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Abstract 

Nanowires can be manipulated using an ion beam via a phenomenon known as ion-induced 

bending (IIB). While the mechanisms behind IIB are still the subject of debate, accumulation 

of point defects or amorphisation are often cited as possible driving mechanisms. Previous 

results in the literature on IIB of Ge and Si nanowires have shown that after irradiation the 

aligned nanowires are fully amorphous. Experiments were recently reported in which 

crystalline seeds were preserved in otherwise-amorphous ion-beam-bent Si nanowires which 

then facilitated solid-phase epitaxial growth (SPEG) during subsequent annealing. However, 

the ion-induced alignment of the nanowires was lost during the SPEG. In this work, in situ ion 

irradiations in a transmission electron microscope at 400°C and 500°C were performed on Ge 

and Si nanowires, respectively, to supress amorphisation and the build-up of point defects. 

Both the Ge and Si nanowires were found to bend during irradiation thus drawing into question 

the role of mechanisms based on damage accumulation under such conditions. These 

experiments demonstrate for the first time a simple way of realigning single-crystal Ge and Si 

nanowires via IIB whilst preserving their crystal structure. 
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1.0 Introduction 

The use of nanostructured materials such as nanowires in semiconductor devices offers the 

possibility of satisfying or even surpassing Moore’s Law and, in this context, single-crystal Ge 

nanowires offer considerable advantages [1], [2]. Specifically, compared to Si, its larger 

exciton Bohr radius (to facilitate quantum confinement), its lower temperature of 

recrystallization (to help reduce thermal budgets) and the higher mobility of its charge carriers 

(for improved device performance) make single-crystal Ge nanowires promising potential 

components for the next generation of field-effect transistors [1]–[5]. 

The manipulation of these nanostructures is currently not as trivial as handling bulk materials, 

although the possibility of aligning an array of nanowires during growth is currently being 

investigated [6]–[11]. However, the accessible configurations will likely be restricted due to 

the fact that the angle between the substrate and the nanowires is dependent on the 

crystallographic growth direction [12], [13]. Furthermore, any alignment of the nanowires that 

may be achieved during growth are currently lost when the nanowires are removed from their 

substrates. For these reasons, the development of a technique to readily manipulate nanowires 

after growth would be highly desirable. 

Ion implantation is a standard technique used to dope semiconductors [5], [14]. It has now been 

well established that when applied to nanostructures, it may cause ion-induced bending (IIB). 

This phenomenon has been demonstrated in a wide variety of structures such as nanotubes [15], 

microcantilevers and nanowires [16], [17], [13], [12], [18]–[21]. With appropriate tuning of the 

ion beam parameters, the nanostructures can either be bent away from or towards the incoming 



ion beam. The manipulation of nanostructures via IIB has been observed in many materials 

including Al, ZnO, Ge, Si and C [16], [17], [13], [12], [18], [19], [22]. 

The mechanisms behind this phenomenon are still subject of debate and different explanations 

for IIB have been proposed. Following their work on C nanopillars and cantilevers, Tripathi et 

al. put forward a mechanism for IIB towards the beam which was based on thermal expansion 

inside the target structure during irradiation [21]. Rajput et al. have studied metallic cantilevers, 

Al nanowires and polycrystalline Si nanowires [17], [20], [22]. They concluded that the 

bending of these structures towards the ion beam is due to dynamic “rearrangement of the 

disturbed atoms” at the surface facilitated by the heat deposited by the incoming ions [17]. The 

reconfiguration of these atoms supposedly leads to a shrinkage of the surface on which the ions 

are incident giving rise to a bending towards the ion beam. 

Borschel et al[16], [19] studied ZnO and GaAs single-crystal nanowires and concluded that the 

differences between the distributions of self-interstitials and vacancies generated during 

irradiation was the cause of IIB [16], [19]. According to the authors, an excess of self-

interstitials or vacancies creates volume expansion or contraction, respectively, at different 

depths within the nanowire. After shallow implantation and the removal via sputtering of 

vacancy-rich near-surface layers, there remains an excess of self-interstitials in the part of the 

nanowire which is closest to the direction of irradiation. Therefore, a volume expansion in this 

region causes the nanowire to bend away from the ion beam. For higher-energy irradiations, 

the distributions of the deeper self-interstitials and the shallower vacancies will be further from 

the surface causing an expansion and contraction, respectively, inside the nanowire which was 

proposed as being responsible for bending towards the ion beam. 

Work on single-crystal Ge nanowires by Romano et al. [18], as well as on single-crystal Si 

nanowires by Pecora et al. [13], [12], pointed to amorphisation by the ion beam as the cause 



behind the IIB effect. Romano et al. [18] proposed partial amorphisation of Ge nanowires by 

Ga ions as the cause of IIB away from the ion beam in the early stages of their irradiations. At 

these lower fluences, the authors observed that the nanowires bent away and were rendered 

amorphous on the side facing the ion beam whilst remaining crystalline on the opposite side. 

They concluded that the stress between the amorphous side and the denser crystalline side led 

the nanowire to bend away from the ion beam. As the irradiation was continued and the Ge 

nanowires became completely amorphous, the authors observed that the nanowires started to 

bend towards the beam and finally became fully aligned with it. 

Romano et al. proposed two possible explanations for the bending of Ge nanowires towards an 

ion beam. One of these attributed the bending to an anisotropic plastic deformation known as 

ion hammering (also proposed by Pecora et al. to explain the bending of Si nanowires towards 

a Ge ion beam) [13], [12]. This effect is observed in amorphous materials and could cause a 

compressive deformation in the direction of the incoming ion beam due to an anisotropic 

thermal spike [13], [12], [18]. The second possibility put forward by Romano et al. was a 

densification of amorphous material under irradiation. This was based on previous studies 

which showed that an amorphous material might be disturbed from its relaxed state when 

irradiated and become denser as a result [18]. 

IIB towards the beam is perhaps a more-controllable direction in which to manipulate 

nanowires as the final orientation can be chosen simply by setting the ion beam parallel to the 

desired direction. As a further advantage, once parallel to the ion beam the nanowires have 

been observed to become straight [17], [19]. In Ge and Si nanowires, bending in the direction 

of the ion beam has been reported by some authors to occur only when they are fully amorphous 

[13], [12], [18]. Unfortunately, for most applications semiconductor nanowires operate most 

efficiently when single-crystal as it is in this form that their optimum electronic properties are 

preserved [23], [24]. Although the experiments of Romano et al. [18] confirmed the possibility 



of aligning Ge nanowires with the ion beam, their observations also indicated that it was 

unlikely that a nanowire could be recovered as a single crystal via solid-phase epitaxial growth 

(SPEG) as they would lack the necessary crystalline seeds. Pecora et al. managed to retain a 

crystalline region at the base of tapered Si nanowires after irradiation [13], [12]. However, 

during subsequent SPEG from the crystalline seed the nanowires unbent and realigned to their 

original orientation thus losing their alignment to the ion beam direction. 

Amorphisation of semiconductors during ion irradiation can be prevented by conducting the 

implantation at high temperatures (hot implantation). There is then no requirement for a high-

temperature anneal to restore crystallinity (with the added risk of random nucleation and 

growth (RNG)) and the overall thermal budget can be reduced [25]–[27]. The minimum 

temperature chosen for hot implantation depends on many factors such as the ion species, the 

flux and the target material. In this paper, we present investigations of IIB of Ge and Si 

nanowires at temperatures high enough to prevent amorphisation during irradiation carried out 

in situ in a transmission electron microscope (TEM). 

 

2.0 Experimental Method 

Single-crystal Ge nanowires were obtained as-grown on Si wafers from Nanowire Tech Ltd 

(product number GNWsI15). Single-crystal Si nanowires were purchased from Sigma-Aldrich 

(product number 731498) in powder form. The Ge nanowires were harvested from the wafer 

and dispersed in ethanol using an ultrasonic bath at room temperature for 15 minutes. The Si 

nanowires were dispersed in an ethanol solution using an ultrasonic bath at room temperature 

for 90 minutes. The solutions were deposited onto 400 mesh Mo TEM grids and left to dry in 

air at room temperature. This sample preparation technique was designed to produce a 

dispersion of nanowires, once transferred onto the Mo TEM grids, such that there are tens of 



nanowires visible around the edges of each grid square. It is vital to achieve this as overlapping 

and intertwined clusters of nanowires would render IIB irradiation experiments on individual 

nanowires impossible. 

The Ge and Si nanowires typically had lengths ranging from 100 to 2000 nm and from 300 to 

5000 nm, respectively. The Ge nanowires had diameters typically ranging between 20 and 60 

nm whilst the Si nanowires ranged from 30 to 70 nm. The nanowires were randomly deposited 

on the TEM grids resulting in the angle, α, between the ion beam and the normal to the 

nanowire axis to vary. 

The evolution of the orientations and microstructures of the nanowires were monitored using 

TEM with in situ ion irradiation at the Microscopes and Ion Accelerators for Materials 

Investigations (MIAMI) facility at the University of Huddersfield. The MIAMI-1 system used 

in this work consists of a JEOL JEM-2000FX TEM coupled with an ion accelerator capable of 

delivering inert gas ions with energies from 1 to 100 keV at an angle of 30˚ to the electron 

beam [28]. In this work, a 30 keV Xe ion beam was used to irradiate Ge nanowires and a 40 

keV Xe ion beam was used for the Si nanowires. The difference in the energy selections was 

to achieve similar damage profiles in the two types of nanowire. In order to irradiate the 

nanowires without inducing amorphisation, sample heating was performed using a Gatan 652 

double-tilt holder which allows tilting about its x- and y-axes. The temperatures chosen for 

irradiation were those at which no amorphisation was detected under the irradiation conditions 

as determined during preparatory experiments. Ge nanowires were irradiated with fluxes of 

between 1.4×1013 and 2.5×1013 ions.cm–2.s–1 at 400°C and the Si nanowires with a flux of 

4.8×1012 ions.cm–2.s–1 at 500°C. The experiments were repeated using virgin samples under 

the same conditions at room temperature to compare with the irradiations at elevated 

temperatures. 



Micrographs were recorded at a range of specimen holder x-tilts before and after irradiation. 

As the image of the nanowire is a projection onto the xy-plane of the TEM, this tilting 

procedure gives 3D information on the morphological evolution of the nanowires. This is 

important as it is possible for a nanowire to appear straight in the TEM image but the tilting 

will reveal any undetected bending in the z-direction as illustrated in Figure 1. 

 

 

Figure 1. Schematic showing an example of how the tilting procedure can reveal the bending 

of a nanowire. The nanowire is represented as it is observed in the TEM (i.e in the xy-plane of 

the TEM as viewed down the z-axis). (a) The nanowire appears bent towards the left when 

tilted by an angle of +45° on the x-tilt, (b) straight when observed at a zero tilt angle and (c) 

bent towards the right when tilted at –45°. In this schematic, tilting of the nanowire reveals 

that the nanowire is bent upwards in the z-direction. If the nanowire was bent downwards then 

then (a) and (c) would be reversed. 

 

 



Bright-field (BF) conditions were used to image and record videos of the nanowires before, 

during and after irradiation. Dark-field (DF) conditions were used to investigate structural 

changes within the nanowires after irradiation. Selected-area diffraction was performed on the 

nanowires before and after irradiation to detect crystallographic changes. 

The SRIM (Stopping and Range of Ions in Matter) Monte Carlo computer code is commonly 

used to calculate the interaction between ions and targets [29]. However, as it calculates such 

interactions only for planar geometries, an algorithm called Ion Damage and RAnge in the 

Geometry Of Nanowires (IDRAGON) was developed to better consider the case of cylindrical 

nanowires. IDRAGON implements SRIM within a MATLAB environment taking into account 

the circular cross-section of the nanowires by cutting the cylinder into slices. A series of SRIM 

calculations for various thicknesses of targets were performed and then combined into the 

multislice model. IDRAGON was run using SRIM version 2013 in the “Detailed calculation 

with full damage cascades” mode for 1000 ions per slice with a displacement energy of 21 eV 

for Ge and 20 eV for Si[30], [31]. Values for the peak displacements per atom (dpa) were 

calculated from SRIM results for a depth of ±0.1R about the Bragg peak where R is the total 

range of the damage. 

 

3.0 Results and Discussion 

 

3.1 Ion-induced bending of single-crystal Ge nanowires at elevated temperature 

Bending towards the ion beam has been observed during the irradiation of Ge nanowires with 

30 keV Xe at 400°C. Figure 2 shows superimposed video frames illustrating the evolution of a 

nanowire with increasing ion fluence and the diffraction patterns of the nanowire before and 



after irradiation. The diffraction patterns do not show any significant signs of amorphisation in 

the irradiated nanowire and it is still a single crystal after deformation via IIB. As discussed 

above, amorphisation has been suggested as playing a key role in the bending of Ge and Si 

nanowires [13], [12], [18]. However, diffraction patterns captured at various tilt angles show 

that, in the experiments reported here, amorphisation of the Ge nanowires has been suppressed. 

 

 

Figure 2. Superimposed BF images from an in situ video showing the evolution of a Ge 

nanowire under irradiation with 30 keV Xe ions at 400°C. The nanowire, with a diameter which 

varied along its length from 40 and 60 nm, bent towards the ion beam and the diffraction 

patterns indicate that it remained crystalline. The projection of the ion beam direction onto the 

image plane is indicated by the arrow at the bottom of the figure. 



 

 

Figure 3. The top row shows BF images of a Ge nanowire (indicated by horizontal black 

arrows): (a) before irradiation and (b) after irradiation with 30 keV Xe ions at 400°C to a 

fluence of 2.4×1015 ions.cm–2. Tilting revealed that the nanowire had bent towards the 

irradiation. Because of the elevated temperature during irradiation, the nanowire remained 

crystalline as evidenced by diffraction pattern. The bottom row shows subsequent BF and DF 

analysis of the same nanowire after irradiation: (c) BF image, (d) DF image formed with a 

{004} reflection and (e) DF image formed with a {113} reflection. The DF images confirm that 

crystalline material is present across the whole diameter of the nanowire as expected under 

these irradiation conditions. It should be noted that the length of the nanowire appears 

significantly longer in projection in (c)–(e) compared to (a)–(b) due to tilting of the sample as 

described in the main text. The projection of the ion beam direction onto the image plane is 



indicated by the arrow in (c) and the scale marker in (a) applies to all the micrographs in the 

figure. 

Figures 3(a) and 3(b) are BF images of a Ge nanowire before and after irradiation, respectively, 

and it can be seen that the nanowires have become thinner as a result of sputtering during the 

Xe ion irradiation. The nanowires are not oriented in the same manner as during the irradiation 

in figures 3(a) and 3(b) as they have been tilted to an angle at which the induced alignment 

with the ion beam was more clearly visible. A BF image of the bent nanowire after irradiation 

(in the same orientation as when irradiated) is presented in figure 3(c) with corresponding DF 

images in figures 3(d) and 3(e) which indicate that the nanowire remained crystalline after 

irradiation. It should be noted that in a nanowire, and especially one which is bent, not all 

regions would be expected to appear illuminated in a single DF image due to variations in 

orientation along the length of the nanowire. 

 

3.2 Ion-induced bending of single-crystal Si nanowires at elevated temperature 

Elevated-temperature IIB of single-crystal Si nanowires has also been investigated. As with 

the irradiation of Ge nanowires at high temperature, these experiments were performed at 

500°C above the temperature at which amorphisation was found to occur in Si under the 

irradiation conditions used in the current work. BF images of a single-crystal Si nanowire and 

its diffraction patterns before and after irradiation are shown in figures 4(a) and (b). After 

irradiation the nanowire had bent towards the ion beam without any significant 

amorphisation. When Si is irradiated with Xe ions at room temperature it becomes 

amorphous above 0.2 dpa[32]. The nanowire shown in figure 4 was irradiated to 5.7×1014 

ions.cm–2 with a peak dpa value of 3.5 dpa – more than one order of magnitude higher than 

the room temperature threshold for amorphisation. Thus the methods described here to align 



nanowires without loss of crystallinity appear likely to be applicable to other semiconductor 

materials beyond Ge and Si. 

 

Figure 4. Superimposed TEM images from an in situ video showing the evolution of a Si 

nanowire under irradiation with 30 keV Xe ions at 500°C. The nanowire, which had a diameter 

varying along its length from 50 and 60 nm, bent towards the ion beam and the diffraction 

patterns indicate that it remained crystalline. The projection of the ion beam direction onto the 

image plane is indicated by the arrow in the bottom left of the figure. 

  



3.3 IIB Mechanisms 

This work has demonstrated a simple way to induce bending of Ge and Si nanowires towards 

an ion beam whilst retaining their crystallinity. Diffraction patterns of the nanowires were 

monitored during the bending and, as expected at the elevated temperatures used, remained 

single-crystal during the irradiations thus demonstrating that amorphisation is not required for 

IIB to take place. 

As discussed above, Romano et al. [18] identified damage accumulation and more specifically 

amorphisation of Ge to be the driving mechanism behind IIB[18]. Similarly, Borschel et al. 

[16], [19] identified damage accumulation, and specifically the distribution of self-interstitials 

and vacancies within nanowires, as being responsible for volume expansion and contraction, 

respectively; these volume changes therefore cause bending in a direction determined by the 

damage depth and by the spatial separation between the interstitials and vacancies [16], [19]. 

Amorphisation of semiconductors occurs above a critical damage dose dependent on the 

irradiation conditions [3]; for Ge self-ion irradiation, this is reported to be 0.3 dpa at room 

temperature [28]. As heavier ions typically lead to denser atomic collision cascades and thus 

faster accumulation of damage, the threshold dpa at which Ge will amorphise under Xe (Z = 

131) irradiation is expected to be lower than the value reported for Ge (Z = 73) ions [32], [33]. 

However, at 400°C at 2.7×1015 ions.cm–2 (equivalent to a peak dpa value of 35 dpa) the Ge 

nanowire featured in figure 6 did not show any signs of amorphisation as evidenced by the 

diffraction patterns. It appears that bending mechanisms based on volume changes due to 

damage accumulation and amorphisation are unable to explain the bending of Ge nanowires at 

400°C and Si nanowires at 500°C as these processes were suppressed. 

As regards the accumulation of implanted Xe within the nanowires, figures 5(a) and (b) show 

an example of a BF image of a Ge nanowire and its diffraction pattern before and during IIB 



towards the ion beam. The results of the IDRAGON calculations presented in figure 5(c) show 

the implantation profile of Xe. Although α ≥ 0° depending on the orientation of the nanowire 

on the TEM grid, even using α = 0° (in order to maximize the range of the implanted Xe) the 

calculations still predict that most of the ions are implanted within the side of the nanowire 

facing the beam. Therefore, the net effect of volume expansion due to implantation would have 

caused bending away from the ion beam rather than towards. Although this does not rule out 

implantation-induced volume change as being capable of playing a role as a competing process 

in the IIB of nanowires, it is clearly dominated by other mechanisms under these irradiation 

conditions. 

Of all the mechanisms proposed to explain bending of nanowires towards an ion beam [17], 

[20]–[22], only those based on surface reconstruction effects and temperature gradients would 

appear to be valid under the experimental conditions reported here . However, the model based 

on temperature gradients proposed by Tripathi et al. is valid only for materials with a negative 

coefficient of thermal expansion. Since the IIB phenomenon has been observed on materials 

such as Ge [18], Si [13], [12], GaAs [19], ZnO [16] and Al [22], which all have positive 

coefficients of thermal expansion in their bulk forms [34]–[37], the results of the current work 

point to surface reconstruction effects as being best able to explain IIB towards an ion beam at 

temperatures sufficient to suppress damage accumulation. At lower temperatures at which 

damage accumulation can occur, such surfaces effects may similarly play a significant role in 

the bending phenomenon. 

 



 

 

Figure 5. TEM and IDRAGON results for 30 keV ion irradiation of a Ge nanowire at 400°C: 

(a) BF image and diffraction pattern before irradiation, (b) BF image and diffraction pattern 

after irradiation to a fluence of 7.1×1014 ions.cm–2 and (c) calculated implantation profile. The 

nanowire had a diameter varying along its length from 40 and 60 nm and bent towards the ion 

beam during irradiation. The IDRAGON calculation was performed for a diameter of 40 nm 

at an incidence angle normal to the nanowire axis and thus represents the maximum expected 

implantation depth. The projection of the ion beam direction onto the image plane is indicated 

by the arrow in (a) and the scale marker in (a) applies to both micrographs in the figure. 

 

During in situ experiments at 400°C on Ge nanowires in which accumulation of damage is 

prevented and amorphisation does not occur, only bending towards the ion beam (or no bending 

at all) was observed in the experiments reported here. Conversely, when the experiments were 



repeated at room temperature the Ge nanowires were found to bend away from the ion beam. 

This failure of the nanowires to bend away from the ion beam at 400°C suggests that the 

mechanism(s) which favour deformation in that direction are suppressed at this temperature or 

that mechanism(s) which drive bending towards the ion beam are enhanced. 

Figure 6(a) shows a BF image of a nanowire which has been irradiated at 400°C to a fluence 

of 2.7×1015 ions.cm–2. At this relatively-high fluence, the nanowire did not bend or become 

amorphous. Figure 6(b) shows the BF image of the same nanowire irradiated for a second time 

but at room temperature. Under these conditions, the nanowire immediately started to bend 

away from the ion beam. It is reasonable to conclude that the high temperature during the first 

irradiation prevented the nanowire from bending. This again supports the arguments that 

mechanisms based on damage accumulation and/or amorphisation are responsible for the IIB 

away from the ion beam. 

  



    

Figure 6. BF images of a Ge nanowire: (a) after irradiation with 30 keV Xe ions to a fluence 

of 2.7×1015 ions.cm–2 at 400°C and (b) after further irradiation to an additional fluence of 

7.5×1013 ions.cm–2 at room temperature with inset showing the corresponding diffraction 

pattern. Although no bending was observed at 400°C, the nanowire subsequently bent away 

from the ion beam at room temperature and the appearance of amorphous rings in the 

diffraction pattern demonstrates that significant damage accumulation had occurred. The 

projection of the ion beam direction onto the image plane is indicated by the arrow in (a) and 

the scale marker in (a) applies to both the micrographs in the figure. 

 

4.0 Conclusions 

Ion-induced bending has been observed in single-crystal Ge nanowires at 400°C and Si 

nanowires at 500°C. Under these conditions, the nanowires remained crystalline as confirmed 

by both the diffraction patterns and the DF images. In addition to providing a simple way to 

align single-crystal nanowires, these experiments give new insights into the mechanisms which 

drive the bending of nanowires under ion irradiation. Of the mechanisms proposed in the 

literature, those based on damage accumulation and/or amorphisation have previously been 



invoked in attempts to explain bending of nanowires both away from and towards an ion beam. 

However, it has been demonstrated in the current work that bending towards an ion beam can 

occur under conditions where neither significant damage accumulation nor amorphisation 

occur. This points towards the likelihood of surface reconstruction effects being responsible 

for bending towards the ion beam under irradiation at elevated temperatures as reported here. 

As the IIB of Ge nanowires away from the ion beam did not occur at 400°C but was observed 

at room temperature under otherwise identical conditions, the results of this work further 

suggest that different mechanisms dominate during bending away from ion beam compared to 

conditions under which bending is towards. 

The possibility of manipulation of Ge nanowires via IIB after growth while preserving their 

single-crystal character has been demonstrated to be possible and the same process used for Ge 

nanowires has also been successfully applied to Si nanowires. This implies that the procedure 

reported here could be transferable to other nanostructures for which there is a requirement to 

preserve their crystalline character during IIB. 
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