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Nanomechanics is a highly developed area of research, given the significant reported changes in material
properties at the nanometer scale, requiring the development of new theories to explain the underlying
mechanisms. Such theories must be based on measurements that are as accurate as possible, but unfor-
tunately, conventional experimental techniques do not apply to such small components. Here we present
a unique new method to control electro-mechanical forces on quasi �1D nanostructures through static
electric fields with multiple ways of control of GaAs nanowires’ strain directly on the growth substrate.
� 2023 Karabuk University. Publishing services by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction the estimated elasticity value without considering any other error
Peculiar mechanical properties are continuously emerging in
nanoscaled materials [1–3], in particular, research on arrays of ver-
tically aligned wurtzite nanowires widely increased because of
their combined optoelectronic and piezoelectric properties [4–8],
and the coupling with 2D materials like graphene and molybde-
num disulphide [9–15]. Significant variance of mechanical proper-
ties with the scaling of size and dimensions has unfortunately been
widely reported [16–18], posing new challenges to researchers try-
ing to advance the design of micro- and nanoscale devices. In gen-
eral, little attention was dedicated to the geometrical
reconstruction of the tested nanowires. Instead, standard cylindri-
cal shapes were often used to relate the applied force to the mea-
sured deflection. However, in such studies the force control is
based on a diameter measured through the AFM scan distance
without evaluating the polygon rotation angle along its central
axe (see Fig. 1). In such a case, it is impossible to correctly evaluate
the side length of the imaged nanowire which may vary within a
percentage of more than 13% (see Fig. 1). Considering that the
nanowires’ size enters the expression of the area moment of inertia
at the fourth power, an error of more than 50% may be obtained on
source. For this reason, in this research work, we focus on the geo-
metrical reconstruction of the nanowire shape through the SEM
control of the hexagonal edges position allowing length measure-
ment and spatial orientation reconstruction of arrays of vertically
aligned nanowires [19]. This approach provided nanowire geomet-
rical information such as sides lengths, azimuth and elevation
angle with unprecedented precision of less than 1 nm.

In order to perform force experiments with geometrical control
over the nanowire shape, we opted for electrostatic deflections
directly inside an electron microscope. In this technique, the bend-
ing is shown to be reversible and the force fully acting on the
nanostructures tip protuberating toward the counterelectrode
[20,21].

In this paper we further improve the electrostatic bending
approach to prove nanostructures’ elasticity directly on the growth
substrate i.e., GaAs wurtzite nanowires grown on silicon sub-
strates, to derive their internal strain. This study may be instru-
mental for piezo-optoelectronic devices involving quantum dots
embedded into nanowire wurtzite lattice [22–28].
2. Methods

In this paper, we analyze quasi-1D nanostructures in the speci-
fic subcase of regularly shaped hexagonal GaAs nanowires grown
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Fig. 1. Example of the two opposite position of nanowires hexagonal contour on
behalf of the sample side: on the left a nanowire with edge termination on the
front-view and on the right a nanowire with two parallel sides on the front-view.
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by molecular beam epitaxy on (111) silicon substrates. Liquid Ga
droplets assisted the growth of the GaAs nanowires [29].

Deflection experiments were performed into a Cambridge
Stereoscan S260 SEM (Cambridge Instruments Ltd, Cambridge,
UK), exploiting the possibility to operate an external sliding arm
with at the end the tungsten ellipsoid used as a counterelectrode.
Images were taken at 30 kV with resolution 768 � 576 pixel with
color depth equal to 8 bit. 3D translation, tilt and rotation of the
specimen stage were manually activated by control knobs. In order
to maximize the resolution of the imaged nanowire deflection soft-
ware image rotation (SR) was set through relative knob command.
In addition to software rotation, a rotation angle (aS) related to the
working distance of the imaged nanowire was unavoidably pre-
sent. Image rotation by a change in WD is a well-known effect in
SEM microscopy, and it is due to changes in objective lens excita-
tion to maintain focus [30].

Surface morphology was studied by a Zeiss LEO Supra 35 field
emission gun scanning electron microscope (FEG SEM) by using
the in-lens detector. The electron beam energy was set at 5 keV
and the working distance at about 5 mm.
3. The model parameters

Based on the experimental setup described in section 2 we
decided to apply the general theory of cantilever beams with con-
centrated load (P) at the free end to our deflection experiments. In
fact, it was widely proven in literature [20,31] that semiconducting
nanowires are able to concentrate the free charges available in the
conduction band at the closest point of its crystal volume to the
counterelectrode applying the electric field, which in our case is
the nanowire tip. In such a case, neglecting elongation forces
changing cross-section areas, the theory describing the bending
of nanostructures with enhanced aspect-ratio should be repre-
sented by the following equation [32,33]:

Melas xð Þ ¼ E � I xð Þ
q xð Þ ¼ P L� xð Þ; ð1Þ

where q(x) is the local curvature radius along the neutral line pass-
ing through the centers of mass of the cross section, E is the mate-
2

rial Young modulus, I(x) is the local second moment of area of the
nanowire and L is the total length of the beam.

In case of I(x) = const and small bending of the nanowire eq. (2)
predicts for the maximum deflection at the tip (dtip):

dtip ¼ P
3EI

� L3; ifdtip <
1
15

L ð2Þ

By the same model, we can calculate the angular change at the
beam head that will be equal to:

DXtip ¼ P
2 � E � I � L

2 ¼ 3
2
� dtip

L
ð3Þ

and the accumulated elastic energy and elastic force:

DUnw ¼ P2

6 � E � I � L
3 ¼ 3

2
� EI
L3

� dtip
2 ð4Þ

Felastic ¼ � @DUnw

@dtip
¼ �3 � EI

L3
� dtip ð5Þ

We underline that in previous equations we are considering
constant both the nanowires elastic properties along its length
and the nanowire inertia moment. While the first assumption is
very likely in the case of GaAs nanowires grown by MBE, the sec-
ond one is only partially true. In fact, the nanowires present a slight
pyramidal shape at the bottom, and this accounts for a decrease of I
(x) along its length, therefore in the next section we will define an
averaged inertia moment to be used on behalf of I. On the other
hand, looking to eq. (3) we notice that the force control depends
on other parameters, each analyzed in the following different
subsections:

1. Nanowire Length measurement (L) (section 3.2)
2. Tip Deflection Modeling (dtip) (section 3.3)
3. Tip Electrical Load Modeling (P) (section 3.4)

3.1. Modeling of the Inertia moment

The most general approach to the modeling of the inertia
moment of nanowires with different polygonal shapes [34–36],
should consider the general integral equation for the evaluation
of the second moment of area:

I x1ð Þ ¼
Z Zarea

p x2; x3ð Þ2dx2dx3 ð6Þ

where p(x) is the distance of the point with x2; x3 coordinates from
the point x1; over the neutral axis of rotation passing through the
centroid of the cross-section. A nice method to evaluate automati-
cally the sides of irregularly shaped hexagonal nanowires, typical
result of wet-chemistry recipes, has been reported in [37]. However,
in this paper we analyze quasi-1D nanostructures in the particular
case of regularly shaped hexagonal GaAs nanowires grown by
molecular beam epitaxy. Therefore, we directly applied the general
theory of the mass moment of inertia, by considering a constant
mass density along the nanowires and by evaluating mathemati-
cally the second moment of area of a filled regular hexagon with
a side length of value (s). We obtain the following formula valid
for any axes passing through the centroid:

I x1ð Þ ¼
ffiffiffi
3

p
�s x1ð Þ4 � 5

16

� �
¼ 0:541 � s x1ð Þ4 ð7Þ

In case of not constant I(x), we have to substitute the value of I

in previous equations with an equivalent quantity I
�

evaluated
through the double integral of the curvature:
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L3

3 I
� ¼ 1

0:541
�
ZZ L

0

L� x1ð Þ
s x1ð Þ4

dx2 ) I
�
¼ 0:18 � 1RR L

0
1�x1=Lð Þes x1=Lð Þ4

d x1=Lð Þ2
Fig. 2. High-resolution SEM images of the nanowire to be deflected (a) entire profile
and (b) the central part.
I
�
¼ 0:18=

ZZ 1

0
1� fð Þ=es fð Þ4d2 fð Þ; ð8Þ

where f ¼ x1=L is the length fraction. Obviously, since the first
antiderivative represents the angular deflection it is necessary to
impose its additive unknown constant equal to 0 @ f = 0. As
described in section 2.3, we performed the nanowire side measure-
ments in a high resolution SEM by using in-lens focusing. In Fig. 2
we show the high-resolution SEM images of the nanowire whose
deflection experiments will be shown in section 4 with a dedicated
zoom in the central part of its body profile.

In Fig. 2a) it is possible to observe the entire profile of the GaAs
nanowire, provided of a practically constant section along its cen-
tral region, but with the base region appreciably larger. Further-
more, we observe also an increase of the side dimensions in the
tip region. Even if this nanowire portion corresponds to the low
moment arm of the applied force, it would still be an error neglect-
ing the final section widening from the central body value of
131 nm (Fig. 2b). In the supplementary section 1 we report the
mathematical modeling of a final linear broadening of the nano-
wire body, that demonstrates it cannot be neglected (possible error
greater than 10%). Still more accuracy is required in modeling the
section variation in the first part of the nanowire body because of
the maximum moment arm present at the nanowire base.

In order to be as precise as possible, we performed the extrac-
tion of the nanowire section shape by calculating the SEM image
scaling factor px/nm and extrapolating the physical distance of
the side edges by the manual selection of a variable number of
points (minimum of 10) on the imaged edge. Once reconstructed
the nanowire edge shape, as the last step we have to correlate it
to the side dimension s(x) of eq. (4). It is possible to see from the
shadowing of the projected nanowire section we are practically
observing the 2 s length of the nanowire hexagonal contour. The
exact calculation of the real distance is reported in the supplemen-
tary section 2 and it confirms the estimated value of s(x) can be
taken exactly on d(x)/2 (i.e. 65.5 nm in the central region). The
shape of the nanowire body extracted thanks to the manual anal-
ysis can be corrected through the higher resolution reference value

taken in Fig. 2b, as shown in the following Fig. 3. The I
�
value math-

ematically reconstructed through eq. (8) is equal to 13.74 lm2nm2

for the green line values and 11.84 lm2nm2 for the red curve. As a
comparison, the value of a straight beam with side equal to the
center value (65.5 nm) would be equal to 9.96 lm2nm2, almost
30% less.
Fig. 3. Size profile of the GaAs nanowire according to its normalized length as
derived from Fig. 2a) (red curve) and recalibrated proportionally through the value
measured in the zoomed view of Fig. 2b). (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
3.2. Nanowire Length and 3D positioning

As preannounced in the methods section, the SEM where it is
performed the deflection experiment suffers of backlashes in the
motion mechanisms, therefore the determination of nanowire 3D
positioning requires unidirectional SEM imaging at different tilting
(see Fig. 4) just after the deflection experiments are terminated.
Such analysis allows to precisely reconstruct the phi angle of the
nanowire in the two used experimental configurations. Therefore,
we started from the second experimental tilt angle t(1) � 20�
and we performed other 5 images with 5� steps up to t(6) = 45�.
The nanowire polar angles are unknown since the nanowire is
selected after alignment with the counterelectrode already at the
targeted angle of the deflection experiment.

It was confirmed in previous published paper on the same sam-
ple [19] that GaAs nanowires phi angle without any additive tilting
3

of the SEM stage is 45.3� u0ð Þ, being vertically grown on a flat sil-
icon substrate adhered to the 45� cut stub surface.



Fig. 4. Evaluation of the alpha angles of the nanowire in the SEM top-view at different tilt angles. In red color the measured values. In white color the applied tilting. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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With such a phi angle, with equal values of sine and cosine in
first approximation, we can derive the following equation for the
alpha angle of the SEM 2D projected nanowire when tilted at dif-
ferent theta angles:

NWx / cos hicosaS
2 þ sinaS

2
� �

sina0

�0:5sin2aS 1� coshið Þcosa0 � cosaS sin hi;

NWy / cos hisinaS
2 þ cosc2

� �
cosa0

�0:5sin2aS 1� coshið Þsina0 � sinaS sin hi;

ai ¼ tan�1 NWy

NWx

� �
; ð9Þ

where the aS angle represent the misalignment between the imaged
x-axis and the effective SEM tilt-axis, as described in the methods
paragraph [19] and u0 is the unknown initial azimuthal angle.
Through the building of a a hð Þ curve of values we can look for the
best fitting according to the unknown parameters a0 and aS. By
using just two measurements with wide theta difference, one taken
4

in the last experimental condition (N2: h = 19.6�) and one at about
45� upward tilting (precisely measured at h = 43.4� by opening the
SEM vacuum chamber), we extrapolated by Matlab fitting with the
previous equations a0 = 56.4�and aS = 3�. Once we have determined
the two aforementioned parameters we can calculate the nanowire
phi-angle and the body length (L�5270 nm) through the following
equations:

NWz / sin a0 þ aSð Þ sin hexp þ cos hexp

uexp ¼ tan�1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
NWy

2 þ NWx
2

q
NWz

0
@

1
A: ð10Þ

In Table 1 we report the obtained values of the nanowire alpha
and phi angles at the two different experimental conditions.

3.3. Modeling of the Tip deflection

We assume the load is concentrated on the final edges of the
nanowire and that the electric field has to exit along a direction
normal to the head conducting surfaces. In such a case, we can
develop a model, as shown in Fig. 5, where the top hexagonal area



Table 1
GaAs nanowire 3D spherical angles in the deflection experiments.

Exp. Tilt (�) a (�) u (�)

n1 16 44.2 32.38
n2 19.6 40.0 29.83

Fig. 5. Bending force vectors at the nanowire tip.

Table 2
Force unit vectors in the deflection experiments.

Exp. Edge Flat Elongation

n1 (X) 0.6449 0.5723 0.3325
n1 (Y) �0.7630 0.4570 0.3234
n1 (Z) 0.0442 �0.4623 0.7313
Polar Angle v 87.5� 147.7� 32.4�
Azimuthal Angle b �49.79� 38.6� 44.2�
n2 (X) 0.6448 0.5738 0.3300
n2 (Y) �0.7643 0.4850 0.2769
n2 (Z) �0.0016 �0.4308 0.7513
Polar Angle v 90.1� 150.2� 29.8�
Azimuthal Angle b �49.85� 40.2� 40.0�
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may contribute only to a negligible elongation due to the nanowire
large aspect ratio difference, while the six side facets contribute to
two different components of the load force that we define edge and
flat forces. Substantially we are dividing the six sides of the GaAs
nanowires regular hexagon into two different parts, one with
two flat parallel sides and the second with four edged sides form-
ing a 120� angle between each couple of them. Such nanowire posi-
tion shown in Fig. 4 resembles the one used in the following
experiments and it is important in order to maximize the force
control.

Therefore, we can consider the deflection (red arrow) as com-
posed by two components (Castigliano theorem): dflat and dedge,
last one almost horizontal. The zeta coordinate variation of the
nanowire head is calculated by nulling the projection along the
elongation force vector (pink arrow). The obtained force unit vec-
tors for last nanowire position corresponding to the second deflec-
tion experiment (N2) and for the precedent one corresponding to
the first deflection experiment (N1) at a lower tilting angle calcu-
lated through the rotation matrix are reported in Table 2.

The previous assumptions obviously are specific to experiments
related to nanowire with regular hexagonal geometries of the
cross-section, because of their iso-directional area moment of iner-
tia, as for the GaAs nanowires grown by MBE, and they of course
need some adjustment for the general case of irregular hexagonally
shaped nanowires.

3.4. Modeling of the Tip Coulombic Force

As described in section 2.2, we have to describe the load created
by an electric potential difference between a semiconducting
nanowire tip and a much larger metallic ellipsoid. Our approach
bases on the consideration that the metallic ellipsoid appears prac-
tically flat to the smaller nanowire head area and it acts as a sup-
posedly infinite conductive surface with fixed distance in the space
along the x-axis. In this case, if we apply a constant voltage differ-
ence between the two parts we can use the electrostatic theory
stating that the electrical force is obtained via the gradient of the
energy:
5

Fnw Vð Þ ¼ 1
2
� @Ctip�ell

@u
� V2 ð11Þ

In such a way the tip load depends only on the estimate of the
applied potential and the tip-ellipsoid system, mainly dependent
on the distance (a) between the tip and the counterelectrode, easily
measurable by SEM imaging.

Our model assumes that the electrical force exerted on the
nanowire tip would be almost proportional to the square value
of the voltage apart of a coefficient kV, close to unity, taking into
account, according to the nanowire deformation with the applied
voltage, both the small decrease of the tip-counterelectrode dis-
tance a(V) and the capacitance derivative change due to nanowire
head rotation toward the counterelectrode:

Fnw V2ð Þ ¼ kV 1ð Þ � V2=V1ð Þ2Fnw V1ð Þ ð12Þ
In order to estimate the forces and the kv coefficients of the two

experiments, as stated in the introduction, we need to know pre-
cisely the tip distance from the counterelectrode. In Fig. 6 we
report the panoramic picture of the nanowire array and the coun-
terelectrode from which we evaluated the tip distance a(V1). The
value of a(V2) was estimated directly by subtracting the Dx value
of Table 3 (next section), from the value reported below, always
considering the scan rotation angle of the SEM software:

Dx1;2 ¼ Dx N1;2;V2ð Þ � Dx N1;2;V1ð Þð Þ
Dy1;2 ¼ Dy N1;2;V2ð Þ � Dy N1;2;V1ð Þð Þ
a V2;N1ð Þ nmð Þ ¼ 7349� Dx1 � cos SR1ð Þ � Dy1 � sin SR1ð Þ
a V2;N2ð Þ nmð Þ ¼ 3262� Dx2 � cos SR2ð Þ � Dy2 � sin SR2ð Þ ð13Þ
We can note in Fig. 6 that the ratio of the tip-counterelectrode

distances is about 2.28, a value that perfectly compensates accord-
ing to eq. (11) the 1.5 ratio between the voltages in the two differ-
ent experiments (1.52 = 2.25). Following such ratio, we assume
V1 = 60 V and V2 = 90 V at the largest distance (exp. N1) and
V1 = 40 V and V2 = 60 V at the shortest distance (exp. N2). There-
fore, if we suppose a linear proportionality between the capaci-
tance derivative of the nanowire-ellipsoid system and their
distance, we should obtain very close deflection values. The exper-
imental results shown in Table 3 in the next section demonstrates
that the linear inverse relationship between force and distance is
almost verified.

In order to model the electrical force, as depicted in Fig. 5, we
need to consider the two contributions of the flat sides and of
the edged sides, with the latter expected to be larger because of
the increasing charge density in small curvature regions of equipo-
tential conducting surfaces [38]. The electrical field are obliged to
exit normally from conducting surfaces therefore they have to fol-
low the x-axis nearby the counterelectrode and the flat and edge



Fig. 6. Measurement of the nanowire tip ? counter-electrode distance in the two
different experiments (N1 left image; N2 right image) at the lower applied voltage.
Images without any added software rotation (SR = 0).
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unit vectors nearby the nanowire head (see Fig. 7), forming circum-
ference arcs with the following angle and radius:

Xedge Vð Þ ¼ cos�1 duedge xð Þ� �
;R

E
!

edge

Vð Þ ¼ a Vð Þ
sinXedge Vð Þ ð14Þ

Xflat Vð Þ ¼ cos�1 duflat xð Þ� �
;R

E
!

flat

Vð Þ ¼ a Vð Þ
sinXflat Vð Þ ð15Þ

where X is the angle defined by the specific nanowire side and the
counter-electrode normal and a is their distance (see Fig. 7).

According to the previous equations, the capacitance electrical
field is inversely proportional to the counter-electrode distance
and proportional to the following geometrical constraints:

Cforce Vð Þ ¼ e0 � Aeq
X Vð Þ � R

E
! Vð Þ ¼ e0 � Aeq � sinX Vð Þ

a Vð ÞX Vð Þ : ð16Þ

On the other hand, up to now we just considered half of the
capacitance area, while the hexagonal symmetry of the nanowire
head accounts for other two contributing forces opposed to the
previous ones with about same radius for the electric field lines
but with supplementary arc angle and a d increment of the edge
distance from the counterelectrode:

Ccounterforce Vð Þ ¼ e0 � Aeq � sinX Vð Þ
a Vð Þ þ dð Þ p�X Vð Þð Þ ð17Þ

d ¼ 2 � s headð Þ � uedge xð Þ: ð18Þ
After having defined the main electric field lines in two nor-

mally directed contributions, we can evaluate each contribution
separately assuming that the capacitance equivalent areas do not
change with the small movements of the nanowire head. We can
then express the capacitance derivative required in eq. (11) as a
function of the edge deflection as:

@Ctot

@uedge
¼ @Cforce

@uedge
� @Ccounterforce

@uedge

� �
¼

@Cforce

@X
� @Ccounterforce

@X

� �
@X

@uedge
þ @Cforce

@a
� @Ccounterforce

@a

� �
@a

@uedge
ð19Þ
Table 3
GaAs nanowire deflection measurements.

Exp. Voltage (V) Dx (nm)

N1(d1) V1 = 60 51.9
N1(d2) V2 = 90 125.4
(d2/d1) Ratio normalized to the sq. voltage
N2(d1) V1 = 40 76.5
N2(d2) V2 = 60 152.7
(d2/d1) Ratio normalized to the sq. voltage

6

@Cforce

@X
¼ Cforce � cotX� 1=Xð Þ ð20Þ

@Ccounterforce

@X
¼ Ccounterforce � cotXþ 1

p�X

� �
ð21Þ

@Ccounterforce

@a
¼ �Ccounterforce

a Vð Þ þ d
;
@Cforce

@a
¼ �Cforce

a
ð22Þ

@a
@uedge

¼ �cosX;
@X

@uedge

¼ 1:5
L

duedge yð Þ � duflat zð Þ � duedge zð Þ� duflat yð Þ
sinX

ð23Þ

where the last equation is derived through eq. (14) and the first
order approximation of the rotation matrix with the applied tilt cal-
culated through eq. (3). Since the edge force is practically horizontal
it could be also almost correct in this and other similar experiments
to assume last derivative equal to 1.5*sin(u)/L. We note that just
using the relative value of O angle, same equations can express
the capacitance derivative as a function of the deflection in the flat
side direction. Since the deflection along the flat side cannot be
completely perceived from the SEM top-view we concentrate the
force analysis on the edge deflection that instead is practically hor-
izontal. In fact, the low resolution of the SEM images in the exper-
imental condition does not allow a perfect alignment of the pixels
on the x-axis (see Figs. 7-8) and this possible error due to our lim-
ited experimental availability reflects in majority over the flat-side
direction control. However, the model can be applied independently
on the two capacitance direction and then we can model the edge-
sides total capacitance derivative with eq. (19). Unfortunately, in eq.
(11) we have still a value that is unknown, i.e. the capacitance
equivalent area including edge effects practically impossible to be
geometrically modeled in an accurate way. On the other hand, in
order to have control over the exerted coulombic force and bypass
this problem, it is possible to apply a two voltages approach, with
the first experiment only dedicated to extrapolate the Cforce value.
Then, by applying the previous equations we can calculate the coef-
ficient kv of eq. (12) and predict the nanowire experimental deflec-
tion at the omega angles of the second voltage.

4. Nanowire bending evaluation

A first experiment was performed with a tilt of about 20� along
the SEM tilting axis. In Fig. 8 we report the experimental image of
the undeflected nanowire (Fig. 8a) and its superimposition with
the image taken with a relative applied voltage of 60 V and 90 V
(Fig. 8b-c). Thanks to the MATLAB superimposition of the three
images based on substrate edge profile alignment, we estimated
the relative (Dx; Dy) tip deviation. In order to obtain a different
deflection effect over the nanowire tip a second experiment was
performed with a lower tilt angle of about 16� (Fig. 9). The lower
nanowire-counterelectrode distance chosen approximately with a
reduction factor of 1.52 makes the tip more sensitive to the applied
voltage of 40 V and 60 V (Fig. 9b-c).
Dy (nm) Duedge (nm) kv (theory)

�42.6 61.4
�88.8 135.7

0.9823 0.9689
�55.1 86.1

�123.2 183.3
0.9461 0.9081



Fig. 7. Representation of the experimental electric field lines from the nanowire
head toward the counter-electrode accounting for tip side area with exposed edge.
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It is clearly visible in the experiments shown in Fig. 8 and Fig. 9
that in both tilting conditions the electrical force acts as expected
with a larger edge contribution. In Table 3 we report the extrapo-
lated tip deviation (Dx; Dy) (see supplementary section 3) and
their projection over the nanowire edge axe. By considering the
ratio of the extrapolated deflections in the same experiment (third
row), the edge forces of both experiments change with the applied
voltage with a coefficient lower than unity (kv < 1). Recalling eq.
(23) and the assumption that is possible to neglect capacitance
equivalent area variations due to the change of the nanowire head
spherical coordinates during its deflection we can state that:
Fig. 8. Exp. N1 GaAs nanowire deflections at 20� tilting. a) 0 V applied, b)
superimposition of figure a) (changed to green color) and the image taken with an
applied voltage of 60 V (red color), c) superimposition of figure a) (green) and the
image taken with an applied voltage of 90 V (red). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)
kv;edge ¼ @C
@uedge

V2ð Þ= @C
@uedge

V1ð Þ: ð24Þ

In order to evaluate the correct kv value according to the 3D
movement of the nanowire head, we used the additional correction
of Table S1 (see supplementary section 3) to the O value to be used
in eq. (24). We can observe that the experimental trend is well pre-
dicted by eq. (24), which calculated value is reported in the last
column of Table 3.

The reported values also demonstrates that the supposed
inverse proportionality between the applied coulombic force and
the tip–counterelectrode distance is practically verified since the
ratio calculated through Table 3 values is equal to 1.4 at V1 and
1.35 at V2, that is enough closer to 1 than to the programmed dis-
tance change (about 2.28, see Fig. 5). The difference between the
two experiments is not related only to the distance between the
nanowire tip and the counterelectrode but also to the nanowire
head rotation toward the x-axis.

Once the tip deflection is known and predictable, it is possible
to use tip-load equations to calculate the strain of each section of
the nanowire body and apply the desired strain in the point of
interest, i.e. a quantum dot heterostructure. Finally, by considering
the Young modulus bulk value of GaAs (85.5 GPa) [39], we can
derive the accumulated elastic energy (eq. 4–5) and thereby, the
unknown capacitance equivalent area for the edge side. The
obtained values taken at the maximum strain (V2) for both exper-
iments are 11.6 lm2 for exp. N1 and 8.3 lm2 for exp. N2. The
higher value for exp. N1 is plausible because of the higher alpha
angle and major edge exposition toward the x-axis, on the other
hand, the esteemed equivalent area coefficient of both experiments
seems a bit too large. In fact, it is very plausible that the Young
modulus of the nanowires grown by MBE studied in this paper is
7

much closer to the 45 GPa reported for singly clamped inverted
conical GaAs nanowires [40].
5. Conclusions

In this paper, we deeply analyzed the problem of controlling
mechanical deflections on hexagonally shaped semiconducting
wurtzite nanowires evidencing the accuracy required in modeling
all the geometrical parameters in the best possible way, especially
the side length (s) that is involved into the beam equations to the



Fig. 9. Exp. N2 GaAs nanowire deflections at 16� tilting. a) 0 V applied, b) superimposition of figure a) (changed to aquamarine color) and the image taken with an applied
voltage of 40 V (red color), c) superimposition of figure a) (aquamarine) and the image taken with an applied voltage of 60 V (red). (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)

G. Prestopino, P.G. Medaglia, D. Scarpellini et al. Engineering Science and Technology, an International Journal 41 (2023) 101387

8



G. Prestopino, P.G. Medaglia, D. Scarpellini et al. Engineering Science and Technology, an International Journal 41 (2023) 101387
fourth power. As reported in the literature, we also found that in
electrostatic deflection of quasi-1D nanostructures the model to
be used to control the deflection forces is that of cantilever beams
with a concentrated load at the nanostructures free end. The force
vector changes in its relative intensity and therefore in its direction
according to the applied voltage. In particular, nanowire deflection
toward the counterelectrode and the consequent more symmetric
exposition of its facets surfaces accounts for a decreasing of the
capacitance derivative. With the only basic assumption that the
capacitance equivalent area remains constant despite the small
geometrical variation of the electric fields we forecast force
changes with good precision.

Such a method developed for hexagonally shaped wurtzite
nanorods is likely to be extendable to other type of more complex
nanowire shapes like zincblende [41] or pyramidal stars [42] by
simply changing the area moment of inertia calculus and by look-
ing for the main edges in the nanowires head termination. We also
stress that the easy implementation of the designed experiments
in modern high-resolution SEMwould further enhance the capabil-
ity of force determination as the development and refining of
advanced force models. Furthermore, by extending the experimen-
tal setup capabilities with dynamic current measurements during
electrostatic deflection voltage ramp, we infer the possibility by
this technique to precisely measure the young modulus of quasi
1D nanostructures.
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