nanometric scale. This means
that the Young's modulus Y increases. How-
ever, the surface stress plays a prominent
role: this is particularly true in nanowires
due to the high surface-to-volume ratio.10

The effect of surface stress on mechanical

properties has been theoretically investi-
gated for silicon11 and metal12 nanowires.
Experimental works reported the effect
of surface stress for silver13,14 and lead
nanowires.
In this work, we study mechanical defor-

mations of high crystalline quality, top-
down fabricated silicon nanowires released
by means of BHF under-etching and doubly
clamped in crystalline silicon. We ascribe
these deformations that are in the elastic
regime to surface relaxation. The surface
reaches an equilibrium with the nanowire
bulk; therefore, once fabricated, without
any applied force, nanowires are buckled.
If this equilibrium is perturbed, nanowires
find a new equilibrium position bending in
the opposite direction (mechanical bistability).
In this work, for the first time, measurement
of the SiNW self-buckling, performed by
means of AFM imaging, has been used to
give an estimation of the surface stress.
Force-deflection spectroscopy is then per-
formed in order to measure the SiNWs'
apparent Young's modulus that was higher
than the value for macroscopic silicon
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ABSTRACT In this work, we report experimental evidence of surface stress

effects on the mechanical properties of silicon nanostructures. As-fabricated, top-

down silicon nanowires (SiNWs) are bent up without any applied force. This

self-buckling is related to the surface relaxation that reaches an equilibrium with

bulk deformation due to the material elasticity. We measure the SiNW self-

deformation by atomic force microscopy (AFM), and we apply a simple physical

model in order to give an estimation of the surface stress. If the equilibrium is

altered by a nanoforce, applied by an AFM tip, nanowires find a new equilibrium

condition bending down (mechanical bistability). In this work, for the first time,

we report a clear and quantitative relationship between the SiNWs' apparent Young's modulus, measured by force-deflection spectroscopy, and the

estimated value of surface stress, obtained by self-buckling measurements taking into account the Young's modulus of bulk silicon. This is an experimental

confirmation that the surface stress is fundamental in determining mechanical properties of SiNWs, and that the elastic behavior of nanostructures strongly

depends on their surfaces.
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structures. This higher experimental value is compati-
ble with the surface stress that we estimated by
measuring the SiNW self-buckling.

RESULTS AND DISCUSSION

Mechanical Self-Deformation of Silicon Nanowires. One of
the most interesting techniques for nanomechanical
characterization is the use of nanostressing applied by
means of an atomic force microscope (AFM). Most of
the works devoted to nanomechanical characteriza-
tion show results obtained with bottom-up fabricated
nanostructures, such as carbon nanotubes15�17 or metal
nanowires.2 Several works are dedicated to bottom-up
silicon nanowires, typically fabricated by vapor�liquid�
solid (VLS) growth.4,6 Once fabricated, a suitable me-
chanical clamping must be provided in order to im-
mobilize these nanostructures and to allow nanomecha-
nical stressing. In this work, we characterize top-down
silicon nanowires fabricated by a process based on
high-resolution electron beam lithography and stress-
controlled oxidation reported in previous works.18�20

Our top-down technique allows the simultaneous fabri-
cation of nanowires and clamping regions. Therefore,
at the end of the process, nanowires are already doubly
clamped at their extremities. Furthermore, the clamp-
ing is of excellent quality because there is crystalline
continuity between the clamping regions and the
nanowire.

In the Methods section, we report a brief summary
of the fabrication process. At the end of the process,
the nanowires are suspended between the clamping
regions. We used suitable oxidation times so that
nanowires have a triangular (isosceles) cross section,
delimited by two Æ111æ surfaces on the sides and by a
bottom Æ100æ surface. Nanowires are exactly oriented
in the Æ110æ direction.

Figure 1a shows a SEM image of a typical sus-
pended nanowire after the final reduction and BHF
etch. In particular, a nanowire 5.3 μm long (distance
between the clamping regions) and 150 nm wide
(W = 150 nm) is shown. The image has been taken with
a tilt of roughly 30� in order to better show the SiNW

self-bending: the nanowire is deformed in a plane
perpendicular to the wafer surface (vertically). We do
not observe any deformation in the horizontal direction
(parallel to the wafer surface). For an accurate mea-
surement of the deformation, AFM images have been
taken on several SiNWs both in contact and in no-
contact mode; no significant differences have been
detected between no-contact images and contact
images taken with a low force (2 nN). Figure 1b shows
a typical AFM image (no-contact mode) that highlights
the SiNW deformation in a plane perpendicular to the
wafer surface. Similar deformations have been ob-
served in all of the fabricated samples, with nanowire
widths W in the range of 120�160 nm. Although
residual stress in SOI wafers can vary enormously, the
top silicon layer should present mainly a tensile stress,
as shown by several works.21,22 Furthermore, as
reported in ref 21, the residual tensile stress is relatively
small in substrates with top layer thicknesses consid-
ered in our work. Phenomena that can induce a
compressive stress must be considered in order to
explain the bending of SiNWs. Theoretical works10,11

have shown that the effect of the surface stress is to
elongate unconstrained SiNWs. The equilibrium length
is reached when the energy released by the surface
relaxation is equivalent to the mechanical energy
stored in the elongated nanowire bulk. This means
that clamped nanowires undergo a compressive stress
for the effect of surfaces. Bottom-up nanowires, con-
sidered by several works, are fabricated unconstrained
and then clamped once their equilibrium length is
reached. For this reason, without applied load, no
self-deformations can be observed in bottom-up dou-
bly clamped nanowires. Their surface strain can be
detected only by measuring the effective Young's
modulus that, for the surface effects, can be higher13,14

with respect to macroscopic structures made of the
same material. In the present work, the distance
between clamping regions is fixed during all top-
down fabrication steps; after releasing, the surface
relaxes and tends to elongate the SiNW. This induces
a compressive stress with a consequent bending of

Figure 1. (a) SEM image of a typical SiNW after oxide under-etch, released from substrate and clamped at its extremities: the
nanowire is bent up. (b) No-contact AFM image of a released SiNW.
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the SiNW. Our SiNWs are bent in the vertical direc-
tion (perpendicular to the surface) because the mo-
mentumof inertia of a triangular isosceles cross section
is minimum with respect to the horizontal direction
(base).

We measured the SiNW self-bending in order to
give an estimation of the surface stress. To this end, a
deformation profile of some typical SiNWs has been
extracted from AFM contact (force of 2 nN) images.
Figure 2 shows a typical longitudinal profile, extracted
from the AFM image reported in the top right inset. The
distance between the clamping regions, which is the
original SiNW length, is L = 5.3 μm; the nanowire is
130 nm wide. The nanowire buckling δ in the middle
resulted δ = 135 nm. The main graph shows the
extracted deformation profile and a fit with a sixth-
order polynomial, used as an analytical approximation
of the nanowire deformation v(x). This analytical ap-
proximation is used for the evaluation of the bulk
elastic energy stored in the bent nanowire. This energy
must be equal to the work done by the surface stress
during the relaxation. The elastic regime is assumed in
the data reduction (see the force-deflection measure-
ments in the following section). For elastic deforma-
tions, the strain ε in the SiNW bulk can be expressed as
a function of the curvature radius R(x), χ(x) = 1/R(x), of
the beam:23

ε(x, y) ¼ ε0 � χ(x)y (1)

where ε0 is the axial deformation, which is the SiNW
elongation, and y is referred to the triangular cross
section center of mass B, as schematically shown in
Figure 3. The reciprocal of the curvature radius χ(x) =
1/R(x) can be expressed as a function of the nanowire

deformation v(x):

χ(x) ¼
d2v

dx2

1þ dv

dx

� �2
 !3=2

(2)

The axial deformation ε0 can be obtained calculating
the elongated nanowire length L1:

L1 ¼
Z

L

0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ dv

dx

� �2
s

dx (3)

ε0 ¼ L1 � L

L
(4)

The values of χ(x), ε0, and ε can be obtained by num-
erical derivatives of the measured profile. However, deri-
vatives of experimental data are very unstable. For this
reason, we estimated χ(x), ε0, and ε by using analytical
derivatives of the sixth-order polynomial fit of the
experimental profile. The strain ε0 is related to the bulk
stress σ by the well-known relationship σ = Yε. Follow-
ing theoretical works,11 confirmed by experimental
measurements,1,4 in the case of nanowires wider than
100 nm (our investigated range isW between 120 and
160 nm), the silicon bulk value can be assumed for Y,
which for the Æ110ædirection is Y= 169GPa. The density
of mechanical deformation energy is ∂Ebulk/∂V = 1/2σε
= 1/2Yε2. The total bulk elastic energy stored in the
deformed nanowire can be obtained as

Ebulk ¼
Z
V

1
2
Yε(x, y)2dV (5)

Ebulk ¼
Z
L

Z
A

1
2
Yε(x, y)2dAdx (6)

Figure 2. Main image: extracted SiNW profile (leveled) is
shown, together with the sixth-order polynomial fit. Top
left: AFM image of the released SiNW. Top right: pattern
where the profile has been extracted is shown.

Figure 3. Sketch of a deformed nanowire with triangular
cross section (top right). The deformation radius R(x) and its
reciprocal χ(x) can be determined by the polynomial fit.
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where V is the nanowire volume and A is the area of the
nanowire triangular cross section (dA = dydz). In this
way, the total bulk elastic energy stored in the nano-
wire can be determined as

Ebulk ¼
Z
L

Z
y, z

1
2
Y(ε0 � χ(x)y)2dydz

 !
dx (7)

Making some simple calculations, it is easy to demon-
strate that this integral can be written as

Ebulk ¼ 1
2
Yε20 þ

1
2
YJ

Z
x

χ2(x)dx (8)

where J is the moment of inertia of the triangular
section J = Wh3/36. At this point, the mechanical
energy stored in the bulk of the deformed nanowire
can be estimated on the basis of experimental data:
χ(x) is easily calculated using eq 2 by using for v(x)
the sixth-order polinomial fit; then, χ(x) is used for a
numerical evaluation of the integral in expression 8).
This evaluated energy must be equal to the work
done by the surface during its relaxation. For small
deformations, the relationship between surface
stress τ and surface strain can be approximated by
a linear law:14,24�26

τ ¼ τ0 þ YSε (9)

The energy associated with the work done by the
surface stress can be expressed as

ES ¼
Z
S

τ0εþ 1
2
YSε

2

� �
dS (10)

where S is the lateral surface of the silicon nanowire.
In order to perform this calculation, some approx-
imationsmust be done. At first, let us assume that the
second term, containing ε2 , ε (ε , 1), can be
neglected; this should be acceptable for a rough
estimation. Furthermore, surface stress is anisotropic
and depends on the surface orientation. In the pre-
sent case, the triangular nanowire is delimited by a
Æ100æ surface on the bottom and two Æ111æ surfaces
on the two sides; our procedure does not allow to
distinguish between the three surfaces; therefore,
only an estimation of the average value of τ0 on all
lateral surfaces can be given. The integral in 10 can
be rewritten as

ES ¼
Z
S
τ0εdS

ES ¼
Z L

0

Z
P
τ0εdP

� �
dx

where P is the perimeter of the nanowire cross
section with area A. The surface stress ε can be
calculated by means of the expression 1, where this
time ymust be taken on the border (perimeter) of the
triangular cross section. Our cross section is defined
by the KOH anisotropic etching, with base W and
h = W/2

√
2 fixed by the etching properties. Some

simple mathematical steps allow expression of the
above integral as

ES ¼ τ0 ε0PL �w2
ffiffiffi
2

p ffiffiffi
3

p � 2
12

Z L

0
χ(x)dx

 !
(11)

where again ε0 and
R
0
Lχ(x)dx can be evaluated by the

polynomial sixth-order approximation of the experi-
mental nanowire profile. By imposing

Ebulk ¼ ES (12)

and using eqs 11 and 8, we obtain τ0

τ0 ¼ Y

1
2
ε20 þ

1
2
J

Z
x

χ2(x)dx

ε0PL �W2
ffiffiffi
2

p ffiffiffi
3

p � 2
12

Z L

0
χ(x)dx

(13)

In the case of the nanowire shown in Figure 2, the
procedure (profile extraction fromAFM image, fitting
with a sixth-order polynomial, numerical integration
of integrals in eq 13) has been repeated starting from
four different images of the same nanowire. The
estimated τ0 value is τ0 = 3.67 ( 0.02 J/m2, with W

= 130 nm measured by SEM inspection.
Although this value is a first-order approximation,

averaged on nanowires' sides (different crystalline
planes), it gives a good agreement with other mechan-
ical characteristics of SiNWs, as shown in the following
subsection. The estimated τ0 value is strongly depen-
dent on the nanowire width because W appears both
in the expression of inertiamomentum J and, explicitly,
in eq 13. Therefore, τ0 is quite affected by errors in the
measurement ofW. If, for example, an error of(5 nm is
considered on the measurement of W = 130 nm, τ0
assumes the values of 3.46 J/m2 for W = 125 nm and
3.93 J/m2 for W = 135 nm. The whole procedure has
been repeated for several AFM images taken on five
different nanowires, with W in the range of
120�160 nm measured by SEM inspection. All values
were in good agreement, in the range of 3.5�4.2 J/m2.
This is a strong indication that themain cause of silicon
nanowire deformation is the surface stress that scales
as the cross section perimeter, and that eventual residual
volume stress, scaling as the cross section area, gives
only a small contribution. The surface stress values that
we found are comparable but slightly higher than the
ones numerically evaluated by theoretical works,10,11

which are between 0.5 and 2 J/m2 depending on
surface conditions. In preliminary experiments, we
found that the surface stress value depends on the
treatments performed on the SiNW and, in particular,
on the oxidation times and temperatures for which the
state of the surface can be very differentwith respect to
the one analyzed in theoretical works.

Force/Deflection and Apparent Young's Modulus of Silicon
Nanowires. We applied a force of few tens of nanonew-
tons on the SiNWs by means of the AFM tip, in order to
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perform force-deflection measurements (F/D spectro-
scopy) and to measure the apparent Young's modulus
of SiNWs. We observed that the applied force can
modify the mechanical equilibrium of the bent up
SiNW. If the deviation from equilibrium is sufficiently
high, after an unstable phase, the nanowire reaches a
new equilibrium condition with a different deforma-
tion. Figure 4 shows AFM images of a typical nanowire,
taken immediately before and immediately after the
application of a force in themiddle. F/Dmeasurements,
recorded during the application of the force, are shown
in Figure 5. FromFigure 4,we can see that the nanowire
changed its deformation state during the F/Dmeasure-
ment, from “bent up” (negative concavity) before the
F/D characterization to “bent down” (positive concavity)
after the F/D. To our knowledge, this behavior has
never been observed before. As described in the
previous section (see also Figure 4 “Before F/D”), once
fabricated and suspended, the silicon nanowire bulk is
in mechanical equilibrium with its surface and the
nanowire is bent up. The first part of the F/D curve
(see Figure 5 right part) shows that, for low applied
force, the nanowire deformation is proportional to the
force; that is, the deformation is linear, and the nano-
wire is in the elastic regime. When the force is suffi-
ciently high (around 40 nN in the case of Figure 5), the

mechanical equilibrium is altered: the nanowire be-
comes unstable and reaches a new equilibrium posi-
tion bending down. At this point, the AFM tip is not
more in contact with the nanowire, and it must go
down to be applied again: see the flat curve between
the right part and the left part in Figure 5. Once the
bent down nanowire is reached, the tip again applies
its force and the nanowire deformation increases:
see the left part (linear) of Figure 5. Note that once
the nanowire has found a new equilibrium condition
“bent down”, the relationship between force and
deformation is still linear: this demonstrates that
the nanowire mechanical behavior is always in the
elastic regime.

Once the nanowire has reached its new equilibrium
position, bent down, we positioned again the tip in the
middle and repeated the F/D measurement in order to
determine the apparent Young's modulus. To do that,
we followed the procedure reported in ref 2. The
deformation δ = v(L/2) with a force applied in L/2 is
evaluated by using a comparison F/D curve taken
on the bulk material. Figure 6 shows a sketch of the
measurement procedure. Two F/D curves are recorded,
one with the tip positioned on the bulk material and
the other with the tip positioned in the middle (L/2)
of the nanowire. The ratio between deformation and

Figure 4. AFM images before and after F/Dmeasurement. The change on the nanowire bending is evident. Both images have
been taken in contact mode with a force of 2 nN that gives a negligible nanowire deformation.

Figure 5. Typical F/D curve of a nanowire, originally deformed with a negative concavity (“bended up”).
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applied force δ/f can be determined as

δ

f
¼ tanβ � tanR

tanβtanR
ð14Þ

In the present case, the nanowire is in equilibrium,
already deformed before the application of the force.
The δ, evaluated by F/D, is the increase of the deforma-
tion with respect to the equilibrium condition, due to
the applied force. For the case of the data presented in
Figure 6 (W = 130 nm, L = 5.3 μm), we found δ/f = 0.542
m/N. The deformation/force ratio of a beam in the
elastic regime, with a load positioned at L/2, is well-
known,23 and it is

δ

f
¼ 1

192
L3

JY
(15)

This formula, together with the experimental measure-
ment of δ/f, allows determination of the apparent
Young's modulus Y (Yapparent) of our nanowire. Speci-
fically, for the data shown in Figure 6, it gives Yapparent =
510 GPa, which is higher than the bulk Young's mod-
ulus for silicon in the Æ110æ direction (that is, 169 GPa).
This high value of the apparent Young's modulus can
be explained by considering the surface effects be-
cause the applied force modifies both the bulk and the
surface of the SiNW. With respect to the equilibrium,
the applied force changes the total mechanical energy
stored in the nanowire of an amount ΔEstored that is
given both by the contribution of bulk (ΔEbulk) and by
the contribution of surface (ΔES):

ΔEstored ¼ ΔEbulk þΔES (16)

The variation of the internal stored energy must be
equal to the elastic energy developed externally by the
force. This external energy is a half of the total work
done by the force itself:

Eforce ¼ 1
2
fδ ¼ ΔEstored (17)

For example, in the case of the F/D shown in Figure 6
(δ/f = 0.542 m/N), if a force of 40 nN is used for the
calculation, we have δ = 22 nm. The energy developed
by the force is Eforce = 1/2fδ = 4.34 � 10�16 J.

The nanowire is in the elastic (linear) regime; there-
fore, the superposition principle can beused in order to
make an easier evaluation. Following this principle, the
deformation due to the applied force can be treated
separately from the self-deformation. When we con-
sider only the deformation due to the applied force,
ΔEstored = 0 for force = 0. In this way, the variation of the
elastic energy ΔEstored can be simply written as

ΔEstored ¼ Estored ¼ Ebulk þ ES (18)

This stored energy should be equal to Eforce = 1/2fδ. The
energies stored as elastic deformation of the bulk Ebulk
and of the surface ES can be evaluated by considering
the well-known expression of the factor χ(x) for a
doubly clamped beam with a force applied at L/2:

χ(x) ¼ 24δ(L � jL=2 � xj)
L3

(19)

In this expression, δ is the deformation for x = L/2,
which is the quantity obtained by the F/D measure-
ment. This expression can be used for a numerical
evaluation of the integrals for the bulk energy and for
the surface energy reported in the previous section:

Ebulk ¼ 1
2
Y(ε20 þ J

Z
x

χ2(x)dx) (20)

ES ¼ τ0 ε0PL �W2
ffiffiffi
2

p ffiffiffi
3

p � 2
12

Z L

0
χ(x)dx

 !
(21)

The standard bulk value of Y = 169 GPa (Æ110æ
direction) is used for evaluating Ebulk. For the calcula-
tion of ES, we used the value of τ0 estimated from the
self-deformation, as reported in the previous section. In
the case of the F/D shown in Figure 6, by considering
again a force of 40 nm, δ/f = 0.542 m/N, τ0 = 3.67 J/m2

(see previous section), we obtain the value Estored =
4.32� 10�16 J. This value is very close to the mechanical
energy produced by the work of the force (see above):
Eforce = 4.34 � 10�16 J.

The whole procedure has been repeated for several
nanowires. For each nanowire, the value of τ0 has been
evaluated by measuring its self-deformation. Then, a
first F/D measurement has been used for bending
down the nanowire. After that, we performed a second
F/D measurement and evaluated δ/f. We always found
a good agreement (within 10%) between variation of
mechanical stored energy (bulk and surface) and work
done by the applied force.

CONCLUSIONS

In conclusion, in this work, we demonstrate that the
SiNW's apparent Young's modulus, determined by F/D

Figure 6. F/D curves, measured positioning the AFM tip as
shown in the inset. The two values, tan R and tan β, are
measuredbymeans of a linear fit in the region of interest, as
shown by the dashed lines. The F/D curves have been
measured once the nanowire is bent down.
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spectroscopy measurements, is consistent with the
effects due both to the elastic deformation of the
nanowire bulk and to the elastic strain of the surface.
In particular, we measured the self-buckling of as-
fabricated nanowires, by AFM imaging, and used these
measurements to give an estimation of the surface
stress τ0. Then, we measured the apparent Young's
modulus by F/D and found that it is higher than Ybulk.
Mechanical behavior of bulk silicon strongly depends
on the crystallographic orientation. In our case, the
process that we employed for the fabrication of nano-
wires is based on anisotropic etching, so that nano-
wires are oriented in the Æ110æ direction: therefore, the
value Ybulk = 169 GPa has been considered. A simple

model that takes into account both Y and surface stress
τ0 can be applied to the evaluation of the apparent
Young's modulus of the nanowire. Following this
model, we found that the measured higher value of Y
is compatible with the bulk value Ybulk and with the
estimated value of surface stress.
We suggest that the value of the surface stress τ0 is

strongly dependent on the surface states and on the
process steps used in the nanowire fabrication. In parti-
cular, τ0 strongly depends on the oxidation conditions
(temperature and time) that heavily affect the surface
reconstruction. In future works, different process con-
ditions and treatments will be investigated, and their
eventual effects on surface stress will be studied.

METHODS
Top-Down Fabrication of Silicon Nanowires. The fabrication pro-

cess is based on silicon-on-insulator (SOI) crystalline wafers with
a Æ100æ-oriented, high crystalline quality (Czochralski), top
silicon layer 260 nm thick. A 50 nm thick SiO2 layer, to be used
as a mask for the silicon etching, is grown by dry thermal
oxidation and patterned by e-beam lithography, using a stan-
dard PMMA resist. After the SiO2 etching and PMMA stripping,
the top silicon layer is anisotropically etched using a KOH water
solution (35% in weight) saturated with isopropyl alcohol
(IPA) at 43 �C. The anisotropic etching stops on precise
crystalline planes, defining a very regular trapezoidal cross
section even on long wires. For effect of the etch, the SiNW is
precisely oriented in the Æ110æ direction. After the etch, we
used a well-controlled oxidation process for reducing the
SiNW width. In our previous works on SiNW fabrication,19,20

we observed that the trapezoidal cross section becomes
triangular after suitable oxidation times if the top width
defined in the lithographic step is smaller than the thickness
of the silicon top layer. Furthermore, as demonstrated by
numerical simulations, the oxidation rate is reduced by the
stress generated during the growth, resulting in a very good
control of the final shape.

At this point, a buffered HF (BHF) etch (etch rate about
50 nm/min) is performed for more than 12min. This etch time is
sufficient to remove all of the grown SiO2 and for under-etching
the SiO2 below the nanowire; at the end, the SiNW is suspended
and clamped at its extremities. A last oxidation step is then
performed for 10 min at 1150 �C for a further reduction of the
nanowire; then, this last oxide layer is removed by BHF. At the
end, the nanowire has a triangular cross section, delimited by a
bottom Æ100æ crystalline plane base, with a width W that
depends on the width of the initial mask and on the oxidation
reduction process. We used suitable oxidation times so that the
final cross section is a isosceles triangle, delimited by two Æ111æ
planes on the sides that are parallel to the original planes
defined by the anisotropic etching.

AFM and F/D Measurements. All of the AFM imaging and
measurements have been performed by means of a PSIA XE-
100 (Park Systems). No-contact images have been taken by a
135/30/4 μm cantilever (length/width/thickness), with a tip
radius of about 10 nm and a resonant frequency of about 330
kHz. Contact images have been taken by a 130/35/1 μm
cantilever (length/width/thickness), tip radius of about 10 nm,
and force constant of 0.6 N/m.

The proprietary software XEP-PSIA has been used both for
image acquisition (in tiff format) and for force/deflection mea-
surements. F/D measurements have been acquired and saved
in txt format and reduced by standard software for data analysis
(Origin and/or QtiPlot). The profile extraction has been per-
formed by means of Gwdyddion AFM image analysis software,
saved in txt format and analyzed by Origin or QtiPlot, which

have been used both for plotting and for performing the sixth-
order polynomial fit.

Numerical integrations have been performed by suitable
programs, developed for this work by implementing standard
algorithms in Cþþ language.
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