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S
emiconductor nanowires (NWs), com-
pared to thin films or their bulk coun-
terparts, offer a wider range of very

attractive physical properties enabled by
their nanoscale size and surface-to-volume
ratio. However, controlled placement of NWs
is presently a major challenge for NW-based
electronic devices. In particular, vertical align-
ment with respect to the substrate may be
crucial. For instance, vertically aligned (VA)
NWs represent natural resonance cavities in
lasers without any fabricated mirror,1 and
they lead to wave-guided emission in light-
emitting diodes.2,3 The VA NW architecture
is beneficial also for photovoltaic and photo-
detection applications.3 In general, direct
growth of VA NW arrays on the desired sub-
strate is a way to solve the integration issue
for NW-based devices, compared to the
aligned transfer of NWs onto a host substrate
such as in the Langmuir�Blodgett method.4

It is usually taken for granted that orien-
tation of NW arrays is determined by sub-
strate orientation and growth conditions

only.5 For commonly bottom-up fabricated
semiconductor NWs, grown via metal-
assisted vapor�liquid�solid (VLS) or vapor�
solid�solid mechanisms,6 the growth direc-
tion is the one that minimizes the total free
energy, which is dominated by the surface
free energy of the semiconductor�metal
interface. NW orientation is thus engineered
by the choice of the substrate crystal orienta-
tion forepitaxial growth.NWdiameter, growth
temperature, total pressure, and precursor
partial pressure could also control the NW
direction.5

Nevertheless, NW array orientation may
be influenced after growth by further fac-
tors. In fact, NWs are pillar-like structures;
hence they can bend if sufficiently strong
external forces are applied to them. Re-
cently, a few papers about electron-beam-
induced bending or self-attraction of ZnO
nanorods and NWs7�9 as well as of GaAs
NWs10,11 have been published. In all these
cases the phenomenon has been investi-
gated to determine the nature of the driving
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ABSTRACT The origin of deflections of semiconductor nanowires (NWs) induced

by an electron beam in scanning electron microscopy has been subject to different

interpretations. Similarly, the subsequent clumping together of NWs into bundles is

frequently observed, but no interpretation has yet been advanced. Here we present

results on the bundling of NWs following the intentional bending by an electron

beam. Furthermore, we extend the concept of lateral collapse, usually applied to

fibrillar architectures mimicking the adhesiveness of natural surfaces (the so-called

Gecko effect), to analyze the mechanism of the NW bundle formation. We

demonstrate how the geometry of the NW arrays and the mechanical properties

of the composing materials govern bundling and how these parameters should be taken into account in the design of NW arrays both for avoiding vertical

misalignment when detrimental and for achieving patterning of NW arrays into nanoarchitectures.

KEYWORDS: nanowire arrays . self-assembly . adhesion . surface engineering . nanoarchitectonics
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force responsible for the NW bending. Instead, no ef-
fort at all has been dedicated to characterize and
understand the subsequent formation of NW bundles,
their origin, and their stability over time.
In the present work we analyze and discuss the

bundling of VLS-grown GaAs NWs consequent to elec-
tron-beam-induced bending. We elucidate the spring-
ing up of NW bundles as a result of adhesion forces
between NW surfaces. To this aim, we generalize the
concept of “lateral collapse of fibrils”,15,16 originally
developed in the framework of the studies on the
adhesiveness of natural contact surfaces.12 This con-
cept has an important role in modeling the adhesion
failure of artificially structured surfaces, called fibrillar
architectures, designed to mimic the adhesive skin of
lizards and insects.
The key points of our study are (i) the extension of

the modeling of fibrillar lateral collapse to NW bund-
ling, to give evidence of how the interplay between
mechanical and surface properties of the NWs and the
geometrical design of the arrays may lead to a bund-
ling effect, and (ii) the suggestion ofways to control the
NW bundling effect. Our work demonstrates how a
careful choice of material properties and geometrical
design of semiconductor NW arrays matters, when

departure from verticality is detrimental for the realiza-
tion of NW-array-based devices. It also shows that the
same factors can turn scanning electron microscopy
(SEM) into a new patterning tool, allowing for the
nanoscale fine-tuning of themorphology of NW arrays,
when the aim is to purposefully induce NW clustering.
In situ, controlled assembling of NWs is indeed a

way to realize complex hierarchical surface structures.
Recent studies17 have shown how the aggregation of
nanoscale features resulting in sophisticated textur-
izing of surface morphology leads to the possibility of
designing physical properties such as wetting,18

adhesion,19 and electrical20 and thermal transport21

as well as of directing cell and tissue growth.22,23

From the technological point of view, the achieve-
ment of definite control over the nanoscale design of
NW-decorated surfaces, combined with the physical
properties of semiconductor materials, may pave the
way toward the fabrication of novel smart surface
devices.

RESULTS AND DISCUSSION

Clustering of GaAs NWs under Electron Beam Scanning. We
have first considered two gold-assisted GaAs NW
array samples (samples A1 and A2; growth details are

Figure 1. (a) Detail of 45� tilted SEM imageof sampleA1, showing the characteristic pencil-like tip. (b) Low-magnification TEM
image of a representative GaAs NW (sample A1), imaged along the [1120] direction. The inset shows a DFT of the samewire in
the tip region with the WZ structure. The very tip of the wire was broken, but for another wire it can be seen in (c). (c) High-
resolution TEM image of a typical NW head (sample A1). The insets show the DFT from the catalyst NP and from the
underneathNWregion. TheNP'sDFT is compatiblewith hexagonalAu7Ga2 down the [0,0,1]; theNW is in this region a cubic ZB
structure seen along a Æ1,1,0æ zone axis. (d) High-magnification TEM image of a typical NW body (sample A1), showing the
expected oxide layer on the NW surface.
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described in the Methods section) differing only by Si
doping. They consist of sets of randomly located VA-
grown NWs (Figures 1a and 2a). The NWs' morphology
of samples A1 and A2 is the same. The NWs show
pencil-like tips (Figure 1a), characteristic of the diffu-
sion-limited VLS mechanism.24 Their average length is
about 4.5 μm, and their average diameter is 90 nm,
while the tip diameter is about 20 nm. Figure S1a,b of
the Supporting Information (SI) quantifies themorpho-
logical characterization of these GaAs NWs. Figure 1b
shows a representative low-magnification transmis-
sion electron microscopy (TEM) image of a NW imaged
along the [1120] direction and a diffractogram (DFT;
Fourier transform of a high-resolution image) of the
samewire in the tip region. Except for a few zincblende
(ZB) and stacking fault insertions, most of NWs remain
wurtzite (WZ) type along their whole length. Figure 1c

shows a high-resolution image of the region including
the tip. The image shows lattice fringes for both theNW
and the nanoparticle (NP). The tip composition is com-
patible with a Au7Ga2 phase in the [0,0,1] zone axis.
Besides, in this region the NW shows a ZB structure.
Figure 1d is an image of a NW in the proximity of a
breaking point. Some staking faults/twins are clearly
visible. Furthermore, the presence of an oxide layer on
the surface of the NW is observed.

The SEM investigation of samples A1 and A2 revealed
that at thebeginningof theobservations the largemajor-
ity of the NWs are VA (Figure 2a), as expected from the
growth on the GaAs (111)B substrate.25 At each raster
scanning the bending of a few GaAs NWs occurs
(Figure 2b). As the scanning time increases, the num-
ber of NW clusters increases (Figure 2c). Figures 2c and
Figure 3 are representative SEMmicrographs of sample
A1 and A2, respectively, where NW bundles coexist
with VA NWs. No difference in bending behavior and/or
bundling formation between samples A1 and A2
has been observed, suggesting that doping does
not affect these mechanisms. An extended discussion
on literature results and interpretations of the bend-
ing induced by the scanning electron beam and on
their comparison to our results as well as a quantita-
tive study of the statistical distribution of the bending
forces on GaAs NWs in our samples A1 and A2 is
reported in the SI.

Nanowire Bundling: A Case of Lateral Collapse. Lateral
Collapse Theory for Fibrillar Structures. As above-
mentioned, in recent years the self-adhesionof adjacent
micro/nanopillars has been investigated,12�15 given its
relationship with the adhesive efficiency of artificial
fibrillar architectures. The simplest ideal fibrillar struc-
ture is modeled as an array of pillars (fibrils) protruding
from a substrate (Figure 4a). Each pillar is characterized
by its Young's modulus E, moment of inertia I, length h,
and squared cross sections of a side 2a. The pillars are at
a distance 2w fromeach other. If two neighboring pillars
are brought into contact, they may “laterally collapse”,
that is, clump together, under the influence of van der
Waals forces (Figure 4b).15,16

A criterion for the occurrence of this lateral collap-
sing has been established15,16 by means of energy
balance considerations. When two adjacent pillars
adhere, the system is in equilibrium because the adhe-
sion between their two contacting surfaces is (at least)
equal to the elastic force of their deformation. The
whole elastic strain energy U of the system is accumu-
lated in the noncontact region of length lwhere bend-
ing deformation occurs (Figure 4b) and can be eval-
uated by the Euler�Bernoulli beam theory.16,26 If the
length of the noncontact region between the two
collapsed fibrils increases by a small amount dl, that is,
lf lþ dl, then a reduction in the strain energydUoccurs,
and under equilibrium condition it must be equal to
the work dW needed to decrease the contact area.

Figure 2. Plan views of sampleA1. (a) Themicrographof the
GaAs NWs after the growth shows thatmost of themare VA.
(b) The white squares labeled 1 and 2 evidence GaAs NWs
that changed their position in between one raster scanning
line and the following one. (c) The white squares labeled 1
and 2 highlight the lateral collapse of couples of GaAs NWs.
The white square labeled 3 evidences the occurrence of a
triangular configuration. More complex geometries also
appear (white squares labeled 4�10).

A
RTIC

LE



CARAPEZZI ET AL . VOL. 8 ’ NO. 9 ’ 8932–8941 ’ 2014

www.acsnano.org

8935

By equating the two terms dU and dW, one determines
the “critical” value lcrit:

16

lcrit ¼ 2
3Ea3w2

2γs

 !1=4

(1)

whereγs is the surface energy of thematerial composing
the pillars. Evidently, for fibrils whose height h is smaller
than lcrit the adhesion is insufficient to balance the elastic
force of their bending, and the fibrils bounce back to
their nondeformed state. Thus, the “condition for lateral
stability” may be expressed as h < lcrit.

15 Conversely,
when the pillar height h satisfies the inequality h > lcrit,
the lateral collapse of two adjacent pillars is possible.

We have proceeded in this framework to study the
collapse of GaAs NWs. To this purpose, it is needed to
estimate the parameter lcrit of our samples and com-
pare it to the NWs' average height in order to check the

fulfillment of the lateral collapse condition. To evaluate
lcrit, it is not possible tomake use of eq 1 because (i) the
cross-section of theNWs is not squared and (ii) theNWs
are not located in a regular pattern. Therefore, we have
modified the procedure of Glassmaker et al.15 and Hui
et al.16 as follows. First, we have accounted for the
actual shape of the GaAs NWs under test, which have
a hexagonal cross-section (Figure 1b). By the above
illustrated approach, we have estimated the total strain
energy U for the system of two bent NWs as11,26

U ¼ 2
Z l

0

M2

2EIhex
dy ¼ 15

ffiffiffi
3

p
a4E

16l3
w2 (2)

whereM is the bendingmoment, Ihex is the moment of
inertia of a hexagonal cross-sectional pillar, and a is the
side of the hexagon. By equating the strain energy
variation dU due to a small length variation dl of the
noncontact region between two adhered pillars to the
work dW necessary for decreasing their contact area,
we have obtained the new criterion for the lateral
collapse:

h > lcrit ¼ 45
ffiffiffi
3

p
a3Ew2

32γs

 !1=4

(3)

Equation 3 holds for ideal fibrillar architectures
whose fibrils have hexagonal cross-sections and are
located in a regular pattern at the distance 2w from
eachother. However, theGaAsNWarraysof our samples
do not have a regular pattern (Figure 2a); hence the
parameter 2w is not well defined. To solve this issue, we
have elaborated a procedure to apply the critical length
concept even in the case of randomly distributed NWs.

Estimation of the Critical Length for Randomly Lo-

cated NWs. We have processed plan view SEM images
(Figure 5a) of the unbundled arrays bymeans of ImageJ
software27 to generate point maps (Figure 5b) repre-
senting the spatial distribution of the NWs. Then, we

Figure 3. (a) Plan view SEM micrograph of sample A2. Typical NW clusters are labeled as follows: 1 and 2 show the lateral
collapse of a couple of GaAs NWs; 3 and 4 are representative of larger NW clusters; 5�9 showmore complex geometries. (b)
Higher magnification of the area enclosed in the dashed square of (a).

Figure 4. (a) Schematic of a squared cross-section fibrillar
structure. (b) Lateral collapse of neighboring pillars.
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have used the package Spatstat28 for the R language29

to statistically analyze the point patterns and compute
the distance of each point from its nearest neighbor.
The full description of the procedure is given in the SI.
The most natural generalization of the parameter 2w
in the caseof randomly spacedNWs is thedistributionof
the nearest neighbor distances (Figure 5c,d).

To evaluate the critical length in eq 3, the ratio E/γs
is also needed. Even if research on the elastic proper-
ties of NWs has lately attracted much interest,30 up to
now very few studies on Young'smodulus of GaAsNWs
have been carried out, and the experimental results
are not conclusive. For instance, Young's modulus for
ZB GaAs NWs has been reported to span from 30 to
38 GPa.31 Other authors report that E increases as
the NW's diameter decreases,32 consistently with the
elastic behavior of other semiconductor NWs,33,34 with
values ranging from 118 to 183 GPa. The values of E
reported by Wang et al.32 for NWs comparable to ours
are in good agreement with Young's modulus of bulk
ZB GaAs.35 Even if our NWs show prevailing WZ crystal
structure (Figure 1b), we do not expect their mechan-
ical properties to be significantly different from ZB
ones. In fact, although bulk WZ GaAs is only occasion-
ally reported,36 theoretical calculations show that its
mechanical behavior should be similar to that of ZB.

Figure 5. (a) Typical plan view SEM image of VA GaAs NWs of sample A1 and (b) the correspondent spatial point map.
Histograms of the frequency distributions of the nearest neighbor distance 2w among theGaAs NWs of samples A1 (c) andA2
(d), respectively. The range where more than 90% of values lie is evidenced by cross-hatched columns. The two distributions
have the same bin size (20 nm) to easily compare them.

TABLE 1. Range of Values of γs, E, and E/γs of WZ GaAs

γs (J/m
2) E (GPa) E/γs (m

�1)

0.8641 13438 1.55 � 1011

1.542,43 13438 8.9 � 1010

Figure 6. (a) Plots of the critical length lcrit versus the
diameter 2a (ranging from 60 to 120 nm; compare with
Figure S1a,b) and the distance 2w between the NWs
(ranging from 160 to 600 nm; compare with Figure 5c,d)
for E/γs = 1.55 � 1011 m�1 and for E/γs = 2 � 1010 m�1.
(b) Projections of the critical length lcrit for three values of
the distance 2w with E/γs = 1.55 � 1011 m�1 and E/γs = 2 �
1010 m�1, respectively. Black solid and red dot-dashed lines
correspond to 2w = 160 nm, black dashed and red dot-dot-
dashed lines correspond to 2w = 400 nm, and black dotted
and red short dashed lines correspond to 2w = 600 nm.
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In particular, the difference in the bulk modulus should
not be larger than 1%.37 The calculation of Young's
modulus of WZ GaAs is extensively reported in the SI.

Recently, in situ compression tests over single GaAs
NWs with three different kinds of crystal structures
(ZB, WZ, and WZ with a high density of stacking faults,
whose spatial periodicity was of 1�5 nm) have been
carried out.38 Experimental load�displacement curves
have been reported in order to investigate the critical
load at which GaAs NWs buckle. By means of the Euler
formula

Pcr ¼ π2EIhex

(Kh)2
(4)

where K is the NW effective length factor, accounting
for the boundary conditions (K = 0.5 because both
NW's ends are fixed38), it is possible to determine
Young's modulus of NWs from load�displacement
plots. Chen et al.38 performed this analysis only for
ZB GaAs NWs, because the focus of their work was on
the deformation behavior of GaAs NWs.We considered
it a precious opportunity the possibility to access the
experimental estimate of Young's moduli of WZ GaAs
NWs, since no published data on them exist. Conse-
quently, (i) we digitized the above-mentioned experi-
mental plots (compare the original graph in Figure S7a
with the digitized one in Figure S7b), (ii) we estimated
Pcr (Figure S7b,c), and (iii) we calculated Young's
moduli values by applying eq 4. It is worth noting that
the geometrical sizes of probed NWs are reported38 to
be about 60 nm for the diameter and about 6.5:1 for

the aspect ratio of length to diameter. The values of
Young's moduli extracted are 134 GPa for pure WZ
GaAs NWs and 200 GPa for WZ GaAs NWs with a high
density of stacking faults. The value of 134 GPa is in
good agreement with the values of Young's modulus
of WZ GaAs we have reported in Table S-1 of the SI.
GaAs NWs of samples A1 and A2 present only a few
stacking fault insertions (Figure 1b,d). Then, in our
calculation we have adopted the value of 134 GPa for
determining the critical length. According to these
findings, the presence of stacking faults is responsible
not only for the reduction of brittleness of GaAs NWs,
as already pointed out by Chen et al.,38 but also for the
enhancement of their stiffness. A higher density of
stacking faults could explain why few GaAs NWs of
samples A1 and A2 remain unbent after prolonged
electron beam exposure (Figures 2c and 3).

The experimental determination of the surface
energy of GaAs NWs has not been performed yet. Only
one theoretical study concerning the surface energy of
metallic NWs has been published.39 A size dependence
of the surface energy has been therein reported, with
a departure from bulk values when the NWs' diameter
is smaller than 10 nm.39 Since the average diameter of
our GaAs NWs is about 90 nm, then WZ bulk GaAs
surface energy may be confidently used in eq 3. Simi-
larly, with respect to Young's modulus, experimental
data on the bulk surface energy of the hexagonal
phase are not available, while theoretical models have
been proposed.40 The calculations show that the
(1120) surface in the III�V hexagonal phase is similar

Figure 7. SEMmicrographs of samples B1, B2: (a, b) Plan views. The corresponding 45� tilted views are insets. Histograms of
the frequency distributions of the nearest neighbor distance 2w among the GaAs NWs of samples B1 (c) and B2 (d),
respectively, are also shown. The range where more than 90% of values lie is evidenced by cross-hatched columns. The two
distributions have the same bin size (20 nm) to easily compare them.
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to the (110) surface in the III�V cubic phase;40 hence
we used the experimental determinations of γs rele-
vant to the ZB GaAs (110) surface.41�43

Given the dispersion of values of γs, in eq 3 we used
the maximum and minimum values available for E/γs
(Table 1) to evaluate how the above-mentioned varia-
bility affects the calculation of the critical length.

Figure 6a shows the values of the critical length lcrit
over the ranges of values that 2w (Figure 5c,d) and 2a
(Figure S1a,b)may assume, for each of the two extreme
values of E/γs (Table 1). To evaluate more clearly the
behavior of lcrit versus the parameters 2w and 2a, the
projections of lcrit for three representative values of 2w
are plotted in Figure 6b.

It is worth noting that the calculated values of lcrit
are significantly smaller than the average NW height,
whatever the actual value of the parameters. In fact,
the highest possible value of lcrit is 1.65 μm (Figure 6a),
well below the average GaAs NW height of 4.5 μm.
Therefore, the condition expressed by the inequality
of eq 3 is satisfied, which is in agreement with our
experimental observations of NW bundles.

To corroborate the validity of the lateral collapse
criterion for the NW bundling formation, we character-
ized further arrays of intrinsic GaAs NWs (samples B1,
B2, and C) grown for briefer times than samples A1
and A2. TheseNWs are shorter, thinner, and untapered.
Their density is higher, since the Au layer used to assist
their growth was thicker (growth details are reported
in the Methods section). Figure 7a,b show SEM micro-
graphs of samples B1 and B2, while Figure 8a,b are SEM
micrographs of sample C. The average length of the
NWs is 240 nm for sample B1 and 455 nm for sample
B2. The average diameter is about 27 nm for all these
NWs. As regards sample C, its NWs present two differ-
ent length distributions (Figure 8d), with average
lengths of 125 and 740 nm, respectively. Their average
diameter is 35 nm.

In agreementwith previous literature reports onGaAs
NWs of the same diameter,32 the value E = 183 GPa has
been used here to evaluate the critical length for samples
B1, B2, and C. Figure 9a shows the plots of lcrit versus 2a
and 2w for the two values of γs reported in Table 1 for
samples B1 and B2, which possess similar intervals of
values 2a (comparewith Figure S1c,d) and 2w (compare
with Figure 7c,d). Figure 9b shows the plots of lcrit versus
2a and 2w for the twovalues ofγs reported in Table 1 for
sample C. It is noteworthy to observe that the presence
of two different distributions of lengths for the NWs of
sample C does not affect the critical length value, which
depends exclusively on the spatial locations and the
diameters of NWs (see eq 3).

In contrast to samples A1 and A2, no NW bundling
occurs in samples B1 and B2 (Figure 7a,b), while some
bundles occur in sample C. In Figure 8a the laterally
collapsed NWs are framedwithin white rectangles. The
general observation is that the lateral collapse occurs

Figure 8. SEM micrographs of sample C. (a) Typical plan
view; (b) corresponding 33.2� tilted view. In (a) some
laterally collapsed NWs are framed within white rectan-
gles. Histograms of the frequency distribution of the
nearest neighbor distance 2w among the GaAs NWs
(c) (the range where more than 90% of values lies is
evidenced by cross-hatched columns; bin size 20 nm)
and of the frequency distribution of NWs' lengths h (d)
(bin size 50 nm).
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for the NWs with a very small interdistance. Figure 10
shows other examples of observed bundles in sample C.
All collapsed NWs have heights that are larger than the
critical length evaluated for sample C (Figure 9b).

Thus, we can assess that in all the NW arrays investi-
gated no violation of the lateral collapse criterion has
ever been observed.

Finally, we have investigated the stability over time
of the NW bundles. This issue is of major importance in
view of both (i) unwanted misalignment detrimental
to technological implementations and (ii) purposefully
induced NW bundling as a way to texturize NW arrays.
In the literature this investigationhasbeenperformedby
reusing SEM7 just 1week after theNWbundle formation.

Figure 9. (a, b) Plots of the critical length lcrit versus the diameter 2a and the distance 2w between the NWs for E = 183 GPa
and for both γs = 0.86 J/m2 (upper surface) and γs = 1.5 J/m2 (lower surface). In (a) 2a ranges from 20 to 34 nm (compare with
Figure S1c,d) and 2w ranges from 60 to 180 nm (compare with Figure 7c,d). In (b) 2a ranges from 25 to 45 nm (compare with
Figure S1e) and 2w ranges from 40 to 220 nm (compare with Figure 8c). (c, d) Projections of the critical length lcrit for three
values of the distance 2w with E/γs = 2.1 � 1011 m�1 and E/γs = 1.2 � 1011 m�1, respectively. In (c) black solid and red dot-
dashed lines correspond to 2w = 60 nm, black dashed and red dot-dot-dashed lines correspond to 2w = 130 nm, and black
dotted and red short dashed lines correspond to 2w = 180 nm. In (d) black solid and red dot-dashed lines correspond to 2w =
40 nm, black dashed and red dot-dot-dashed lines correspond to 2w = 120 nm, and black dotted and red short dashed lines
correspond to 2w = 220 nm.

Figure 10. SEM micrographs of sample C. (a1, a2 and b1, b2) Lateral collapsing of NWs subsequent to electron beam
exposure: in (a1) and (b1) eachNW is still upright, in (a2) and (b2) theNWs are bundled. For (a1,a2) hNWleft≈ 950 nm≈ hNWright,
for (b1,b2) hNWleft≈ 910 nm, hNWright≈ 840 nm. (a1,a2) and (b1,b2) are 33.2� tilted views. (c) Cross sectional view of sample C.
White arrows highlight a couple of collapsed NWs (hNWleft ≈ 1874 nm, hNWright ≈ 1706 nm).
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To check the bundling stability, two months after the
SEM imaging we performed atomic force microscopy
(AFM) characterization of samples A1 and A2 in a cross-
sectional configuration. Probing the NW arrays by AFM
was chosen as an alternative method to SEM in order
to rule out any perturbation related to the use of an
electron beam. In Figure 11 a representative AFM topo-
graphic image of sample A1 is shown, confirming the
stability in time at ambient conditions of the bundles.

CONCLUSIONS

In this work we reported on the formation of bun-
dles of gold-assisted, prevailing WZ, both doped and

intrinsic GaAs NWs exposed to a SEM electron beam.
We analyzed the NW bundle formation by extending
the theory of lateral collapse of fibrillar structures
to semiconductor NWs. We successfully adapted
the classical mechanics' concept of critical length,
and we showed that it is still a good indicator to
describe and predict the bundling of semiconductor
NWs in our samples, even down to very small NW
sizes. We have drawn some conclusions from our
findings. First, lateral collapse induced by surface
forces can occur between adjacent VA NWs depend-
ing on the material properties and on the geometry
of the array. In addition, this clustering, once oc-
curred, lasts in time. The existence of a threshold in
the NWs' length and in their distance must be taken
into account when devising the growth of VA NW
arrays for technological applications where mis-
alignment is detrimental. The lateral collapse of
NWs presents also a positive potential as regards
the possibility to turn SEM into a fine patterning tool
for the design of anisotropic surface architectures,
which may enable the fabrication of novel smart
surface devices.

METHODS
Growth Details. VA GaAs NWs have been grown by gold-

assisted solid-source molecular beam epitaxy (MBE) on n-type
n = 1018 cm�3 GaAs (111)B wafers.44 Au has been deposited at
room temperature into a metallization chamber connected in
ultrahigh vacuum to the MBE system after thermal deoxidation of
the GaAs substrate. Then, the NWs have been grown at 580 �C,
withanAs/Gabeam-equivalent pressure ratio of 12, usingaGa flux
value that yields an equivalent two-dimensional GaAs growth rate
of 1μm/h. The Au thicknesswas 0.02 nm in the case of samples A1
andA2, 0.2nm for samplesB1andB2, and0.1nm for sampleC. The
resulting NWdensity is of 6.4� 108 NWs/cm2 for sample A1, 2.6�
108 NWs/cm2 for sample A2, about 4 � 109 NWs/cm2 for both
samples B1 and B2, and 8.1� 108 NWs/cm2 for sample C. Growth
timewas 60min for samples A1 andA2, 20min for samples B1 and
B2, and 30 min for sample C. All samples were nonintentionally
doped, except sample A2, which was doped during the growth by
coevaporation of Si, giving aweakly p-type character to theNWs.44

Characterization Methods. The NWmorphology and their bend-
ing/bundling have been studied by SEM, using a Zeiss SUPRA 40
and a Zeiss LEO 1530 field emission SEM, using an acceleration
voltage of 5 and 10 kV. The NW morphology and their bundling
have been investigated also by AFM, using a Dimension-3100
with a Nanoscope4 controller from Bruker (Veeco). Finally, the
structural information has been achieved by means of TEM
analyses using a JEOL 2200 with Scherzer resolution of 0.19 nm.
For TEM experiments the wires were mechanically transferred
from the original substrate onto a carbon-coated copper mesh.
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