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Abstract Controllable and uniform doping of nanowires
(NWs) is the ultimate challenge prior to their effective ap-
plication. Si NWs amorphize and bend toward the imping-
ing ions under ion irradiation as a result of viscous flow. We
demonstrate that thermal annealing induces a full recovery
of the crystalline phase corresponding to the unbending of
the NWs. The competition between Solid Phase Epitaxy and
Random Nucleation and Growth at the nanoscale is the key
parameter controlling the recovery.

1 Introduction

In very recent years much attention has been reserved to
semiconductor nanowires (NWs) as building blocks for a
wide range of future nanoscale devices. They exhibit novel
electronic [1, 2] and optical (both as emitter and photo-
voltaic elements) properties [3, 4] and they are candidates
as organic and inorganic sensors [5] and anodes of high-
performance batteries [6]. Their unique structure exhibits
carrier quantum confinement in the planar directions and
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a high surface/volume ratio. They can be prepared follow-
ing a bottom-up approach leading to a precise tailoring of
their structural properties as well as crystallographic proper-
ties. Effective NW doping represents the ultimate challenge
for the transition from research prototype to large scale de-
vices. The possibility to insert and activate both n- and p-
type dopants has been explored since the early works on NW
growth. Many attempts have been explored referring both to
in- and ex-situ methods, but the major drawbacks are still
the segregation of the dopants at the surface and the non-
uniform doping along the NW length [7–9]. Ion implanta-
tion represents the effective and hopeful pathway to obtain
uniform doping for constant electrical properties [10], and
it could allow a direct integration of the NW in the cur-
rent CMOS technology. In very recent years some works
have reported the investigation of the electrical properties
of implanted nanowires [11, 12], but the ion-irradiation ef-
fects and the crystallographic damage, which could limit the
electrical performance of the implanted dopant ions, are still
mostly unexplored. Recently, bending of GaAs NWs using
ion beam irradiation has been observed, and the spatial sep-
aration between interstitials and vacancies within the ion
tracks has been proposed as the key mechanism for bend-
ing [13]. Moreover, focused ion beam-assisted nanoscale
manipulation of Ge [14], Si [15] NWs and C-nanotubes [16]
has been reported. However, while the deformation under
ion irradiation of Si NWs has been observed, the bending
mechanism itself has not fully understood and, more impor-
tantly, the possibility to recover the structural modifications
occurring in consequence of the irradiation has never been
investigated. In addition, amorphization of single Si NWs
has been observed during electron transport measurements
before and after lithiation [6], thus it is important to ex-
plore the possibility to drive back to the origin. Although
still unexploited, annealing procedures are required in order
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to activate the dopants [17], but their effects on the structure
of the NWs are unknown. These processes have been stud-
ied in bulk structures, the only examples at the nanoscale
are nanocrystals embedded into a matrix, while NWs can be
considered quasi-free standing system. We investigate the
Si NWs structural and crystallographic evolution during ion
implantation and thermal annealing. Inclined Si NWs bend
under ion irradiation and the bending is reversible after sub-
sequent thermal annealing. The results are interpreted and
elucidate the damage mechanisms and the recovery kinet-
ics, opening the way for a precise control of the NW doping
and a direct integration of the NW synthesis in the micro-
electronic mainstream.

2 Experimental

Epitaxial Si NWs were grown on (111)-oriented Si sub-
strates through electron beam evaporation [18, 19]. (111)-
oriented Si wafers were first UV oxidized and dipped in HF
in order to clean the surface. They were then immediately
loaded within the vacuum chamber. Both Au and Si sources
were stored inside the same deposition chamber having a
base pressure of 1–2 × 10−8 mbar. Sources were evaporated
using a focused electron beam with a maximum power of
3 kW. The evaporation flux was monitored in-situ by a cal-
ibrated quartz microbalance (Inficon); the distance between
the source and the sample (∼30 cm) ensured a homogeneous
deposition over a 2×2 cm2 area. During deposition, the flux
has been maintained constant at 2.5 × 1014 cm−2 s−1 at the
position of the substrate. The sample was eventually heated
through the Joule effect. A 2 nm-thick Au layer was firstly
evaporated maintaining the sample at room temperature. Af-
ter deposition, the sample was annealed at 700◦C for 2 hours
in order to induce the continuous Au layer breaking and
the formation of Au droplets on the substrate. After cluster
preparation, the temperature was reduced to 510◦C for the
Si evaporation and NWs growth. The Si fluence was fixed
at 2.5 × 1018 cm−2. Si NWs were implanted with 45 keV
Ge ions extracted from an HVEE ion implanter. Ge ions im-
pinge with a direction perpendicular to the substrate. The
45 keV beam energy, corresponding to a projected range of
about 30 nm,1 has been chosen in such a way that the im-
planted ion profile is fully inside the NW. Ge fluences were
varied from 1 × 1013 up to 2.5 × 1015 cm−2. The recovery
of the damage has been investigated by thermal annealing
in a furnace under nitrogen flux. Structural characterization
was performed by a field emission scanning electron micro-
scope (FE-SEM) Zeiss Supra 25 and by a 200 kV transmis-
sion electron microscope Jeol JEM 2010F. A Gatan Digital
Microscope software was used for the statistical analyses.

1http://www.srim.org.

Fig. 1 SEM image of the as-deposited sample prepared evaporating a
Si fluence of 2.5 × 1018 cm−2 at a substrate temperature of 510◦C

3 Results and discussion

Figure 1 reports a Scanning Electron Microscopy (SEM) im-
age of the as-deposited sample containing Si NWs. NWs be-
longing to three different crystallographic orientations have
been identified [18, 19]. (111)-oriented NWs are perpen-
dicular to the substrate and they have a mean length of
∼300 nm, (110)-oriented NWs form an angle of 45◦ and
(100)-oriented NWs an angle of 54◦. Both the latter in-
clined NWs families are tapered and their length is of about
900 nm with a mean radius measured at the basis equal to
49 ± 16 nm.

The NWs have been then implanted with a 45 keV Ge
ion beam perpendicular to the substrate in such a way that
the ions impinge on the NWs surface forming an angle
of about 45◦. After Ge implantation with fluences below
5 × 1014 cm−2 we do not observe any modification in the
structure of the NWs. On the other hand, the effects of the
ion beam are very impressive in the inclined NWs of the
sample implanted with fluences higher than 5 × 1014 cm−2.
As an example, the SEM image reported in Fig. 2(a) is a
high magnification of a NW representative of the popula-
tion of the inclined NWs after implantation with fluence of
1 × 1015 cm−2. It is straightforward to note that the top of
the NW structure is modified in such a way that it bends
toward the beam while the bottom part of the NW remains
unaffected.

In order to gain more quantitative information, we an-
alyzed the structural features of hundreds of bent NWs in
order to get a significant statistical analysis. Figure 2(b) re-
ports the histogram graph of the absolute density of bent
NWs as a function of the measured bending angle θbend

formed between the substrate and the direction of the bent
portion of the NW in the samples implanted with fluences
of 5 × 1014 and 1 × 1015 cm−2. This angle is related to
the NW curvature, but it directly represents how the direc-
tion of the NW has been modified in consequence of the
irradiation. Note that the initial (in the as-deposited sam-
ple) angle formed between the NW and the substrate is 45◦
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Fig. 2 (a) High-magnification SEM image of an inclined NW, which
has bent after irradiation with Ge ions of 45 keV up to fluence of
1 × 1015 cm−2. (b) Histogram graph of the absolute density of bent
NWs as a function of the measured angle θbend in the samples im-
planted with the fluences of 5 × 1014 and 1 × 1015 cm−2

or 54◦, depending on the crystallographic orientation. The
continuous lines represent a Gaussian fit of the data. The
best-fit values are reported inside the graph. For a fluence
of 5 × 1014 cm−2 (blue bars), we measured a wide range of
possible θbend, from 60◦ to 85◦. This fluence is the threshold
for NWs bending and the increasing angle (with respect to
the original ones) demonstrates that NWs start to move up-
ward since the beginning of the deformation process. After-
ward, for all the higher implantation fluences the distribution
is always centered at around 90◦, as shown as an example
by the red columns referring to a fluence of 1 × 1015 cm−2.
Note that the FWHM of this fit is equal to the standard er-
ror of the measurements. The bent portion of the NW has
been deformed in order to align itself toward the direction
of the ion beam (with the tip of the NWs pointing to the in-
coming ions). These data demonstrate that ion-irradiated Si
NWs modify their structure in such a way as to minimize
the exposed surface to the beam. By further increasing the
implanted fluence in a wide range up to 2.5 × 1015 cm−2,
the structural features of the NWs do not change anymore,
contrary to what has already been observed in literature in
the case of NWs of different semiconductors [13–15].

Fig. 3 Histogram plots of the relative density of straight (a) and bent
(b) NWs as a function of their radius after the implantation up to flu-
ence of 1 × 1015 cm−2. As a reference, the radius distribution in the
as-deposited sample is reported in the panel (a). Continuous lines are
the fits of the histograms according to a Gaussian function

A complete analysis of the NW bending is offered by the
investigation of the size effects on the structural modifica-
tions of the NWs. Figure 3 reports the histogram plots of
the relative density of straight (a) and bent (b) NWs as a
function of their radius after the implantation at a fluence
of 1 × 1015 cm−2. As a reference, the radius distribution in
the as-deposited sample is also reported. Continuous lines
are fits of the histograms according to a Gaussian function.
The as-deposited sample shows a wide radius distribution.
After irradiation, about 70% of the NWs have bent and the
mean radius of the relative distribution is of 34 ± 10 nm.
The straight NWs, which have not been affected by the ion
implantation process, are reported in panel (a); they are the
biggest ones, exhibiting a mean radius of 58±16 nm. There-
fore, the bending effect is evident only in the NWs with the
smallest size, while the biggest ones remaining unaffected.

In order to correlate the bending effects to the micro-
scopic structure of the NWs we performed a detailed crys-
tallographic analysis on several NWs through Transmission
Electron Microscopy (TEM). Figure 4(a) shows a bright
field image of a portion of an irradiated NW. The bottom
part corresponds to the unaffected region, and the bending of
the upper part is clearly visible. From selected areas of the
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Fig. 4 (a) Bright field TEM image of a portion of an irradiated NW. In
the insets, the SAD patterns of the bent and of the unaffected region are
showed. (b) Dark field TEM image of the same NW obtained selecting
the (111) diffraction spot

image the corresponding selected area diffraction patterns
(SAD) were obtained. In the insets, the SAD patterns of the
bent and of the unaffected region are shown respectively.
The first one (SAD1) indicates that the bent region is fully
amorphous; on the contrary from the second pattern (SAD2)
we deduce that the amorphous and crystalline structures co-
exist. The dark field image obtained selecting the (111) dif-
fraction spot is also shown in Fig. 4(b). It reveals the pres-
ence of a crystal/amorphous interface inside the NW itself as
a consequence of the ion irradiation. These data are consis-
tent with a simulation of the ion beam irradiation using the
TRIM code (see footnote 1). In fact, we can deduce that in
the inclined NWs a 45 keV Ge beam has a projected range
of ∼30 nm. Hence while in the top tapered portion of the
NW the beam is passing through (and can amorphize it com-

pletely), in then bottom region only part of the NW can be
amorphized and part will remain unaffected. In addition, it is
calculated that the Ge dose to produce 0.3 displacements per
atom (which is the threshold for amorphization of bulk Si
[20]) is 5×1014 cm−2. This observation suggests that bend-
ing is related to the amorphization process and starts as soon
as amorphization takes place. In the past years, the effects of
high-energy irradiation on amorphous microstructures have
been investigated [21–23]. A viscoelastic spike model [24]
has been proposed to explain the observed anisotropic plas-
tic deformation at constant volume. The ion beam penetrat-
ing the material induces an anisotropic heating of a cylindri-
cal region around the ion track depending on the electronic
energy losses during the collisional cascade. The thermal ex-
pansion brings shear stress that then relaxes, resulting in a
local in-plane expansion. The net effect consists in an ex-
pansion in the direction perpendicular to the ion track and
a shrinking in the direction parallel to the ion beam, in or-
der to maintain the volume constant. This effect requires the
material to be amorphous because of the presence of shear
sites (regions with a local free volume) and it has not been
observed in crystalline materials. While these effects have
typically been observed at very high ion beam energies (at
which the electronic energy loss is higher), one might ex-
pect at the nanoscale that it is possible also at lower ener-
gies. Indeed, we propose that the top tapered part of the Si
NWs, which is fully amorphized, experiences this deforma-
tion, which induces the observed bending.

Another question arises on the role (if any) of the crys-
tal/amorphous interface. To answer this question we have
irradiated a sample with a 300 keV Ge beam at a dose of
1 × 1015 cm−2. The energy is such that the beam is pass-
ing through for the entire length of the NW and the dose
is well above the amorphization threshold. In this irradia-
tion Si NWs are fully amorphized (as also verified by TEM)
but no bending effect is observed. These results demonstrate
that the presence of a crystal/amorphous interface is playing
a crucial role in the bending process. In fact the crystalline
strip represents a strong structural constrain forcing this NW
portion to remain straight. On the contrary, the totally amor-
phous region bends because of the plastic deformation due
to the irradiation. Furthermore, it should be noted that the
bending effect is evident only in the NWs which were not
perpendicular to the substrate, i.e. parallel to the ion beam.
In fact the (111)-oriented NWs remain always straight (as
confirmed by SEM images not shown); in this case the ion
beam penetrates no more than ∼60 nm from the top, thus
forming an axial structure in which the very top part is to-
tally amorphous, while the other remains crystalline. This
structure is stable and it does not need for a bending to ac-
commodate the structural stress.

If deformation is indeed associated with the presence of a
crystal/amorphous interface, one should expect that recrys-
tallization of the NWs can produce a reversible effect with
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Fig. 5 (a) SEM image of the sample implanted and annealed at the
temperatures of 600◦C for 1 hour under N2 flowing gas. Histogram plot
of the measured bent (b) and straight (c) NW frequency as a function
of the radius

bent NWs able to be straightened again. We have therefore
investigated the damage recovery kinetics through thermal
annealing at temperatures of 600◦C and 800◦C for 1 hour
under N2 flowing gas. A SEM image of the sample first ir-
radiated at 1 × 1015 Ge/cm2 and then annealed at 600◦C
is shown in the Fig. 5(a). The difference with the image of
the same sample before the thermal treatment (Fig. 2(a)) is
impressive: most of the NWs are now straight, thus indicat-
ing that a recovery of the structure has been obtained. We
measured the mean length of the straight NWs in this sam-

ple and the value is in full agreement with the mean length
of the NWs in the as-deposited sample. This check ensures
us that the straight NWs which we are analyzing have not
been broken during the annealing, but they actually have
bent in consequence of the thermal process getting back to
their original structure after annealing.

In order to gain more information on the process and on
its size dependence, we measured the concentration of bent
and straight NWs as a function of base radius in the annealed
sample. Panel (b) in Fig. 5 reports the histogram plot of the
bent NWs frequency as a function of the radius, while panel
(c) refers to the straight NWs. The as-implanted sample is
also reported as a reference together with the sample an-
nealed at 600◦C. Data are fitted through a Gaussian function
(continuous line) to determine the mean size of each distri-
bution. First of all, while ∼70% of the NW population was
bent after implantation, after annealing at 600◦C this pop-
ulation is reduced to ∼35% while ∼65% of the NWs are
now straight. The size dependence is also very important.
The mean size of the straight NWs is strongly reduced from
∼60 nm to ∼40 nm, implying that, after annealing, the dis-
tribution of straight NWs comprehends the smallest NWs in
the sample, which were bent before the annealing in conse-
quence of the irradiation. This value does not change any-
more with increasing the annealing temperature.

Important information on the unbending process can be
gained by the structural analysis of annealed NWs. Figure 6
shows the TEM analyses of the NWs after the annealing
treatment at 600◦C. We analyzed both the straight and the
bent NWs in order to deeply understand the recrystalliza-
tion kinetics. Figure 6(a) shows the bright field and the rel-
ative diffraction pattern of one of the recovered NWs. It ex-
hibits a single-crystal structure, as confirmed by the diffrac-
tion spots, with many extended defects such as twins, visible
through the extra spots in the diffraction pattern. It demon-
strates that the crystalline strip we observed before the an-
nealing in the NW acts as a seed driving a Solid Phase Epi-
taxial (SPE) regrowth process within the NW. This recrystal-
lization eliminates the amorphous and produces a straight-
ening of the NWs. Thus, the observed bending is a direct
effect of the presence of the amorphous structure in the NW
and it is fully reversible as soon as the amorphous region
is recovered. The question arises of why some NWs then
remain bent. Figure 6(b) shows the bright field TEM im-
age and the diffraction pattern of one of the NWs, which re-
mained bent even after the annealing procedure. In this case
we observe a very different structural feature. In fact, the
TEM analyses suggest that the crystalline strip did not drive
the epitaxial regrowth; indeed the NW remained partially
amorphous and bent. Moreover, some dark spots are visible
in the bright field and the analysis of the diffraction pattern
confirms that these spots are related to crystalline grains in
the NW. Random Nucleation and Growth (RNG) occurred,
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Fig. 6 Bright field image and Selected Area Diffraction patterns of (a)
straight and (b) bent NWs after the annealing procedure

leading to polycrystalline grains all over the structure. It is
very intriguing to note that the density of these grains as well
as their mean size is larger in the base of the NW; indeed in
the top of the NW, where its radius is smaller than in the
base, they can be found more rarely and they are smaller. It
is clear now that some NWs remained bent because no SPE
occurred. This suggests that, as for the recrystallization of Si
nanoclusters [25], size effects play a crucial role in the crys-
tallization at the nanoscale. In fact in small NWs the RNG
process is much less probable (as reported for nanoclusters
[24]) and hence, in the competition, SPE can take place.
In contrast in larger NWs, close to the single-crystal seed,
RNG occurs inhibiting SPE. It should be observed that RNG
process begins at a temperature of 600◦C, which is lower
than the temperature observed for such processes in bulk Si.
It is reasonable to expect that some Au contaminations are

inside the NW, and it is well known that the RNG processes
in presence of metals occur at lower temperatures [26].

4 Conclusions

In conclusion, we have presented a detailed and complete
study on the effects of the ion irradiation on the Si NWs
structural features with the aim to address the use of ion
implantation as the standard doping technique for Si NWs.
Whenever Si NWs are amorphized, the NW structure will
be affected, so limiting the highest dopant concentration
achievable in these nanostructures. In particular the NWs
bend toward the beam in such a way to minimize the ex-
posed area to the beam and to accommodate the internal
stresses caused by the formation of a crystal/amorphous in-
terface. This process is reversible and annealing treatments
can determine a phase change in the NW structure with a re-
crystallization and a simultaneous unbending. This process,
however, is size dependent, occurring mainly in the smallest
NWs. These results have strong implications on the possi-
bility to efficiently dope Si NWs through ion implantation.
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