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lon beam assisted fabrication and manipulation of metallic nanowires
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Metallic nanowires are the key performers for future micro/nano devicesraled maneuver and integration of such nanoscale entities aréin
demand. In this letter, we discuss about a fabrication approachdimbines chemical etching and ion beam milling to fabricate met;
nanowires. The shape modification of the metallic nanowires usinigeiam irradiation (bending towards the ion beam side) is investigated
bending effect of the nanowires is observed to be instantaneop&iandnent. The ion beam assisted shape maneuver of the ns¢adiiares is
studied in the light of ion induced vacancy formation andméguration of the damaged layer§he manipulation method can be used
fabricating structures of desired shape and aligning structures at astaige The controlled bending method of the metallic nanowires
provides an understanding of the strain formation process in nésosetls.

1. Introduction: Nanowires (NWs) have 1D structure with various The fabricated and manipulated NWs can be used in Scanning
excellent size dependent properties and have immense apphcatioProbe Microscopy (SPM) as a probe tip, where the resolution is often
e.g., in sensor technology, nanoelectronics, energy, photonicdefined by the tip geometry. The high aspect ratio of tiebeg(i.e.
environment, etc. They (NWs) are recognized as the building blockhe NW) can provide extra benefit in terms of examining deep vertical
of the next generation micro/nano electronic devices [1-4]. Varioustructure without considerable artifacts. The metallic NWs can also be
fabrication techniques have been developed by several researgbed as field emitting tips. The additional 1IM process can peowid
groups to fabricate NWs [B6]. However, as compared to the desired geometry easily.
research on developing varieties of NWs, the extent of application-
oriented research on NWs is limited. The reason could be th2 Materials and methods. High quality, corrosion resistant metallic
challenges encountered in handling and integration of the relaosc wires (Heraeus make) were used for the experiment. The diamgters o
features with relatively larger units or devices. the wires were 17 40 pm. In order to thin down the wires from
In recent decades, various integration approaches have bemicron to nano dimension, a two-stage dtggstep processing
proposed. Wu et al. demonstrated an approach to grow organic NVeipproach was used. Initially, the wires were thinned down to few
on Au coated areas through a surface energy induced prddégss [ microns (~ 5 pum) using specific chemical etching processes and
Patterned growth of the NW arrays and in-situ device integration weriirther reduction to few tens of nm was achieved using ion beam
achieved by manipulating the Au electrode geometries. Peng et ahilling process. These processes are discussed below.
developed a welding process for assembling nanoscale objects, where
the nanomanipulator probes were used to deposit nanoscale volume£ofStep I: Chemical etching
a predefined material by Joule heating methti]. Moreover, direct  The metallic wires (diameter: 1740 pm) were taken and immersed
manipulation of NWs using nanomanipulator and atomic forcen acid solutions in order to thin down the diameter. The etching
microscopy tip has also been carried out [13, 14]. The site-specifigolutions were prepared using commercially available chemical
programmable growth technique to grow branched Si NWs, discussedagents (Rankem, RFCL Ltd.). For etching Al wires (discussed in
by Jun et al. can lead to the development of a reliable nanoscaleis article), solution was prepared with the available HCI reagent,
maneuver and integration techniqué][ Based on the Bosch process, diluted with ~ 60 % HO. The wires were kept in the etching solution
Arkan et al. has proposed another technique for the fabricatibn ario thin the wire diameter down to few pm (Fig. 1). The thinned wires,
integration of Si NWs with microscale metallic electrodes/contactdeebly visualized by naked eye, can be properly inspectedaimnBg
[16]. These studies show a promising start in the development dElectron Microscope (SEM). The thinned wires were held by fine
manipulation and integration approaches for NWs with microntweezer and rinsed with deionized water to clean and remove any
entities; however, in order to meet the challenges in designing thenwanted suhbsnce from the wires’ surfaces.
future micro/nano scale devices, it is necessary to develop a versatile,The part of a wire that was thinned down by the etching process
material independent, and precisely controllable (with nanometrizvas gently gripped with the help of a fine tweezer and odeoéthe
resolution) manipulating and integration method for NWs. wire was glued to an Al stub with the other end hanging freely.
In this article, we present the work on ion induced shapeConductive Silver paint (Leitsilber 200, Ted Pella Inc.) was used
modification process of metallic NWs. Though there are severajlue the wire with the stub and kept in ambient air for ~ 5 mufryo
popular and low cost methods are available [4, 9, 10], we haveut properly. The use of silver solution also ensures a proper ectri
implemented a different approach in order to create the NWs. Arounding of the wire (Fig. 1). Subsequently, the prepared sample (th
combined process of chemical etching and ion beam millingéd®s b wire along with the stub) was taken and placed inside a Focused lon
used in order to fabricate the metallic nanowires. This fabricatioeam (FIB) chamber for further thinning down of the wire.
approach has a unique advantage. The fabrication procedung dur
the ion beam milling can be monitoréd-situ and thus the wire B. Step II: lon beam milling
thickness can be controlled easily. The ion matter interactions duringual beam FIB systems (Nova 600 NanoLab and Nova 200 NanoLab,
the controlled shape modification of the metallic nanostructures arfeéEl make) were used for the experiments. The systems employ Ga
studied. The ion beam assisted shape modification (lon inducddquid Metal lon Sources (LMISs) to produce high quality beam of
manipulation (IIM)) method has potential application in fabricatingsingly charged Ga ions and Sirion type Field Emission Guns (FEGSs)
structures of desired shape as well as in assembling and edititg generate high-resolution electron beams.
micro/nano electronics.



The free end of the wire was irradiated from the top direction wittdischarged and as a result, the bright region nearly disappears (Fig.
high beam current of ~ 20 nA (applied beam voltage: 30 kV) a8c). The nanowire finally seems to have a uniform thickness
shown in the Fig. d Because of the sputtering process (materialthroughout its length.
removal due to ion beam irradiation), the thickness of the wire gd
further reduced. As the wire got reduced to ~ 1 pum, the beeentu
was also reduced and set at 10 — 50 pA for fine milling. As the
diameter of the wire got reduced further, the nanowire started movir|
towards the ion beam direction due to ion induced bending ggoce
(discussed in details in the following section) and produced a shaj
angle with the rest of the unirradiated wire (Fid).1Sputtering and
bending using controlled irradiation resulted in the formation ofe f
nanowire being fabricated at the edge of a relatively thicker wire.
d

a 5 metallic wire b

(diaz 17 — 40 pm) silver paint 30keV Gaion nanm\’}e
111
/ Uil
—) n — —
acid solution ctched wire
(dia: few pm) Fig. 2SEM image of a nanowire fabricated using a combipextess
Step i: chemical etching Step ii: ion beam milling of chemical etching and ion beam mllllng Inset wha zoomed-in

view of the fabricated structure.
Fig. 1 The schematic picture shows the steps to fabrieateetallic
nanowire.
a Metallic wire (diameter: 17 40 um) is partially immersed ian
acid solution for etching,
b One end of the etched part of the wire (diametégw pum) is glued
with a metallic stub with the other end hangingefye
¢ The sample (metallic stub with the glued wiretagen inside the
FIB chamber and further irradiated by 30 keV Gasit¢a thin down
the wire,
d The fabricated nanowire. The structure makes argslangle with
the rest due to the ion induced bending process.

2 um

3. Results and discussion: SEM image of an Al nanowire fabricated

using the above approach is shown in Fig. 2. Inset image shews tg: 3SEM i f ire tak t th lied begita f
zoomed-in part of the fabricated nanowire. The image was taken at gi(V Images of a nanowire taken at the applie geo
keV beam energy, 2.2 x 4@lectrons pum s! beam flux, and 100 ns ’ ' .

r e ! a Was taken at the beam dwell timg) (bf 100 ns. The portion

beam dwell time. During the SEM scanning, charges can geéncircled with dotted line shows the charging dffec
accumulated in the wire and may affect the SEM image formatiorB Was taken atst 1 ps, and

process. As a result, the perception of the wire thickness and iehapeC Was taken att 10 ué-
the SEM image may differ from the actual size and shape. This is

discussed in details in the following section.

B. lon induced manipulation (IIM) and its mechanism

The fabricated metallic nanowire (Al) was subjected to 30 keV ®a io

‘%e]am as illustrated in Figa4The irradiation was made at an incident
gle of ~ 45° with the irradiated flux of 5.6 x%Gns un? st The

A. Imaging and charging effect

Another example of a nanowire fabricated using the above-mention
Processes Is shown in Figa.3The c_ilameter of the_ere Is ~ 25 nm. arrow lines in the figure show the direction of the ion beam
The nanowire has several curves in different portions of the structurg, i-0n Fig. #-d shows the SEM snapshots, taken after every 2 —
SEM images of the nanowire (Fig. 3) were taken at thelap'pllefd bea3 frames of ion beam scanning. The snépshots show the gradual
voltagekof 15kv almo_l b?alm ﬂug( of 1'3 xsl‘_:él_ectro?slg(;ﬁs K'gaah bending of the nanowire towards the ion beam direction. The
was taken at are a_tlve_y ow beam dwe t'mf).() Ns. NgNt  geviation of the nanowire from its initial position is termeddaand
region (dotted portion in the image) appears in the image. The sa the measured values are shown in the figures. The bending pi®cess
nanowire imaged at beam dwell time of 1 ps is shown in BigTBe

briaht | diminish in thi d v di hfound to be instantaneous and permanent. ‘“paemanent” behavior
right layer seems to diminish in this case and nearly disappears whgh i, bending process infers the plastic nature of the prothss.
the beam dwell time was increased to 10 us (Fp. 3

. . . evolution of the bending process is shown in Fighy overlapping
During the be_am scanning, large amount .Of charges W.'” accumuIaEﬂl the images &-d. Fig. 4e shows an important feature of the bending
on the NW as it requires finite amount o_f timg (o get discharged of the NW. The base part of the fabricated NW is found to bend

through the base region of the nanowire and the sample tub.

i I he oth i f the NW.
depends on the amount of charge and the channel throkigh w considerably as compared o the other portion of the

disch di he wire. Th he wire di 2 lon induced bending process has been observed by varioussgroup
gets discharged I.e., the wire. Thus, the wire diameter can 'mmenseih'different nanoscale materials. The bending of carbon nanotupe [17
affect in the discharging process of the accumulated charges.

At fast - de (I h < th lated nanowires 18-21], carbon nanopillar [22], biological structure [23],
ast scanning mode (low), whents < t, the accumulate thin film structures [24], metallic cantilever [25] are reported and

charge could not get sufficient time to discharge and as a result, tt\1/ari0us mechanisms have been proposed to explain this nanoscale

charging effect (the bright layer) appears in the WiI’Q (as shown in t’;?wenomenon. Some of the observed bending processes aresatiscus
F|g._ _3a). However, when the scanning speeo! S slgwed dow n the basis of ion induced damage formation 19721, 24],
sufficiently, the accumulated charges find sufficient time to get
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whereas in few materials the process has been discussed on the b
of thermal stress developed during ion beam irradiation [32, 23

Fig. 4SEM images showing the bending process.

a-d SEM images show the bending process of thelleete@nowire
(Al NW) as a result of ion beam irradiation. The@ws indicate the
direction of the ion beam irradiation. The bending angle (6)
enunciates the deflection of the NW with respedtgonitial position.
e Overlapped images show the evolution of the iiacted NW.

In order to understand the bending phenomenon observed
metallic NWs, an atomistic investigation with the help of a Monte
Carlo (MC) program is carried out. When an ion particle enters int
the solid material, it interacts with the target atoms and transfers i
energy and momentum to the nuclei and electrons of the target aton
As a result of the collision process, large amount of voids arn
produced within the interaction region. The interaction proeéss
causes some surface atoms to come out from the material. The amo
of voids (vacancies) and sputtering yield highly depends on th
incident beam energy, incident angle, the beam type and the tarc
material R6]. In addition to the surface damage and sputtering ef th

surface atoms, the Ga ions are likely to be doped in the NW. Th
volumetric change in the NW due to this implantation may be though

to initiate the bending process. In order to bend the NWrttsvéhe

ion beam side, heavy amount of Ga ions should be implanted on th

opposite side of the NWs. The range of the implanted Ga io
irradiated at 45° in the Al NW, calculated by SRIM [27] (a MC base
program) is about 15 nm (whereas the diameter of the NW is ~

nm). So a heavy concentration of implanted Ga ions on the redr

surface is unlikely. Moreover, as the NW gradually bends, th
irradiated angle changed (increases) and the implanted range
decreases?[/]. Despite the changes in the implantation ranges of th
Ga ions in the NW witl®, the wire bends towards the beam direction.
Irradiating with low energetic Ga ions on a NW (where the

e

e

@sikin the interaction region. A fraction of heat will be addenairf the
ionization of the electrons as well. As a result, the final temperature is
expected to be more than this value. With the subsequent ion beam
irradiation, the total temperature is likely to increase. However, there
is also dissipation of heat through conduction and radiation. As a
result of the dynamic process of heat generation by the ion irradiation
and dissipation through conduction and radiation, an equilibrium
temperature would be maintained. In order to calculate the saturated
heat precisely, a proper nanoscale heat transport mechanism has to be
developed. However, as the preliminary calculation enunciates (raise
of temperature to ~ 350 °C within the interaction region by a single
ion), the temperature raised by the ion beam within the collision
cascade region is sufficient to initiate the recrystallization process in
the nanowire 28].
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Fig. 5Shows the 3D vacancy profile in Al material creabgd30 keV
a ions irradiated at 45°.

As a result of the reconfiguration process, different amounts of
fresses are developed across the layers of the system. Schegnatic F
shows the formation of stresses in the NW as a result of the ion

S

n
ifam irradiation. When the surface layers facing the ion beajn (L1

rinks in order to release the stress, this will subsequently affect the
nnected neighboring layers (the layers, L2, which are not receiving
ion beam irradiation but connected with the L1 layers though the
atomic bonds) and a new equilibrium shape is achieved with the

Co

Structure bending towards the ion beam direction. Fig. 6 shows the
schematic representation of the bending process; describing the

: - . : . rocess of ion beam irradiation, subsequent development of
implantation depth is much lower than the wire diameter) also sho Sompressive and tensile stresses across the surface layers and bendin
bending of the NW towards the ion beam side. The experiments P Y 9

carried out on relatively thicker NWs also show the typical bending o
the NWs towards the ion beam side. These observations suggest t
the volumetric change caused by the implantation has no significa
role in the bending process of these structures.

SRIM results show that irradiating 30 keV Ga ions at an inciden
angle of 45° on the Al substrate can create vacancies of ~ B&thpe
and surface sputtering of ~ 9 atomsioKinchin-Pease model is used
to calculate the damages. The vacancies are created mostly at
surface level, within ~ 15 nm from the sample surface as shown i
Fig. 5. Thus, large number of vacancies and defects are cr¢dbed a
surface layers facing the ion beam. The disturbed/perturbed atoms
the surface layers tend to settle down in a much stable configuratic
through a reconfiguration process.

lon beam can also produce significant amount of temperature
which can accelerate the reconfiguration process. MC calculatio
shows that during the interaction of 30 keV Ga ions with the Al
substrate irradiated at 45° incident angle, ~ 65 % of the ion bea
energy is converted into phonon generation, mostly contributédeby

of the nanowire.

WS
é‘é\
&
/ ion beam
x/
A ' /
f ' #
FS Ao
11 ]
A
SR -
i B
— [ =
z g
2] i S
iy B
i YV¥vo
M
7 i

recoils R7]. Thus, a single ion can raise the temperature to ~ 350 °C



Fig. 6 A schematic picture showing the development of cmspive
and tensile stress as a result of ion beam irradiaind subsequén
bending of the nanowire.

The amount of damage formation and reconfiguration prdoeas
NW depends on the amount of irradiation received, irradiation ang|
as well as on the size of the structure; thus, the bending tgn(inc
outcome of damage formation and recrystallization) of an irradiate
structure also depends of these parameters. Due to several curves
the NW (Fig. 4), the NW receives ununiform irradiation throughout it »
surface. The base portion might have received relatively large
irradiation (due to its geometry) to cause higher tendency of bendirg,
and as a result, bending at the base region is comparativélgr hig ;=
than other portions. Due to uneven reception of irradiation by the NV
throughout its length, the amount of curvatures also gradualll:
decreases.

The dynamic process of the ion beam induced damage tiorma
and heat generation, dissipation of the heat, subseque
reconfiguration of the damaged layers and stress development acrg
the layers requires a broader theoretical modeling in order to quanti
the bending process precisely. Further theoretical investigation on tl

IIM process will be taken in a future project. Fig. 7SEM imagés of Cu and Al NWs.

a - ¢ SEM snapshots showing the bending of a Cu Nuvingd the ion

C. lIMin other systems ) o eam irradiation from the top direction.
Few Cu NWs were fabricated using the same fabrication approaqi_ ¢ sgm images showing the bending of an Al NW whilradiated

discussed in th|§ article. Slubseq.uently, the fgbrlcaFed. NWs WeIR, the 16 keV Ga ion beam. The irradiation was mide the top
exposed to the high energetic Ga ions at a particular incidegt® a i ection.
Similar pattern of bending has also been observed in this thse.
shape modification of a Cu NW during the 30 keV Ga ion beam
irradiation is shown in Fig.afc. The irradiation was made from the4. Conclusion: A fabrication process that combines chemical etching
top direction. and ion beam milling, to fabricate metallic nanowires is introduced in
The top-down fabrication approach employed in FIB processitigs paper. The nanowires show a tendency of bending towardsnthe
(ion beam milling) can be efficiently used to fabricate nanostructutesam side during the ion beam irradiation. The bending phenon®non
of different shape. Using this approach, few Al NWs were fabricatsidied on the basis of vacancy formation and reconfiguraticheof
out of an Al substrate. SEM image of an Al NW fabricated using thiamaged layers, stress formation, and releasing the stress through
approach is shown in Figd7The bending of the Al NW towards thereshaping the structure. Our studies also show the generic nathee of
side of the ion beam during the 16 keV ion beam irradiation isrshoMM process in crystalline nanoscale structures gvdvide an
in the Fig. d-f. understanding of strain formation process in nanoscale metals.
NVI\DIetall |n_ves_t|gat|on_ on th_e depe_nder_lce of bending affinity on th?IM process is instantaneous and permanent and with controlled dose,
material is not investigated in this paper, however, from tqje . . . o
; . ; 3 e NWs can be precisely manipulated. This opens up the feasibility of
understanding of the bending phenomenon which we explain on th

e ; N . )
basis of defect formation, reconfiguration process of the dainage 9 IIM as a versatile, ma_tenal |nde_pendent fT‘a“'P“"?‘“f.‘Q and

L . Ssembling method. The technique can find potential applicaitions
layers, and stress generation in the system, it can be urgedr¢hat

though same amount of dose are provided to different nanowires,&'ﬁgre.m branches of nanotechnolog_y. In photonics, for g)gample,
4 - X S - nanopillars are grown at a large scale in order to study the effiaiéncy
bending affinity would be different in different nanowires.

: A metamaterials and it is seen that the efficiency depends on the angle
It is observed that bending is more pronounced wherever there s . . ; .
) ) - . . made by the pillars with the surface. [IM, which can be usedigning
change in the wire thickness (Figd-f) as compared to the straighter . - i
. ) . nanopillars at a large scale, can be very useful in such studies. In
portions of the wire. This could be because of the fact that at th o X
ortions the local irradiation angle is suitable for creating maximum /Transmission Electron Microscope (TEM) systems IIM can be
P ) g ng ._useful in maneuvering structures selectively.
amount of defects, which could lead to the generation ofehigh
amount of stress and hence higher bending tendency. The privery

of the ion induced temperature is expected to be only in @eA
recrystallization process of the NW material. In the case of NW }Iovided by the staff at lon beam lab, IIT Kanpur and Kelvin

varying thickness, the temperature distribution and diffusion alumg nanocharacterization center, University of Glasgow. We are grateful to

NW would be inhomogeneous and hence the recrystallization proq@gﬁ.ll Department of Science and Technology, India, IIT Kanpur, and

WouI(_j be unun?form. This is also likely to play a key role in thEPSRC (EP/K018345/1), UK for the financial supports
ununiform bending tendency along the NW. ’ ’

Experimental observations and our discussion enunciate that ion
induced bending phenomenon ought to be a generic prooess
nanoscale crystalline/polycrystalline materials. This suggests that
[IM technique is also applicable to other nanoscale non-metalli€l] Li Y., Qian F., Xiang], LieberC. M.: ‘Nanowire electronic and
crystalline materials. optoelectronic devices’, Mater. Today, 2006, 9, pp. 2&-

[2] Duan X., HuangY., Cui Y., Wang J, Lieber C. M.: ‘Indium
phosphide nanowires as building blocks for nanoscale electronic and
optoelectronic devicésNature, 2001, 409, pp. 6B
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