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image.From[203].

Figure 3.12:Scattering occurs from B and C, which are two points lying on the plarsaslP

P2. The path difference between the two beams is equivalent to AC+CD [F08m
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Figure 3.13:lllustration of vectors, Wwich represent the wavefront prior to scatteringakd

after diffraction, lg. The difference between these two is the vector K.

Figure 3.14:The Ewald sphere and the relrods in 2 D: as the relrods are not discrete points, a

sphere with a large radius ynancounter numerous relrods. Fr{#03].

Figure 3.15:Examples of typical diffraction patterns: (a) single crystal diffraction pattern with
the characteristic distinct bright spots; (b) fully amorphous specimen diffraction pattern with
the characteristitaint rings and no bright spot apart from the 000 spot and (c) polycrystalline

crystal diffraction pattern with the characteristic rings made from a multitude of bright spots.

Figure 3.16: lllustration of the formation of Kikuchi lines during interactiohthe electron
beam with a sample: (a) the intensities of the two lines which each represents one Kossel cone
differ as they emerge close to the incident electron beam; and (b) are approximated as lines on

the camera or the phosphorescent screen. 208h.

Figure 3.17: Summary of the principal possibilities for the electrons which are accelerated
towards a specimen: (a) unscattered; (b) inelastically scattered; or (c) elastically scattered.

From[215].

Figure 3.18:Schematics illustrating various imaging modes using the objective aperture:
(a) BF imaging by selecting the direct beam on the optical axis; (b) a DF imaging mode
by moving the objective aperture to select aredt diffracted beam; and (c) centred DF
imaging where the incident electron beam is tilted in such a way that the diffracted beam

becomes aligned with the optical axis.

Figure 3.19: BF-TEM image of a wedgshaped singkerystal germanium specimen, the

darker regions corresponds to the thicker parts
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Figure 3.20: (a) HRTEM micrograph of a germanium nanowire obtained at the MiAMI
facility on a Hitachi H9500. Measurements have confed that the representation of (111)
lattices are shown in the image. (b) HRTEM micrograph captured at the M1ARtility on

a JEOL JEM3010 showing of a gold nanoparticle.

Figure 3.21: Typical EELS spectrum with the typical mestense signals in thegsctrum,
(the zero loss peak and the plasmon resonance) as well as imégiass signals which can be

found at higher energy losses. Fr{i§].

Figure 3.22: BF-TEM image of germanium nanowires. Some nanowires are potentially
entangled together whilstthers are isolated enough to bend without interference from

neighbouring nanowires.

Figure 3.23: Schematic showing the main steps of the preparation of an electron transparent
germanium foil. The electron transparent region is located in the vicinibedidle madéy

ion milling. From[220].

Figure 3.24: The crosssection of a nanowire is divided into slices that will be treated
individually in SRIM as flat targets. Typically, the nanowires were divided into 100 slices that
were recomposed in the IDRAGOMATLAB code to model the nanowire cresection. For

clarity, the nanowire is divided in only 10 slices in the figure.

Figure 3.25: The modified DRAGON 3d plot showing the recoils (in blue) and the PKAs (in
red) after a zirconium flat target is irradidtevith 5 xenon ions accelerated to 300 keV at

normal incidence.

Figure 3.26 Picture of MIAMI-1 and schematic displaying the layout of the system. From

[208)].
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Figure 3.27: Picture of MIAMI-2 and schematic displaying the layout of the system. From
[228].

Figure 3.28:Example of how tilting can reveal the bent shape of a nanowire usingithefx

a TEM holder: (a) the nanowires appears bent towards the left when tilted at +45°; (b) straight
when untilted; and (c) bent towards the right when tilte#1&t. At 0° the nanowire is actually

bent upward as revealed by the tilting. It is worth noting that if the nanowire were bent
downward it would appear bent towards the right when tilted at +45° and bent towards the left

ZKHQ WLOWHG DW i f

Figure 3.29:(a) Shematic showing the nanowiferown)and the vectoforange)of length t
(i.e. KB = KC =1t), (b) the nanowire and its projections are shown (b) before and (c) after tilting.

The abbreviations used to name distances are shown in (d)

Figure 3.30:(a) Scheratic showing the vectdorange)of lengtht, and its projection as seen
along the axis of the tilt before and after tilting, (b) the nanogarewn)and its projections

are shown before and (c) after tilting. The abbreviations used to hame distances are shown in
(d).

Figure 3.31:Schematic showing a nanowire in the MIAlIsystem. The ion beam forms an
angle of 30° with the saxis whilst its projectio forms an angle of 45° with-axis and the y

axis.

Figure 4.1: BF-TEM images and SADP of a nanowire: (a) before irradiation; and (b) after 30
keV xenon ion irradiation at 400°C to a fluence of 7.1x1014 ion®cifhe projection of the

ion beam directionmto the image plane is indicated by the red arrow in (a). The scale bar in
(a) also applies to image (b). The SADPs before and after irradiation are characteristic of single

crystalline material.
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Figure 4.2: SADPs of a nanowire captured during irradiationfluences of (a) 8.8x1014
ions.cm® and (b) 9.6x1014 ions.c#. The diffraction spots indicated by the blue arrows have
been chosen to illustrate the evolution of the SADP. A diffraction spot chosen as reference is
indicated by the dashed black arrovurdg the bending of the nanowires, several spots such

as spots (i) and (i) moved during the motion of the nanowire. However, whilst the intensity of
the diffraction spot chosen as a reference varied, it did not move during irradiation. Indeed, the
intengties of the diffraction spots may vary during the ion irradiation and some may appear
and disappear as the intensities of the spots depend on how close to the Bragg conditions the

diffracting planes are during the nanowire motion

Figure 4.3: (a) BRTEM image of a nanowire before irradiation at elevated temperature and

E DIWHU LUUDGLDWLRQ WR D IOXHQFH RI 1 LRQV FPi
nanowire. The SADP in (b) shows that amorphisation has not been detected after the bending
of the nanowire towards the ion beam. The same nanowire after irradiation is shown in (c) at
another tilt angle in BHEM image mode and in a CBFEM image mode which correspond
to (d) a (004) condition and in (e) to a3M) condition. The projection of then beam direction
onto the image plane is indicated by the red arrow in (a). The scale bar in (a) is also valid for
the other images in the figure. It must be specified that the images (b), (c) and (d) were taken
at a different tilt angle (close to zoagis) for the reason that they were captured during a post

analysis whose aim was to perform HRTEM

Figure 4.4: BF-TEM image and SADP of a germanium nanowire irradiated at elevated
temperature to a fluence of 2.7x1015 ions£nshowing that in this casdd elevated
temperature may have prevented the bending from occurring. The projection of the ion beam

direction onto the image plane is indicated by the red arrow
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Figure 4.5:IDRAGON profile showing the distribution of implanted xenon atoms in the cross
section of the nanowire shown in figure 4.1. According to this calculation, most of the ions

were implanted within the half of the nanowire nearest to the irradiated surface.

Figure 4.6:BF-TEM images of a nanowire (a) before and (b) after 30 keV xenarrasiation

at 400°C to a fluence of 1.2x1015 ions.#mThe projection of the ion beam direction onto

the image plane is indicated by the red arrow in (a) and the zones corresponding to the sections
where the sputtering yield was measured are showrelngtharrows. The scale bar in (b) also

applies to image (a). The SADP after irradiation is indicative of single crystal material

Figure 4.7:BF-TEM images and SADPs of a nanowire (a) after a 30 keV xenon ion irradiation
at 400°C to a fluence of 2.7x10idns.cm®2 and (b) after a subsequent irradiation at RT to a
further fluence of 7.5x1013 ions.c& The projection of the ion beam direction onto the image
plane is indicated by the red arrow in (a). The scale bar in (a) applies to image (b). The SADPs
show that the irradiation induced considerably more damage accumulation (leading to

amorphisation) when it was performed at.RT

Figure 4.8: Superimposed BFEM images taken from an in situ video showing the evolution
of a germanium nanowire during a 30 keV aerion irradiation at elevated temperature. The
projection of the ion beam direction onto the image plane is indicated by the red arrow in (a).
The SADP before and after irradiation are characteristic of crystalline material. The nanowire

is shown to alignowards the ion beam without taking a curved shape

Figure 4.9: Schematic of a nanowire bending towards the ion beam whilst taking a circular
shape. The radiusa{c) should be measured using the neutral axis of the nanowire to determine

the strain as a function df according to equation 4.7
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Figure 5.1: BF-TEM images and SADPs of (a) a germanium nanowire before a 30 keV xenon
irradiation at RT and (b) after tlreadiation which has prompted 1IB away from the ion beam.

On the bottom row the BFEM images and the SADPs show (c) a germanium nanowire before

a 30 keV xenon irradiation at RT and (d) after the irradiation which has prompted IIB towards
the ionbeam. Fd HDFK FDVH Y LV JIheKWm@jettion obthebod Banfonto the
image plane is indicated by the red arrow in (a). The scale bar in (a) also applies to the other
images in the figure. The conditions of irradiation of the nanowire in (agn@)n (c),(d) are

resumed in table 1(xi) and (vi), respectively

Figure 5.2: IDRAGON implantation profile of the nanowire shown in figure 5.1 under

LUUDGLDWLRQ E\'D NH9 [HQRQ LRQ EHDP DW . f

Figure 5.3: BF-TEM images of (a) a germanium nanowiredref30 keV xenon irradiation at

RT, (b) after irradiation at a fluence of 1x1014 ions2mvhich has prompted 1B towards

from the ion beam and (c) at a fluence of 3x1014 ion€Lcshowing that the nanowire bending

direction has changed during subsequeatiation as it then bends away from the ion beam.

The projection of the ion beam onto the image plane is indicated by the red arrow in (a). The
VFDOH EDU LQ D DOVR DSSOLHV IRU WKH RWKHU LPDJHV L
condition of irradiation corresponds to a value of 0.35 and is thus close to the threshold value

for bending direction reversal
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Figure 5.4: DF-TEM image of a germanium nanowire after a 30 keV xenon irradiation at RT

to a fluence of 4.7x1014 ions.c&which has prompted IIB away from the ion beam. The
presence of a crystalline structure is evidenced by the bright features. The nanowire was single
crystalline before irradiation (as shown by its SADP in figure 5.1(a)). On tHecamfacing

side, the nanowiresidark all along its length in the DF image even in the vicinity of the bright
section £thus suggesting that the side facing the ion beam is fully amorphous as a result of the
damage accumulation due to the xenon ion beam irradiation. The projecti@ioh tbeam

onto the image plane is indicated by the white arrow

Figure 5.5: Schematic of the bending of a thin film and its substrate. On the figure the variables
(described in the text) required for the calculation via the Stoney equatibasee on two
distinct portions, which are the thin film and the substrate. However, as stated above, in a
nanowire the two distinct portions must be replaced by two phases of the irradiated nanowire
for which properties and thickness are difficult to deiee and which will evolve during the

irradiation.From[248].

Figure 5.6: BF-TEM images and SADPs of (a) germanium nanowire before 30 keV xenon
irradiation at RT and (b) after irradiation to a fluence of 7.3%ib@s.cm? which has prompted

[IB towardsthe ion beam. The SADPs indicate that the nanowire was single crystalline before
and became fully amorphous during irradiation. (c) Annealing at a temperature of 440°C was
performed on the bent nanowire for 25 minutes. No noticeable change of shapeerasdbs
during the annealing and the SADP remained unchanged showing that neither SPEG nor RNG
has been induced by the thermal treatnieme. projection of the ion beam onto the image plane

is indicated by the red arrow in (a). The scale bar in (c) alseeadpl the other images in the

figure.

24



Figure 5.7: BF-TEM images and SADPs of (a) germanium nanowire (indicated by the black
arrow) before a 30 keV xenon irradiation at RT and (b) after the irradiation to a fluence of
9.1x1033ions.cm? which caused 11B way from the ion beam. (c) Annealing at a temperature

of 440°C was performed on the bent nanowire for 5 minutes during which time the shape of
the nanowire changed becoming straight once nidre.projection of the ion beam onto the
image plane is indicateby the red arrow in (a). The scale bar in (a) is also valid for the other

images of the figure

Figure 5.8:BF-TEM images and SADPs of (a) a germanium nanowire (indicated by the black
arrow) before a 30 keV xenon irradiation at RT and (b) after irradidi a fluence of 7.3x1®
ions.cm?which has prompted IIB towards the ion beam. The SADPs indicate that the nanowire
was a single crystal and (b) became partially amorphous after irradiation. (c) Annealing at a
temperature of 440°C was performed on the bent nanowire for 18 minutes duraigtinh

shape of the nanowire changed as the curvature increased during annealing. Additionally, as
evidenced by the SADP, recrystallisation occurred during the thermal treatment making the
nanowire polycrystallineThe projection of the ion beam onto theage plane is indicated by

the red arrow in (a). The scale bar in (a) also applies for the other images in the figure

Figure 5.9: The orientation of crystallites relative to each other in a partially amorphous
nanowire and the way it can impact the ditftion pattern is shown (a) in the case where the
crystallites did not rotate during the bending, thus, making sets of planes in several crystallites
parallel and consequently diffracting in the same fashion, whilst in (b) the crystallites have
rotated dung the bending making a similar set of planes misoriented relative to each other and
consequently leading to a rotation of the diffracting spots from the crystallites. In order to make

the figure clearer, only one diffracted beam is taken into accouaatdr set of planes.
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Figure 5.10:Superimposed BFEM images taken from an in situ video showing the evolution

of a germanium nanowire during a 30 keV xenon ion irradiation at RT. The projection of the
ion beam onto the image plane is indicated by thearemv. The nanowire is shown to have
bent away from the ion beam as the fluence increased. It is worth noting that the curvature of

the nanowire has increased until the nanowire came into contact with the TEM grid.

Figure 6.1: Schematic showing the crosection of a calculated volume& made of an
amorphous coré/. (in red) and a crystalline damaged reghn(in orange) requiringn

overlaps to become amorphous

Figure 6.2: Evolution of the amorphous fraction as a function of fluence for different
amorphiséion mechanisms. In this simple illustration, the target material is considered fully
amorphous (i.efa = 1) at the same fluence for each mechanism. In the three heterogeneous
models the curves have been generated using equation 6.4 whilst keepingeto\Waimilar

whethe’V=V ,V=Vq4, orV=V.+ Vu.

Figure 6.3: (a) Schematic showing hoW. is determined based on the defect densities
distribution indicated by the red line and (b) example showing a section of the 3D plot of the
recoils withinV. and the PKAs after irradiation by 300 keV xenon ions, where all the recoils
within V. are indicatd by a blue spot and the PKAs are shown by red spots. The plot shown in

(b) is generated after 1000 ions.

Figure 6.4: SADP of a germanium sample (a) before irradiation (b) after irradiation with 300
keV xenon ion at a fluence of 1.3¥%@ns.cni® and a dpa of 0.13 (c) at a fluence of 3.0%10
ions.cm? and a dpa of 0.37, this is when the sample becomes fully amorphous as characterised

by the presence of amorphous rings without any spots apart from the direct beam spot.
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Figure 6.5: Evolution offa as function of the fluence during irradiation at RT according to
equation 6.4 (as indicated by the curves) and according to the experiments (as shown by the
data points) for the irradiation conditions: (a) 300 keV xenon (b) 200 keV krypton (c) 100 keV

argon (d) 80 keV neon and (e) 70 keV helium ions. The labels of the axis in (e) also applies for

(a)- (d).

Figure 6.6: Using the MATLAB code and SRIM, the calculated fraction of defects as a
function of the cylindrical volumes of radiiy defined in theexperimental section is shown

for all ions with the exception of the helium irradiation

Figure 6.7: The percentage of recoils induced (aYirand in (b)V as function of the ion mass
for each irradiation condition. In (c) is shown 1/dpa as a functitimeabn mass for each case.
The ions labelled in (a) and are also applicable for (b) and (c). The lines in (a), (b) and (c) are

included as guides for the eye

Figure A.1: Superimposition of BHEM images captured from a video during 40 keV xenon
ionirradiation in situ in the TEM inducing the bending of the silicon nanowires 4C50he
SADPs before irradiation and after irradiation are shown to illustrate the single crystalline

character of the nanowire after bending
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List of tables

Table 1.1:Comparison between the ENIAC and an Intel Core Duo Chip circa 2006. The table
shows that whilst the performance has increased, the price, size, weight and conception have

decrease From[12].

Table 2.1:Conductivity of example insulators, semmntluctors and conductors according to

[54].

Table 3.1Typical values of energy distribution and source sizes of the main type of sources

used in TEM according t207].

Table 3.2: The table shows the main characteristics of the MIAMlystem. It is worth noting
that these characteristics were accurate at the time when the work presented in this thesis was

undertaken and consequently may not reflect the newest upgrades made tbMIAM
Table 3.3: The table shows the main characteristics of the MIA\lystem.

Table 5.1 The table summarises the experimental conditions and results obtained when 11
germanium nanowires were irradiated by xenon ion irradiation at RT. The colour sdgaie un

WKH WDEOH LV YDOLG IRU DOO WKH ,'5%$*21 SURILOHV ZLWK
of damage within each individual nanowire (i.e. not the maximum damage level across all 11

nanowires).

Table 6.1:For each case, as well as the average notalber of recoils per ion determined by
SRIM are shown the value nfdetermined via the correlation between the experimental results
and equation 6.4/. determined via the MATLAB analysis of the collision cascades using the
theoretical defect fraction feamorphisationVs determined via the correlation between the

experimental results and equation 6.4, the threshold dpa for amorphisation and the fluence at
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full amorphisation were determined using the experimental results (i.e. the SADRE)Sand

as given by SRIM
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Abstract

In the work presented in this thesis, ion irradiations were carried in situ within a transmission
electron microscope (TEM) allowing the consequences of radiation damage on germanium to
be investigated. In general, the study of radiation damage on semntorsdis of utmost
importance as the use of ion beams during the processing of semiconductors is now a standard
technique. Furthermore, as germanium materials in general, and germanium nanowires
especially, are currently being considered as replacementdbuik silicon in future
microelectronic devices, this thesis will address the effects of radiation damage on both

germanium thin foils and germanium nanowires.

Concerning, the use of ion beam on nanowires, a remarkable, but yet to be fully explained
consequence of radiation damage, is investigated in this work: the ion induced bending (11B)
effect. In the literature, it has been reported that during ion irradiation of nanostructures they
may bend towards or away from the ion beam. However, the mechanisyked to explain

[IB are various and still debated.

Following 30 and 70 keV xenon ion irradiation experiments, it is shown in this thesis that out

of the proposed mechanisms only those based on dynamical rearrangement of the damage can
explain the bendig of the irradiated germanium nanowires towards the ion beam. In contrast,

it is demonstrated that the mechanisms based on the accumulation of point defects or on the
presence of an amorphous phase cannot explain the bending of the germanium nanowires
irradiated in the current work. In a set of experiments where germanium nanowires were
irradiated by 30 keV xenon ions at 400°C, bending was observed even though the accumulation
of point defects and the collapse of the crystalline phase into an amorphasgpoesented

by the relatively elevated temperature (i.e. 400°C). Similarly, in another set of experiments

performed at room temperature it is shown via Monte Carlo calculations that there is a
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discrepancy between the distribution of the damage withinghewires and that which would

be required in order for the mechanisms based on damage accumulation to operate.

Furthermore, the work in this thesis also solves several issues regarding the use of IIB as a
potential technique in industrial processing ahawires. Whilst [IB can be considered as an
unwanted side effects occurring during the ion beam doping of nanostructures, it also
represents a powerful nanomanipulation technique. However, to make full use of 1IB as such a
technique, the bending directionust be controllable. For this reason, using ahaduose
MATLAB code combined with Monte Carlo calculations it was determined that the damage
depth normalised with respect to the diameter of the nanowire could be used to forecast the
bending direction. Lstly, as germanium nanowires became amorphous or partially amorphous
during 11B, annealing experiments were performed. However, it is shown in this work that the
shape modification obtained via ion beam irradiation can be unstable during recrystallisation.
Consequently, irradiating the germanium nanowires at elevated temperature (e.g. 400°C in this
work) is proposed as a novel way to use the IIB effect as it allows the nanowires to maintain

their singlecrystalline character during the nanomanipulation.

As stated above, ion beams are routinely used to process semiconductors. However, unless the
irradiation is performed at elevated temperature, the damage accumulation may induce
amorphisation. To investigate the currently debated mechanisms behind aataplaisd the

effect of the ion mass on the amorphization rate, germanium foils were irradiated in situ within
the TEM using either 300 keV xenon, 200 keV krypton, 100 keV argon, 80 keV neon or 70
keV helium ions. By monitoring the diffraction patternsidgrthe in situ ion irradiations and
modelling the collision cascades, it was shown that amorphisation must occur gradually via a
heterogeneous damage accumulation mechanism where each ion induces an amorphous region
at the core of the cascade surrounded bighly defective crystalline shell. It was also revealed

that the threshold displacement per atom (dpa) for amorphisation was not always lower for
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heavier ions as may be expected. This feature of the threshold dpa trend was shown to depend
on the spatél distribution of the point defects in a collision cascade. Furthermore, the
correlation between the experiments and the modelling of 1000 collision cascades induced by
helium ions has shown that, in the case of helium, the amorphisation mechanism can be
understood only when taking into account the stochastic nature of collision cascades. Indeed,
it is revealed that the average collision cascade induced by helium ions could not induce
amorphisation On the other hand, it is shown thais only occasionatollision cascades
involving a relatively larger number of defects which are responsible for the amorphisation

process.
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Chapter 1: Introduction

1. Motivation for this work

The Z1, the COLOSUS, the ENIAC or the ABCThese machines may prompt endless debates
amongst computer experts regarding which aitblrould be branded as the first real computer

[1] £3]. However, there is no disputing the fact thatdtwpuer-based technologies hawand
continue to have, tremendous impact on our so¢igt§7]. Whilst these pioneering devices
were smdlin number and dedicated to a limited number of taksekamplethe ENIAC was

initially built for military purposeg8]), nowadays computers are almost everywhere and
perform an almost unlimited number of different tasks. They can be utilised to assist a surgeon
during a delicate procedure, they ensure the automation of numerous actions durin@flights
and ae routinely used in everyday life in the form of personal computers, Rmiop

smartphonefs].

However, not only has the proliferation of comptltesedechnologiedeen impressive but

also the evolution otomputational powehas also been remarkable. For instance, when
compaing (as illustrated by table 1.1) aspects of ENIAC with a microprocessor circa 2006, it
becomes obvious that intense research and funding must have been deployed to achieve the

making of more powerful electronic devices in a smaller spaije[11].
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DOWNSIZING AND UPGRADING

The inception af camputing inspired a remarkable
race for faster, smaller, lighter, cheaper hardware.

EHIAC Intel Core Duo chip

Cehut 1946 2006

Performance 5,000 addition 21.6 hillion
problemsrizec opsfzec

Powwer uze 170,000 watts 31 weattz max

Weight 28 tans negligible

Size g0'w x 3" h 90.3 =g. mm.

What's inzide 17,840 vacuum 151 B Miransistors
tubes

Cost F457 000 FE3T

Table 1.1: Comparison between the ENIAC and an Intel Core Duo Chip circa 2006. The table
shows that whilst the performance has increatesl price, size andeight have decreade

From[12].

The evolution of computational power over time is related to the number of tran@stors
valves)andLVY XVXDOO\ GHVFULEHG E\ ZKDW LV NQR&gagedV WKH 0
that the number of transistors amicroprocessochip was doubling every two years and

predicted the continuation of sualrend[11].

ORRUHTV /D Zfundan@malghyBical law but has been relatively well followed as
illustrated by figure 1.1 showing the number of transistors chip over a period spanning
1971 to 2016. In the vast majority of cases, the materidlinsggectronic devices was silicon.
However, for this law to remain true, the necessity of replacing typical bulk silicon by another
class of material is requie[13]. This quest for new types of materials has led to the
investigations that will be presented in this thesis. Indeed, whilst a great deal of effort has
already been made to understand the properties of siliconséoé other materials in future

electronic devices cannot banplementedwithout comparable knowledge about their
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properties and scientists therefore need to probe these. Interestingly, one of the main candidates
to replace or be used together with silicon is the material that was ficsirug®47 for the

fabrication of transistors: germanium.

Moore’s Law — The number of transistors on integrated circuit chips (1971-2016)
Moore's law describes the empirical regularity that the number of transistors on integrated circuits doubles approximately every two years. bt
This advancement is important as other aspects of technological progress — such as processing speed or the price of electronic products — are

strongly linked to Moore's law.
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Figure 1.1: Graph showing the number of transistors in a central processing unit from 1972

to 2016. Fronjl14].

Due to the similarities with silicon, germanium could be relatively easily deployed as a
replacement or canateria of silicon[15], [16]. As will be addressed in the nettapter, there
DUH VHYHUDO UHDVRQV ZKLFK PDNH JHUPDQLXP D FUHGL

electronic devices.

In this thesis, the properties of germanium will be studied with and without respect to the scale
at which it is being processed. Rbe former, the experiments on nanowires performed during
this doctoral research will be presented. This class of materials (i.e. nanowires) has aroused a
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lot of interestin the scientific community ag displays novel properties that may allow the

creatiRQ RI WUDQVLVWRUV ZLWK SHUIRUPDQFHYVY WKDW FRXOC
[13]. Nanowiresare furthermore proposed for a large number of other applications ranging

from optoelectronis to new types of supdrydrophobic clothing17] £19]. However, for

obvious reasons, handling and assembling nanostructures is a chi2@ngéde answer to

this challenge may arise from a technique that has been routinely used during the processing

of semiconductor devices to turn them into transistors. This technique is called ion implantation

and consist of bombarding the semiconduetaih ions that can confeto it the desired

electronic propertie§21]. However, during ion irradiation it has been observed that
nanostructures may bend and be readily manipulated using the so calieducad bending

(IIB) effect [20][22].

In order to control 11B, the meeamisms behind it must be identified and understood; however,

to do so, the consequences of ion irradiation on nanostructures must also be better understood.
During ion irradiation, radiation damage may occur leading to an accumulation of numerous
type of eefects such as interstitials and vacancies, and even lead to amorphisation of the target
material[21], [23]. Whilst mechanisms based on amorphisation have been proposed as a cause
for the IIB phenomeno[20], amorphisation is itself a process thsasitill not fully undersiod

and yet is crucial for the electrosiadustry[24], [25]. For these reasonsueh effort hadbeen

made to understand how amorphisation occurs during the irradiation of semiconffiitars

[27]. This thesis aims to investigate both the mechanisms behind 11B and amorphisation

resulting from ion bombardment.
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2. Structure of the thesis

In the next chapter, a review of the literature will provide the scientific concegitavithbe

used to investigate the IIB effect and the amorphisation mechanisms. Thus, chapter 2 will give
an overview of the actual knowledge regarding (among other things) the damage that can occur
during ion irradiation, the properties of germanium aheé properties of nanowires.
Afterwards, a more walepth review of the state of the art regarding the mechanisms of [IB and

the mechanisms of amorphisation in semiconductors wiiNen

In chapter 3, the experimental details regarding the experimenmthaha been carried out
during this doctoral work will be provided. This will include the fundamentals of transmission
electron microscopy (TEM) as, in the current work, ion irradiations were performed in situ

within a TEM.

Chapter 4 will address the effeaf ion irradiation in situn the TEM of germanium nanowires

at elevated temperatures. This chapter, whichfaglis onthe 11IB phenomenon, wilbresent

a work aimed at inducing the manipulation of nanowires whilst preserving their single
crystalline character. Additionally, the experiments will provide valuable information about

the mechanisgbehind the 1IB effect.

In chapter 5, germanium nanowires will be subjed¢tetn irradiation at room temperature

(RT) and to a subsequent annealing step. In this chapter, the correlation betweegaflante

(MC) calculations and the experimental results are used to determine how the experimental
conditions influence the bendirmg nanostructures. The stability of the germanium nanowires
during annealing is also investigated. In this chapter all the main mechanisms which have been
proposed in the literature to explain the bending of nanostrustiltdge examined in light of

theexperimental results.
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In chapter 6, germanium feiére irradiated in sitiun the TEM using nofradioactive inert gases
(xenon, krypton, argon, neon and helium ions). During thesitun ion irradiations, the
amorphisation rate of the specimen is monitored via the evolution of the diffraction patterns.
Using ions, with masses whidhiffer by more than a factor of 3the influence of the ion mass

on the amorphisation is revealed. Furthermore, in addition to the experimental results a 3D
reconstruction of the collision cascades is made using MC calculations andhause
developed M\TLAB code. Both the 3D reconstruction and the evolution of the diffraction

patterns are analysed to understand how amorphisation occurs in semiconductors

In the last chapter, the main results presented in this thesis are summarised aiod ndeas

experments related to the current work are detailed.
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Chapter 2. Background & Literature Review

1. Introduction

Transistorsarethe heart of electronics devices and their evolusaontinuously shaping our
modern world11]. However, unless novel categgsof materials are introduced struggle to
keep up with thepace of O R R Ulavf Will arise [13]. To respond to this challengan
international technology roadmap for semiconductors (ITRS) has been proppsbd
industry.Oneof the main materialconsidered as the silicon successarasan exotic ondn
fact,far from being a new material,ighistorically the firselemenused for its semiconductor
propertieswhich is todaybeing reconsideredgermanium[28] £30]. Additionally, a novel
group of materialsaare also proposed aa replacement for bulk silicomnanowires, which
according tothe ITRS are considered as key candidst®r this purpose, and ¢nefore

implicitly so aregermanium nanowirdd 3], [22], [30] £34].

Germaniumis a semiconductdiar from being as well documented as silicturthermore
nanowires are even less well known than their bulk equivdlerd severahspects need to be

investigated22], [29], [32], [33], [35], [36]

To tailor the electrical properties of semiconductors it is usual to add impurities inside the
material via a process called dopif@7], [38]. One of the standard technigqus dope
semiconductors i®n implantatior[32], [33], [37] The benefits of this techniquempared to
diffusion of chemicainto the semiconductare better control of the implantation depth, more
precise control of thdoseand the possibility to achievaorecomplex profilegd39]. Whilst

the benefits of ion implantation are undeniable, it is also necessegyntanbethat during
implantatiornumerougointdefectsand extended defeatsightarise, the target materialight

be rendezd amorphousdue to damage accumulatiamd implanted ios might need to be
driven into substittional sites to be electrically activated[21], [40]. For these reassnan
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annealing step is routineperformedafter irradiation as a way of recovering a pristine crystal

and activatinghedopantd21], [22].

The ion irradiation and the annealipgpcesses, which are routinely perforneadulk silicon,
have not been a&xtensivelyusedon germanium and germanium nanowires. They are therefore
lesswell understoodss they lead to differenbutcome from those onbulk silicon[35]. For
these reasons, if tiieare to be trly considered as tomorrofWkuilding blocks for modern
devices, it is crucial to gain a deeper understanding of both pesaessto find a way to

forecast their outcom§22], [32], [35]

In this chapter, the process of damage accumulation during irradiation wém@masison
ion-induced amorphisatioandion-induced bending (1IB) ofanostructurewill be addressed
Thus, the proposed mechanisms which lead to amorphisation will be presented asthasiéas

proposed to explaithellB phenomenof#1].

2. Germanium and its properties

2.1.Context

In 1886, germanim was discovered b Germanchemist Clemens Winklef42]. About 50
years laterShockley, Brattairand Bardeendesignedthe first transistorusing germanium
making itthe precursorof electronicsemiconductobased devicefl6]. Despitethe factthat
electronis was still in its infancy, materigbcientiss alreadyknew how to tune the electronic

properties ofhermaniumby introducingchemical impuritiesnto thematrix as dopant§l6].

Althoughgermaniundoes not exist asstandalonenineralafter its extraction fronmaterials
such aginc ore high purity single crystalline materiaanbe obtainedising theCzochralski

technique[16]. Inventedin the 1950sfor the purpose of poucing high quality single
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crystallinemateriak, theCzochralskiprocesavasfirst establishean germaniumbefore being
transferred to siliconln fact, the technology transfer to silicoriddnot only concernthe
Czochralskiprocessassilicon became the primary materfat electronic devices most of the
semiconductor processing techniques became centred around[Sditdrikewise,scientific
investigationsnto semconductors properties became more and more focused on silicon at the

expense of germanium.

Geamaniumhas a lot in common witkilicon (bothareindirect band gap semiconductors with
the same type of crystalline structytes]. However it hasa numbeiof drawback compared
with silicon. Germaniumis less abundant than silicon acohsequentlcostlier Its smaller
band gap makes it much more subject to current legRdge[29]. Furthermorepne of its
major flaws is theinstability of its native oxiddayer. The oxide layer which plays the role of
the insulator ina metatoxide-semiconductor fielgffect transistor (MOSFETIiys crucial in
those typeof device Therefore, thisssuemakes it unsuitable to be the material of first choice
whenbuilding MOSFETSs [28], [34]. Yet, in a context where alternative materials need to be
envisaged to replace bulk silicon, some ofdi&erences betweesilicon andgermaniumare
now causingthe industryto reconsider germanium asrajor candidate to replace silicon in
future transisors devices, therefore prompting a new momentum for researghroranium

materialg21], [43].
2.2.Generapropertiesof germanium

Germanium belorgto thegrouplV in column14 of the periodic tabland isametalloid As
is the case fasilicon, it hasfour electrons in its valence shell and ferybridized sp*

covalent bond[44]. As shown in figur&.1, germaniuntypically crystallisesin a diamond
like structurg21]. Eachgermaniumatom is bonddto its four nearesteighbous forming a

tetrahedron with an angté about 109.5[45]. The crystakan be dpicted using éace
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centred cubi¢fcc) Bravais latticewith half of the tetrhedml sites occupied aalternatively
can be seensaafcc lattice coupled with another ftattice thathas been translated %\pf the

main diagonabf the cubeThe diamond structutbereforepossesssfour atoms from the fcc
lattice plws four atoms from the tetrahedrsites makingeightatoms. At room temperature
(RT) and altmospheric pressutke lattice constar{k) of germaniums about0.566 nm

[21], the distance between eagérmaniumatom isa—/;7 =N rd&vwmand its nominal density

is 5.3234 g.cn¥ or in atomicdensity (Qis va t H s 18 %cm®[15].

(a) -
c é"L (‘ 5 lg — :
¢ ©® T e |
¢ 9 2 0 4
B VY. 'S¢
¢ @ v . . 0

Figure 2.1:(a) Unit cell showing the crystalline structure of germanitmom [46] along with
(b) a representation of the unit cell from a [100] direction where gimsitionare shown as a

fraction of the cubedge lengthfrom [47].

2.3.Properties as semiconductor

2.3.1. Valence band and conduction band

In a singlegermanium atopeach electron has itsvn uniqguequantunstate[48]. However,n

the case ofeveral atoms, the quantum statéhe electronscan be altered depending on the
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inter-atomic distances. Indeeds the distancebetween atoms get small¢he electrons of
each atomcan interact with he electrons of thether atomsConsequently, athe Pauli
exclusion principleforbids two electrongrom sharingthe same quantum statber energ
levels (which depend orthe quantum sta$@ are slightly shifted[48]. In a solid to avoid
violating the Pauli exclusionhe energy leved areshifted relative to eacbtherin sucha way

to make theenergy levels similar to aontinuumof available quantum states for electron
occupancyf48], [49]. Thesecontinuums a known asthe permitted energy bandBetween
these permittedbands thesnergy levels with navailable quantum statésrm the forbidden
bands[48], [49]. In a solid here are severapbermittedbands, wbse characteristics var
depending on the energy level of tlectronssurroundingthe atons nucleé. In germanium
for instancethe band positioned around tHes level has a witi of approximatelys r’7 eV,
whilst the3s and 3p levelform a permittedbccupiedenergy band acdipproximatelyl0 eV(the
valence bandplus an empty energy band of 20 é¥e conduction band) separated by a

forbidden band gap @pproximately 0.6@&V atRT [50].

Providingenergygreater thahe band gap to the electoin the valence bandnable ther
promotionfrom the valence band to the conduction bgh@]. Typically, due to its small band

gap which allows electrons to be promoted to the conduction band via visible light absorption
or via a relativelylow thermal energy (below its melting poingermanium ilassified as a
semiconductor as opposed tsulatorswhich havebigger band gagp[48], [51]. Convesely,

in conductos there exists an overlap of the valence and conductionsijd@fl [51]. The

allowed energy levels are usually described as function of the prapagattor -&vhere -&
is proportional to the momentum of the electros. geen in figure 2,4n germanium the

smallest energy transitiohetweenthe valenceband and tle conduction banddoes not

correspond to the same value -§there is thus a difference in the momentum of the electron
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when suchransitionoccurs.For these reasogermanium is said to be an indirect band gap

semiconductor,igilarly to silicon[48].

E
E,
Conduction band
............. Electron
T )
.................................... -
10.66 eV 0.80 eV Forbidden band )
» K @0 0000
Hole
E, Valence band

Figure 2.2 Structure of thebands showing the energy differences of 0.66 eV and 0.80 eV
between the valence band and the conduction band of germaniarseificonductanas an

indirect band gap of 0.6éV.

2.3.2. Empty or full: occupation of the band

Using quantunphysics, the density of statéDe) of permitted enernglevelsfor a charge carrier

of mas m. asa function of energyE) and of the reduceBlanck constant4§ whereEc is the

energy at the minimum of the conduction basdeterminedn a bulkusing the following

equation2.1[48]:

_
P

.., 5 sagl. ..
& ,L?.%U,.. Fr 56 (2.1)
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To definehow the electrons are distributed within theilable density of statesprobability
of occupations describedising an energy level called the Fermi lefig) andknown as the

FermiDirac distributionf(E, T) describé by equation2.2[48]:

B:' &; L (2.2

5
AR EAIN
5>®eglo—Ah

Settingthe temperaturte 0 K in equation2.2 wherek is the Boltzmann constardll electrons
have energies belothhe Fermi leveknergy[48]. Under conditions wherthe semiconductor

is undopedthis levelcan be considered as beimgthe middle of the forbidden band aat
0K, the electrons arall in the valence banghilstthe conduction band is emptjiowever, a

can be seen in figu23 a highertemperaturethe distribution of thelectronswill be affected

as energy is given to electrof3], [51]. Indeed, if the electrons gain enough energy they
might be promoted fra the valence to the conductibandasthe final distribution of the
charges depends on the probability of occupaif@nergy level¢definedvia the FermiDirac
distribution)and theavailableenergylevels(definedvia the density of stateasillustrated by

figure 2.4[48].

f(E:T) T T T T T T T

08

0.6 -

04 +

02

03 02 -0l 0 01 02 03 pg
(eV) ‘

Figure 2.3 Distributionof theelectrors as a function of temperatuaad energyccording to
equation2.2, showing the FermbDirac distribution atfour different temperatures
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f(E,T) D(E) r#0
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energy cenergy
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Er E

Figure 2.4 Graphsshowing(a),an energy distribution of electrons defined (&, T), (b) the
valence and the conduction band defined ig and(c) the convolution of the two, defined

via f(E, TXDe) where the empty and occupied energy levalsbe seen
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To modeltheway an external forcaffecisthe electrons distributed within these bands, a mass
| gis allocated to the electrons.a semiconductoeach stat&eft empty in the valence band

is referredto asa pseudeparticlecalleda %hole” which is also allocated a pseudo maksg;

[21], [48], [51] According to classicahechanis,the external force applied to thlbarge Fex)

(for instance an electric field) can be expressed via equaBon
A(ged | gH=??AHAN=PEKJ (2.3)

Wherem, is the mass ogither the electron or the hallenown as charge carriergndFex:is
the external force applied to the charigea semconductoythe value of these masses. has

an important effecon theelectrical properties of the semiconductodeed,as described by

the previousexpressionthe smaller these masses, dhen thebigger the effect ofraexterior

force on them(which also means lsigher mobility of the charge carrgrin germaniumthe
mas®&sme and m arebothsmallerthanthosein silicon makinggermanium aaluablematerial

for future electronic devicesgiving better conductivitylower energy consumption as well as
higher speed circuif®1], [52], [53]. In fact, themobility of the charge carriera germanium
comparedo othersemiconductors is one of the main reason why germanium is now attracting

so much intere4B4].

2.3.3. Doping germanium

Compared to metals, semiconductors have poor conductivity as ordjatavely small
proportion ofelectrons are free to travel in the material.table 2.1, it can be see that

germanium has a conductivity thansnyorders of magnitide lower than @t of metalg54].
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Glass 10" to 10!
Hard rubber 10
Silicon 1.56x10
Germanium 2.17
Platinum 9.43x16
Tungsten 1.79x10
Aluminium 3.77x10
Gold 4.1x10
Copper 5.96x10
Silver 6.30x10

Table 2.1: Conductivity ofexampleinsulators, semiconductors and conductmsording to

[54].

Undopedsemiconductorsare described as beinmtrinsic [21], [48]. In order to introduce
additionalcharge carriers to anintrinsic semiconductgrmpuritiescan be implantethto the
materialduringa process calledoping. In germanium and siliconglkommon doping method
consist & putting insubstitutionalattice-site dopans from coumn il or VI of the periodic
table of the elemen{21], [48], [55] The introduction of the dopafrom thesecolumrs will
result in ptype doping or n-type doping, respectively. Adlustratedin figure 2.5, when a
dopant fromcolumnVI is introduce in a latticesite, its extra electrooanbecome a charge
carrierin the materiglotherwise whena dopant from column Il i;itroducedto a lattice site
the lack ofelectron isassimilated toa hole which will also be free tgarticipatein the

conduction ofcurrent[48], [55].
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Figure 25: Schematic showing how thatroduction of a dopant from column &f 11l can
result in a free electron and a halespectivelyas justfour electrons are required to form a

covalent bond in the germanium materfom([55].

In each of tkse case, the conductivity %, of thedopedmaterial carbeexpresseds a function

of the dopant concentratiddy and the mobility p of the carrier having a chargd48]:
éL M, a (24)

The mobility oftheelectrors and the mobility of the hosaregiven by the following equation
where 2is the mean free timeetween collision§48]:

ao@%'J (2.5)
To tune the properties of an intrinsic semiconductor via doping (and mek#iitsig, two

ways are usuallysed the diffusion ofthe chemical elementsto the semiconductofwhich

is not the subject of this work) ameh implantatiorwhichis discussedelow.
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3. lon mplantation

3.1.CQutline of ion implantation

Often used for the purposeof making transistors and in particular MOSFETS, ion
implantationwas first patentedby Ohl, Moyer and Shockleyn the 1940s[56]. In this
techniqueions are aceleratd towardsatarget materiahducing several effects such as atomic
displacement, sputtering or implantation which as will be addressed later can modify the target
material in various way®6], [57]. Comparedo chemical diffusionjon implantaion presents

many advantages suchlattercontrol ofboth thedoseandthe deptt38].

For anacceleratedbn to be implanted intatarget material, it needs to loggkinetic energy.
The interaction between the particle and the solid is the result ajrtheteracting with the
target material nuclei (nuclear stoppirg)d with the target materiatlectrors (electronic

stopping)[20], [57].
3.2.Electronic stoping

The energetic ion may lose a part of its energy via its interaction with the targeffgexctrons
[58]. Such interactionsre characterisedy an electronic stoppingower (Se) and can be
approximatedoy equation2.6 in which S is a function of the atomic number tife target
materia) Z1, and the ionZ2, the velocity of the ion Kthe atomic density of the target material

N, and the Bohr radiys=,[59].

_3 A A z
5y L Sek:le c_e (2.6)
323 ¢
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The slowing down via electronic logsa continuous dmeleration of the iof59]. During ths
processthe Coulomb interactiors lead to the iorlosingits kinetic energy and thelectronic
stoppingis thus describa as leading tanelastic energyosseq60]. During the inelastic loss,
the energy lost to the target material may sometimes modify its elecin@perties anfr
promote electrons to higher energy levé&lselighterthe ions and the highéneir energythe
more theelectronic stoppinglominatesover the nuclear stopping60]. An example of the

relativecontribution ofthenuclear and electronic stopping is shown in figRiée

Figure 2.6: Graph showin@ typical example dhe relative contribution of the nucleanergy
loss(in red) and the electronienergyloss(in blacK as well as their sum (in blua¥ a function
of the particle engy. This example correspostb the irradiation of SrTi@via xenon ions as

determinedising MonteCarlo calculationsFrom[61].

3.3.Nuclear stopping

Unlike electronic energy loss where the ions continuously lose energy, the nuclear energy loss

occurs in discretevents[60], [62]. The nuclear energy loss can be described as a ballistic
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phenomenon where the iameracs with the nuclaus of an atom othe target materialt is
thereforecommonly treated as binary collisiorwhich cangenerate displacemerdandthus
defectg63]. However, be binary collisiorapproximatiorwhich only considerea two-body
collision, (i.e. meaning that effects from neighbouring atams not taken into account during
the energy transfer between the ion and the target asmonly be madavhen the mean free
path does notapproa@h the interatomic spacingiccordingly, if collision eventscannot be
treatedndividually (which can for instance happamen the ion has a low enejghe binary

collision approximatiorcannot be applief62], [64].

In this work the energy regimesedfor ion irradiation(30 to 300 keVwill makethe nuclear
stopping contributiomostsignificant;consequentlythe radiation damage mainlyinduced

by the nuclearcollisions. If the incident ion transmits enough energy to displace the target
atom, that atom will be knocked out from its lattice site whilst the ion may carry on its course
within the material displang more atoms. For germanium, the energy required to displace an
atom is approximately 21 efaccording to DFT simulations reported [Bb]). After being
displacedby the incoming ionthis primary knockon atom (PKA)canthen alsdravel in the
material andsimilarly to the ion will be sloweddown by electronic and nuclear energy &sss
until it comes to rest ior exits from thetarget materialThus alongits paththe PKAcanalso
inducelattice disorder via recoilthroughnuclear stoppingConsequentlynot onlymustthe
damage caused by the iba taken into account for the crystal disorder but #isb bythe
recoiling target atoms. The displace{As and their subsequent recoiling tagitrm what

is termed an atomicollision cascad§s6]. The number of displaced atoms can be calculated
using the Kinbin-Pease moddb6], where thenumber of displaced atoms is proportional to
the energy lost by the incoming idn.a monoatomic material such as germanium the number

of displaced atomng) can be expressed as a function of the PKA en@gyusingequation
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2.7 via the KinchirPeasdormalism The contribution of electronic loss is often taken into

account by modifying the previous expression which becageation2.8 [67], [68].

Ya
6H¥

Je N—— 4 2.7)

Ya

Jy Nr& HGH%

a (2.8)

It is worth noting that whilsequation2.8 gives an approximation of thmumber of displaced
atomsduring irradiationthe final state of the material is dependentamy dynamigrocesses
such aghe recombingon of defects Suchrecombination of defectwill greatly reduce the
final defectconcentration i@nirradiatedmaterialand may be estimai@ia molecular dynamic

(MD) simulations.

3.4.Range

The incoming ionsmay experience a succession of nuclear collisi@md electronic
interactiors and ultimatelycome torestin, or exit from the material[35]. To aninitial
approximation where diffusion effects are neglecikethe particleis implanted in the target
materia) its implantation depttwill depend onboth the nuclear and electronic stopping
interactiors (and will typically be smaller for heavy ions than for light ions for a given energy
Theoretically the implanationprofile can be approximated adaving aGaussian distribution
centredonthe projected rang&o. (It worth noting that this Gaussian distribution for implanted
ions is more accurate when it comes to amorphous matefialslescribe the distribution of
the ions it is also common to use otlparametersuch as thetraggle, whichindicates the
width of the Gaussianat 60% of the maximum of the implanted ions concentratibme
straggle thus gives information about how [xeal or spread the ion distributioms.

Additionally, the skewnesss used to show how the distribution of the ions differs feom
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idealisedGaussiaristribution.Instead of a perfe€aussianthe distributiorof implanted ion
will show a tailtowards the surface or towards the backside of the irradiated maitéal.
skewnesscanthereforebe negativefithe distribution shows that the ions aeéatively more
located towards the surface or positive if the ions are implanted deeper theofiteelppicted
by the Gaussian Typically, as shown in figur@.7, the greaterthe energy is the more
pronouncedhe positive skewness is crystalline materia the profile of the distributed ions

can beheavily disturbedwith a large positive skewness if chanfieng (described below)

OCCurs.
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Figure 2.7: The concentration of boron implanted in silicon is shown by the continuous
line as a function of depth fdour different acceleration energies (30, 1800 and 800
keV) and can be compared with the concentration which would ié#uir distribution
followed a Gaussian distribution (shown by thastedines) Whilst the experimental
results do nobverlap withthe Gaussianurves as shown in the figuréheycan be fitted

with the algebraic curvesdicated by black lines in the figure. (These curarescalled

four moment curveand can be used to model skew cuyvEsom[69].
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3.5.Channding

For the purpossof ion implantation into crystalline semiconduddhe relative angle between
the ion beam and the crystal must be chosen carefully asatfeatthe probability of the ions
being scatteed and thus alter the implantation ran@€/], [70]. Some crystallographic
orientatiors are more open than otlsegiving the iondessprobability of colliding with atoms

in the materia[57]. For instance, in germanium the direction [100] is so open that many ions
may travel inthe UH O D W L Y H @rectisnRu@derBaingso-called channelling effectsAs

the channelledons will encountefeweratoms they will travel deeper inside the material.

For this reason, it is common to tilt the sample in order to awadiation parallel tssuch
crystallographidirectiors [57], [71]. However, as the tilting procedure does not prevent all
channellingeffects it is common to pamorphse the sample so that the profile and the
projected range can be better fore¢ast, [72] £74]. Typically, softwaresuch asSRIM [75],
TRIDYN [76] or MARLOWE [77] allow theforecasing of manyof the consequenceofion

irradiation

3.6.MONTECARLO SIMULATIONRSNS

Of thevarious computecodes used toalculatethe interaction between i@and matterthe
Stopping and Range of lons Matter (SRIM) codeis the most popular orend the one that
will be used in tk current work(this will be described in the next chaptgr5]. Based on
Monte Carlo (MC) calculationsit includes a sué of programsrom which TRIM is the most
comprehensive one. Using quantumechanicsand statistical algorithe) it treats the
interaction betweenonsand amorphousolidsat 0K thus under circumstances where the
induced defects are immohile the simulationwhich will be described in the next chapter

the choselonis sent to the target under conditions which can be customisedriablesuch
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asits incidentangle,its energy and thehemical composition dhe materials being subject to

irradiation[75].

SRIM gives variousnformation regarding the irradiation, such as the displacement events
(which allows the displacement per atom (dfabe consequély calculateq, the nuclear
energy lossand the range of the i@ However,as SRIMcalculations are performefr
amorphou$ulk materialwith a planar surfaceheydonotto take iio accaunt thecrystallinity
and cylindrical shap of a nanowire To compensate for the issugegarding the shapef
nanowires, a MATLAB script designed within tRéectron Microscopy and Materials Analysis
(EMMA) group has been usedVhilst other code such dsadina and3DTRIM can also be
used for this purpose, the MATLAB script has two main advantédiggstuallyrelieson SRIM
calculatiors and not orlookup-tables, therefore, & calculations armoreaccurate (but slower)
than tlose oflradina andt benefits from the fadhat SRIMcalculations haveeen intensively
benchmarked over tini&8], [79]. The scripts calledlon Damage and RAnge in the Geometry

Of NanowireIDRAGON) andwill be described in th€hapter 380].

4. Defects

4.1.0verview

As nuclear stopping tends to displaat®ms within the irradiated materiahany kirds of
defects are expectd@1] £83]. The ion-induceddamagecan beone of the main drawbacks
resulting from ion implantatiaiWWhen doping semiconductors, the defects might interact with
the doparg alteringtheir distributionandbr prohibiting their activation. For instancadium
(n-type dopanj in germaniumis known to bond withvacancytype defectenhancing their

diffusion [84], [85].
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Furthermore, the introduction of defects inside material might induce density changes i.e.
volume expansion, compressive stress, or s{@6h488]. Lastly, accumulation of defects

might lead to an amorphisation of the cry$24i], [89].

4.2 \Vacancies

A vacancy is a type of defect which corresponds to a la@dnaftom ona lattice site as
illustratedin figure 2.8 [90]. When a vacancy is introducedara crystal,there is a relaxation

around thamissing atormeadng to a contraction arourttie point defec{86].

In germanium,tie study of point defects mostly done via quantum calculatsdyut the direct
observation of’acanciesas been possibbfter creaton via electron irradiation at cryogenic
temperatures. The low temperature permitted frgeaf the defect and thus limied their

recombinatiorto makesuchobservatios possiblg52], [91].

Void Substitutional
Vacancy-type impurity atom
Edge dislocation Vacancy dislocation loop

. IO -4)

l’. 3 J

Interstitial impurity atom
Interstitial-type
dislocation loop

Self-interstitial atom

Precipitate of
impurity atoms

Figure 2.8. Schematisummarisinghe maintypes of defectsn a crystal. Fronf92].
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4.3.Intersttials

As shown in figure B, interstitials are founéh positiors that should not beccupied in a
perfect crysta[21]. If these araativeatoms,thenthey arecalledself-interstitials.As will be
addressethter, the fact thatn germaniumselfinterstitialsareexpeded to have no rojer a
very limitedoneg in the diffusion of dopastand for this reasosuggests that theynly exist at
a low concentrationj43], [84], [93]496]. Even thoughcreation ofthese point defectgia
electron irradiatiorhas been observeat cryogenic temperaturf84] thar presenceunder
thermal equilibium at RTis suspected to beegligibleas compared to #tof vacancies[84],

[93].

In germanium the selfterstitials cann principleoccupyseverabtomicconfigurationg21],
asillustratedin figure 2.9. Two atoms can be put on a single lattice sigatingwhat is called
a split interstitial Alternatively, as shown in figure 2.% hexagonal type afelfinterstitialcan
also be placed at the cembf a hexagon formed by tlgermaniumatoms from the lattice
Lastly, a tetrahedral type afelt-interstitialwill be formed whernt bonds to four atoms of the

lattice [21].

If anatomic displacement occudsiring ion irradiationan atomin the material cateavea
vacant site and travel unstoppingin aninterstitial position[97]. Thereforeas a result of ion
irradiation pairs of seHinterstitials and vacancies known as Frenkel pairs fmened
Similarly, to the vacancy, thieterstitial stabilizes itself viaelaxation However, in this case

the relaxation volumeorrespond$o an expansiofb2], [86], [98].
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Figure 29: Type of interstitials in germanium as they can be of type: (a) split, (b) hexagonal

(c) tetrahedral and (djistorted hexagonakrom[21].

4.4.Defects at thermal equilibrium

As a result ofrradiation atomicdisplacemersican occuresulting in the formation of several
types of defects. However, even without radiation damtge will be defects within a crystal
(typically interstitials and vacanciefd4]. Indeed, it is thermodynamically favourable for the
crystal to have a fednumberof defects at a given temperature, there is tbuthe defectsa
thermal equilibriun{99], [100]. Using thermodynams; theintrinsic concentration of defects
can be deduced from tiBbbs free energyQ) whichunder equilibrium condition isiinimised
(i.e. guation2.9 is equakzeroand the symbol means the difference between an initial and a

final state)[99].

)L *F 5 (2.9)

Thereforeunder conditions where the temperat{ifeis constantthe concentration of defects
will dependon the enthalpyH) and thesntropy §). As will be now shownequation 2.9 means

that vacanciehave an oppositeeffect on the evolution of the equation and thus on the

62



minimisation ofthe Gibbs free energyndeed, 0G will be increasd by the presence of the
point defecs due tother enthalpy of formation{Hs, whilst on the othethand UG will be
decreasety their presence as they will induce more disorder within the crystal thus increasing
US. Consequently, thre is a concentration of point defeaetsa temperature (i.e. the thermal
equilibrium concentrations of point defecet which the termm (Sand (H will be such that
0G=0. It is worth noting that equatio2.9 also shows the importance of the temperature on
thefinal concentration of point defecésa higher temperaturevill induce a greatezffect of

S on equation2.9. In semiconductors, theffect of temperature will beritical asit implies

thata semiconductor will intrinsically have a higher quantity of defects at higher temparature

as their presence will tend to minimise the entri@9y.

4 5 .Diffusion

In germanium, the diffusion of point defects (and particularly of vacancies) is an important
feature as imediate the diffusionof the implanted dopan{84], [93]. Diffusion is dependent

on temperature abethermal energy isisedto activatethe motion ofatoms. Depending on

the type of diffusion mechanisrdifferent energy barrierEm) need to be overconj@9]. As
shown in figure2.10, in a vacancy diffusion mechanism the motion of the vacanopposite

to the motionof the atomFurthermore, as compared wittterstitial diffusion,(also shown in

the figure 2.1) the energy barrieEm to overcome for vacagcdiffusion is higheras it

necessitatestrongerinter-atomic bond breakin[p9].
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Figure 2.1Q Vacancy diffusion (top) and interstitial diffusion (bottom) are shown as well as
the energy barrier corresponding to each of these two diffusion mechafvisrase the
interstitial shown in the picture represents a smaller atom than these of the maisoral)

[101].

The flux of atomsJ, (in kgm'.s™) during diffusion indicate the rate of diffusion and

necessarilydepends on the diffusion mechanism. It can be mathematically desaosing

) LF N ¥ VthBrZthe assumption is made that the concentration profile within the sample
does not vary with time) LF N [V | shoWMbyé&yaZion?2.10 can be invoked and depgs

on the gradientf the concentration(C) (in kg.m™) and on the diffusion coefficieqD) (in
m2.s'!). Whenthe concentration profile evolves during diffusitime non-steadystate of the

VIVWHP UHTXLUHV WKH X\eqrRitiof L PgVOMHFRQG ODZ
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o L F&— (2.10)
1Y, 1Y
L& (2.11)

The diffusion coefficient can be estimated via equati@il2 and follovs an Arrhenius
dependencehereDois a temperature independent constant @) andQua is the activation
energy br the diffusion process (in eadtom'!) and is the sum dfm and of Qv which isthe

energy formation of the defef@9].

Aj

o AL
&L & A HiA (2.12)

4.6.Interaction of Vacancies with dopants in germanium

A useful way of indirectly observing and characterising point defects is by studying the
diffusion of metal impurities, dopants @otopes and to subsequently deduce information
regarding the defects which mediatethigfusion[84], [93], [102], [103] Someof theearliest
work by Valenta and Ramasas{y)2] in 1957showed thatunlike in silicon where the both

the concentration of interstitials and vacancies are comparkataancies i@ the main point
defectspresentin germanium[102]. To do s@they used a method developed by Reiss and
Fuller [104] based on the fact that the solubility of acceptor content withdoped
semiconductors increas&ith the concentratiof n-type dopants (i.edopants whichare
donor species anthusdonateelectrors), whilst conversely the solubility of donor contem

the semiconductor increase&ith the concentration of-fype dopard[104]. As vacanciesre
considered as accepteontent (i.e. they tend to attract negativeharges),Valenta and
Ramasastrymanaged to increase thencentration of vacanciewithin the germanium
specimenusing heavy n-type doping. They consequently observed an increase in the self
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diffusion coefficient of the germanium atoms which was proportitméhe increase of the
vacancy concentrationthus showing that seffiffusion of germanium was mediated by

vacancie$102].

More works have since confirmed that seliffusion anddopant diffusion in germanium is
mainly controlled byvacancies andhat the vacancies are in magiping conditionsin a

negative chargstate[84], [94], [103]

Furthermoreexperimentalvorksand DFT calculationBave als@hown thathe concentration
of selfinterstitialsin germaniumat thermal equilibriunms low and thathediffusion of dopants
is not mediated by selinterstitials[84], [94], [102], [103] It must be noted that higher
concentration of vacancies camdeedbe expected due tthe lowerformation energyof
vacancies compared withahof the interstitials as its reported to be arounde& for the
vacancy(with a migration barrier of approximately6 eV)[21], [84], [105]£108], whilst the
formation energy of the interstitial is about3 (with a migration barrier of approximately30.
eV) [84], [109] 4111]. Furthermoreit was demonstrated theacancies raglate the diffusion
rate of dopants[84], [96]. Figure2.11 shows the diffusion coefficient of severaldopants
(antimony, arseic and phosphorus) anddopants (indium gallium, aluminium and boron) in
germanium as well af germanium seltliffusion [84]. Interestingly, thaliffusion coefficient

of the donor species is greater thhat forself-diffusion. According tcseveral articles ithe
literature,the explanation for the greater coefficient of diffusion is related to the fact that there
is an attractive Coulomb interaction between the donor sp@hies-type dopantsand the
acceptor vacancies responsible fofusion. On the other hand, thetype dopants which are
also acceptor species do not benefit from the Coulomb attraction and their diffosiboient

is conseqently closeto that of the selfdiffusion [84]. In addition to electronic affinitysteric
consideration are also proposed as factdtsat further influence the attraction between
vacancies and dopants. In this asped proposed that lattice deformatgoareminimised
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when a vacancis in the vicinity of a relativehbig atom thusenhancing théonding between
the dopant and the vacancy and consequentiattencymediated diffusion afelatively large

atorrs such as antimony, whilst reducingtlof the smaller atoms such as bof84].

T(°0)
900 800 700 600 500 400

D, (cm?/s)

0.9 1.0 1.1 1.2 1.3 1.4
1031 (K™

Figure 2.11 In the graph theitfusion coefficient as a function of temperatimegermanium

of the pdopants (in green)-dopants (in redgan be compared with the seliffusion
coefficient of germaniuniin black) At temperatures at which diffusion coefficients have not
been expementally observed, thextrapolated values are showndashedinesinstead of

continuous linesFrom[84].

Lastly, it is interesting to note that according to DFT calculationgrgelfstitials are expected
to besubject to a Coulomb attraction with boron atoms which are acceptor sfgties
Consequently,the presence of seifiterstitials in germaniunshould therefore ehance

diffusion of the acceptor dopargsich asooron The fact that the diffusion offype dopants
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is slow in germaniumthusprovides further evidenddat the concentratioof interstitials is

negligible[37], [84], [94], [96]

In semiconductorsluringhigh temperaturannealingthethermal energgnsureshe diffusion
of dopants into substitutional s#tf2?2], [112], [113] However,it is worth noting that the fast
diffusion of dopants is typically considered as detrimentalthe conductivity of the
semiconductoandthat during annealing tireinteraction withpoint defectanaylead to the
deactivaibn (making themincapdle of providing the charges carriergs well as modyfing

theimplantationprofile of the dopants within the semicondud®r], [84], [94], [96]

The equatioescribingheinteractiors between the vacancy and théype dopantss shown
in equation2.13whereD represent the donor atoi the vacang and the charge states are

indicated bythe superscrigt[84]:

&87 7 &;ééaegUgégl-:t'Jgg?OB (2.13

As secondary ion mass spectrometry (SIMBaracterisatiorhas shown thatthere is a
difference between the concentration of dopavithin doped germaniunand the expected
extent of electricdy active dopants, it has been suggesteddbpants and defecisust form

a neutral complef84]. Typically, the electrical deactivation of the donadnighly pronounced
in heavly-doped materials and the main reaction which ®mautral clustershas been

reported as being describbgequation2.14 [84]:

&8? E&;éOgUgégLﬁ\é%gll (2.19
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4.7 .Clustes of defects

As previouslystated vacancies and seilfiterstitialscan interact and annihilate each othier
recombination[114], [115] However, the opposite can also arise and point defeigtht
agglomerate to form mommplex defectsuch as dislocation loops or precipitas#ssshown

in figure 28 [57].

Formationof defectclustershasbeenshown to happenmoreoftenwhen a semiconductor is
irradiated by heavy ianthan when irradiated by light ionsThis has for instance been
evidenced viaMD simulatiors of the irradiation of silicon withboron and arsenic b@aturla

et al.[116]. When comparing the collision cascades induced by the two ions, the &gpbrs
either the range4 Lor the energy densityglentical for the two ions It was shown thathe
cascade formed by the heavier iwsasdenser than the one resulting from irradiation with the
lighterion. Furthermorethe authors showedahas aesult of the irradiation with the heaviest

ion (arsenicnoreclustes wereformed[116].

Apart from the mass of thiens, other factors can also influence the damage density within
collision cascaded\ord et al. have demonstrated via MD simulatitman the energy of the
recoil might play a role in the way defects accumujate’]. In their workon silicon,they
observedthat amorphisation occurs less readily when a semicondbesarelatively high
energy recoils (recoils of1 keV as compared with00 e\). The authors concluded that this
differencein amorphisation behaviowvasthe result oimorepronounced dynamic annealing

as energetic recoils induced a heating effect within the cascade, thus leaddejett
recombination. Lastly, dense regswf defects and clusters have also been shown to depend
on the semiconductomaterialsubject to irradiation. In this instance, clustef defectsand
amorphous pockets are more likely to adseing the irradiation ofjermaniumthan during

theirradiation of siliconor gallium arsenid€l17].
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The possiblestructure of agglomeragef defects arenumerous for instance two vacancies
might interact to becomedi-vacancy[26], more vacancies casointeract together to form
structure such as trivacancies, voids or vacancy lodgé], [57]. Likewise, interstitialsmay

agglomeratand formintersttials clustes or interstitialloops [26], [57].

4.8.Displacement spike anitdlermal spike

As stated previously, during nuclear collisions, atoms can be displaced resulting in what is
known as a collision cascade. However, asmeanfree pathbetweeratomic displacements
comes close to the interatomaistance the binary collisionapproximaton is not valid
anymore[118]. Typically, sucha situationoccurs wherthe velocity of the ion is lowAt
reduced velocitythe nuclear cross section greatly increases and consequently timayon
collide with several atoms in a confined platceesenearsimultaneous displacemenof
neighbouing atoms occurs during’hatis termed alisplacement spikgl18], [119] In the
displacement spike volume, the binary collision agpnation cannot be applied athe
displacements cannot be considered as a series of individual §/88jtsFor instancein
silicon and germanium theisplacement spike generally occunginly in the end of range
(EOR)region when the ion is about ttme torest in the semiconductand the nuclear cross

section is high27].

After the displacemerspike, whichacwrding to Brinkman occurs iapproximately102
secondscomes a phase known as the thermal sfike.thermal spikphase asshown inthe
timescalem figure 2.12 occurs in a region of the target material as a relatively high density of
atoms in such region dissipate their energy thermhdlynost casg the thermal spike thus
occurswhenthe atoms involved in the displacement spikendbprovide enoughenergy to
dislodge other atontkeir lattice sitg[27], [120]. Rather, the atoms have an increased vibration

amplitude andher remaining energy thudissipats via heat during the thermal spike
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Figure 2.12: Logarithmc timescaleof the mainevents, which can occtwmllowing anatomic
collision. It must be noted that the typical duration of a video frahmvsthe technological

limitations, whichprevent he monitoring of these eventSourtesy ofDr Jonathan Hinks

The temperaturgise due tathermal spike in semiconductorsnay be high enough to melt
materialssuch as germanium and silicf2v], [121]. As stated aboveCatula et al. simulatd
theirradiation of siliconby light (boron)and heavy iongarsenic)116]. Theyconcluded that
relatively-heavy ions tend to generadésordered regionsamorphous pocketsindeed, the
authors observedhelting localised in nanomet-sized volumesduring the thermal spike
caused by the arsenic idhen followed by aquenchingof these volumes, from which
amorphous pockets were formdtis worth noting that the temperature rise was only high

enough to induce miahg when irradiation was performed via heavy ionthat study

Furthermore, it has beeaportedin [27] tha asaresult of the thermal spike the temperature
may induce relaxation of the damaged regions in the spike volume and its viDiarigg this
relaxation, defectsanmigrate and rearrange so that the Gibiee energy of the region is
reduced. It has been reported that during this period (i.elisegation ofthe thermal spike
hea) dynamic annealing can occand some damage can tepaireddue tothe enhanced
mobility of defects athesehighertemperaturg whilst corverselyagglomeration of defects

can also be observediepending on their initial spatial distribut®rafter their formation,
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(which, may for instance impact on the probability of an interstitial encangtanother
interstitial al form a diinterstitial or contrariwise to encounter a vacancy and thus recombine

with it) [116], [118], [122], [123]

4.9.Dargling bonds

Broken bonds also known asnglingbonds, are particularly common at the interféioe
where the material terminatexf)germaniunj21]. As shown in figur@.13, such bondareleft
dangling”in semiconductorsThe presence afanglingbonds is ofteproblematic as they act
as trapg for charges thugreatly reducinghe conductivity of the materig21], [28], [42] In
silicon, in order tsuppress dangling bondsinterfaceshe use oits native oxide layer (silicon
dioxide) is very effeave as ittanbond withmostdangling bonds~urthermore the oxide layer
is also used asninsulator which as described in chapt@r is crucial inMOSFET devices
[42]. Germanium alsgrows a native oxide layehoweverthe oxideis relatively unstablas

it absorbavater and tend to be dissolvigd], [28], [42] Thedifficulty of effectively growng

a stable native oxide lay on germaium has been the main reasamy it has been supplanted
by silicon technologically however,new materials are now proposed to suppress dangling

bonds and serve as insulators on germanium based electronic {i&&]cEal], [28], [42]
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Figure 2.13. Schematic showing dangling bond (in green) at the interface betwesn
germanium crystal and an oxide layer. The germanium atoms are representecdamdgitesy

oxygen atoms are shown in blagkom[21].

5. Amorphisation

5.1.Properties of amorphous material

During ion irradiationof germaniumthe longand mediunrange order which characterise
crystalline materia can be lost due to damage accumulateading to amorphisatio27],

[58], [118]. However, the shomange order is preserved as the equilibrium distances between
atoms still remairj27], [58], [118] In figure 2.14, the radial density of atoms shown and
reflects the probabilitgf finding an atom at a given radius from another atorgermanium

In the figure the radial density function (RDF) is shown for the crystal, the amorphous phase
as well as the liquid phase of the mateil@4]. Fgure 2.14illustratesthefact thateven in an
amorphous phaséhere is an equilibrium distance between neighinguatoms &s there is
higher probability of the presence of an ataca approximately 2.5 angstrontjowever, the
ordering is muclmorepronounced in the crystal as the Rildstratesboth the short anldng-

rangeorderthat characterise the crysthideed, in the cryst#there arenultiplesdistances with
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high probabilites of finding an atonwhilst at theother distances the probabilities are close to
zero.On the other hands shown by the RDIh an amorphoumaterial (or a liquid) the loss
of long-rangeorder is characterised by a more diffuse probability of finding a germanium atom

at a given distance.

It is worth noting that in an amorphous matertiaébondangles arenot fixedandthedistances
between adjacent atoms are more variable comparedthéticrystalline phasf7]. This
charactesticof the interatomic bond distano&éthe amorphous phaggeillustrated byts wider
peakat approximately 2.5 angstrocompared with the crystalline one at the same interatomic
distance in the RDAFurthermoreupnlike the crystalline germaniurmaterialwhere the atoms
are bonded in suchvaay that they fornsix membered ringsamorphous germaniuims also
seven and fivéolds memberedings[81]. Remarkably, it has been shown by MD simulations
that when 25% interstitialacancies pairs afesent irsilicon, the RDF is indistinguishable
from that of the amorphous pha$27] Similarly when 25% interstitiabacancies pairs are
present in silicon theontrast of the structure in a microscope wsfaswn to beanalogoudo
thatof anamorphous material as it resilt the formation of 5 and 7 membered rifi@3]. In

the literature, ihas thusheensuggested that that during irradiation the formationteistitiat

vacancy pairs are responsible for amorphisd@a@h, [89], [125]
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Figure 2.14: Radial density function(RDF) of single crystal, anorphous andliquid

germanium From[124].

Amorphisation is routinely observed h@ppenduring ion irradiatior{23], [27], [121], [126]
However thefluenceat which this process occurs as weltl@smanner in whicthe ion beam

induces amghisation of theerystal is still subject to debd@3], [25] £27], [89], [117], [125]

[133].

Furthermorethe properties oAn amorphous phasee morevariablethanthose of a crystal
[27]. For instancewhilst experimental results have shown ttahsites of bothamorphous
germanium[20], [121], [134]andamorphoussilicon [27] are in most casdower than their
crystalline counterpad, the® densitiescan vary widely depending on how the amorphous
phase has been prepaf@@], [27]. For instance amorphoussilicon made by physical vapor
deposition can be more thafi% less dense than the crystalline struc{@@, [135]. On the

otherhand silicon rendeedamorphous via ion irradiation is typically abduio 26 less dense

than crystalline silicof27].
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The density of amorphous germanium can vagytensivelyduring ion irradiationand the
germaniuncanevenexhibit porosity. The magnitudeof such porositylepend on the fluence,
the angle of irradiation and the energy of the incoming [[b2%], [134], [136] Thereforgthe
densityof germaniumafter irradation does not havafixed value but is known teometimes
bemuchlowerthan its crystalline pha$&21], [134], [136] Porous germanium hdsr instance
been reported to 0% less dense than the crysafler 1 MeVgermaniumon irradiationin
[134]. However,in the same worla changen the densityof the ionbombarded material was
observed during irradiaticmsboththeemergencandthethickness the porous layer depended
on the fluencelndeed thethickness of the porous layer induced by the ion beam at Ratwas
least three times larger at a fluence 813" ions.cm? compared with a fluence ofx10'/

ions.cm? [134].

In another workgermaniumhas been reported exhibita foamlike structure after irradiation
by a30o0r 60 keVion beam(i.e. attheenergy range used the currenwork). As can be seen
in figure 2.15, theporosityof thetarget materiafeaclesa maximumfor both energiesvhen

the fluence( %is about %10 ions.cm? but theroughnesof the surface is higher for the

specimen irradiated at 60 kd¥21].

Other authors have alseported such observatiomien germaniunmasbeenirradiated by
ions such agallium or gold [137]. In thosestudies the porosity has been attributed to the
accumulationof vacanciesn the vicinity of the surface which migrate to form clusters and
subsequentlyoids [121]. Interestingly, in a recent publicatidhe swelling ofgermanium
undersilver ion irradiatiorwasnot observed even though the spofige structurevasformed
thusthe authors concludebat the morphology of germanium durileg bombardmenis very

sensitive to the irradiation conditioffs36].
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Figure 2.15. Scanning electron microscopy (SEM) images showing tredugon of the
germanium surface during irradiatiabRT by a30 anda 60 keVbismuth ionbeamat fluence

ranging from %10 cm® to 1x10'” cm?® at normal incidenceFrom[121].

5.2.Amorphisation modsl

5.2.1. Critical density model

One of the main mechanism explaining amorphisation is based on the densitydefeitts
induced during ion irradiation within the region made amorphous and has been deveoped
the socalled critical density model which as will be addressed later, is defined as a
homogeneous amorphisation mechan{&3], [26], [27], [127] According,to this model,
whendefects accumulate in the crystal there is a certain density at which the shysthl
collapse into its amorphous phd28], [26], [27], [127] Through irradiation,te Gibbs free

energy of the irradiated materigicreasesthus makingit energeticaly favourablefor the
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materialto be amorphous rather thémbe a highly damagectystal[23], [26], [27], [127]
This model has been developed maifdy silicon in order topredictthe appearancef an

amophouslayer during implantation as well as the deptlhatlayer[26].

In line with this Swanson et ahave proposed th#te threshold density of defeah silicon
and germaniunshould be aroun@.02 of the atomic fractiofiL38]. In semiconducta; the
density of defectss consideregbroportionalto the energy absorbed in the crystal via nuclear
collisions[27]. Thereforerather than the density of defegtsthe critical energy density model
the nuclear energgleposited in the target materialimsteadused to determine when aatl
which depthamorphisation will occuf23], [26], [27], [127] Asthese absorbed energies can
be calculated visoftware such aSRIM (as for instance shown in figure 2.1@)e critical
density model has been used in the literataggredictthe formation of amorphous layan

both silicon and germaniuf3], [26].

ENERGY TO RECOILS

Kinchen-Pease Damage Calc.

eV/{(Angstrom—lon)

- Target Depth -

Figure 2.16: Nuclear energy absorbed by the target material as a function di dept

germanium irradiated with0® keVxenon ions at normal incidencalculated usingRIM.
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In the critical densitynodel,the ¢rong assumption is that the energy density is homogenous
within thedamagedayer. Thisassumptions often disputed as threnergydistribution during
irradiation depensinot only on theoverall energy deposited in the crystal but also on the
morpholoy of the collision cascadevhich might inducelocalised regions with higher
concentration of defecs, whilst others regions of the irradiated region migatdefecfree
[27], [116. However,some authorBavestated thah homogenous amorphisation mechanism
may still hold true as the concentration of defects can become ind@ypef the morphology

of the collision cascades if Frenkel pairs diffuse and bedmm®genously distributed in the
irradiated region$27]. In such amodel, under condions where dynamical annealir{ge.
annealing effectsccurringduring damage buildip via the ion beamjan be neglectedhe
critical energydensity at which amorphisation ocauishould therefore remairdentical

irrespective of the ian

Using thecritical dose energy densifizqc) at which germaniurbecomes amorphous, the depth
and position of the amorphous layer can be determined as a function of fluence using equation
2.15, where %is the fluence ' . :V;is the energy absorbed by the target materialdspth z

and @s theatomic density of théarget material26].

38,V L' g (2.19

In germanium, at RT,eff-ion irradiation performedt 150 keVhas been correlated to the

depth z, of the amorphous layer usimgoss sectioTEM (X-TEM) in [26]. Using equation
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2.15 the correlatioretweercritical fluenceand theamorphisation dep allowedClaverie et

al. to conclude that théareshold energgensity(Edc) was 5 eV per atom in germaniygeo].

Furthermore, as shown in figuel7 the authorsanalysedesuls from other publications on

the irradiation of germanium byhosphorusgermaniumand indium ionsat RT aswell as
irradiatiors performed byphosphorusgermaniumarsenic antéismuth ions aliquid-nitrogen
temperature They concluded thah all thoseexperimentsthe sameEdc was shareds the
predicted amorphous depth corresponded to what could be expected Usiagf&neV. They
therefore concluded th#tese results confirmed that the density of defeets rrespective of

the bombardingon. Furthermore, aRT and liquid nitrogerexperiments were equivalent in

term of critical energy density, it was also concluded th&Tatinder the conditionused in

these experiments the dynamical annealing was low enough to have little effect on the overall

defect density26].
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Figure 2.17: Measured amorphous deptlue to irradiation of germanium as reported in
various experimentseported irthe literature andummarised ifi26] to becompared with the

predicted amorphous depthEfc= 5eV. From[26].
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However, the authors expressed reservations concerning aBsaloie5 eV for lighter ions

[26]. As amorphisation by light ions hé&en show to be difficult or even impossible, the
authors irradiated germanium with boronRif and atliquid nitrogen temperaturelhey
observed that a reduced amorphisation layer was induced by the ion beam compatetl with
predicted by th&qc calculated with heavier ion&Vhilst the authors did n&txplicitly quantify

the reduction inthe amorphisation layer compared with the mauohel the valu€qc value of 5

eV, they explained thahe discrepancy was due to enhanced Frenkel pair recombination in
very dilute cascadgelt is also worth noting thatnlike inthe work ofClaverie et al. work (in
[26]) the effect of temperature on tdensity of defects during satin irradiationhas been
reportedelsewheres being an important factor B&= 5eV at RTbutonly 1.2 eVwhen the

irradiationis performed at liquid nitrogen temperatyi28].

5.2.2. Heterogeneousnodel

As stated aboveccording to[26] the critical energy density model based on a homogenous
amorphisation mechanism seems to accurately predict the formation of amorphosiglayer
severalcases[26], [139] However TEM observationshave shown evidence of discrete
amorphous ragns heterogeneously distributed within irradiated crysfal]. As shown in

figure 2.18, the presence of amorphous clusters can be directly observed when heavy ions such
asbismuthare used to perform the irradiatiandarealsopredicted byMD simulatiors [116],

[125], [139]

According toMorehead and Crowd¢t40] it is the overlap of these amorphous region which
causes the global amorphisation of the irradiated crystf)]. The amorphous regioims
generated along the path of the ion. As shown in figQut§ the amorphousectionwith a

radius 4, F U 4depends on both the damage generated during irradiation and on subsequent

diffusion of defects. Indeed, an origirraghly disordered regioof radius 4,is inducedby the
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incoming ion Howeverjn a sheth U 4the defects can diffuse out of the regibpThehighly
disordered region willhereforebe proportional to a regio: 4, F U 45 Consequently, in this
model the accumulation of these amorphous regions will lead to coraphetghisation(at

which point theamorphous fractiof: of the irradiated materiabackes1) [140].

Figure 2.18: BF-TEM images of crystallinesilicon with black spots,identified asamorphous

pocketsdue toirradiaion by 30 keVgermaniumleador tellurium at either 77 K or RTFrom

[139].
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Figure 2.19: Schematic showing thariginal disorderedegionof radius R along the path of
the ion and the resulting amorphaegiion of radiusRo i /R (referredto in the text) From

[140].

However, he nature of thaighly disordered region as well as its size is strongly dependent on
the ions used for the irradiati®f27], [116]. With light ions, the size of théighly disordered
region is smaller whilst heavy ions create largighly disordered regi@ Furthermore, and

as stated abovsingleimpacts from heavy ions can generate amorphous pdaidsts On the
other hand, theure heterogonous model may naypply for light ions as it is unlikely that a
single impact fronthesesons generates a discrete amorphous ref@aj, [27], [125], [138]

As the formation of an amorphous region due to a simgpect is expected to arisaly with
heavy ions, a modified version of the heterogeneous nfiodigghter ions has been proposed
by Gibbons[25], [27], [125], [138] For lighter ions, the collision cascade is less dense and
therdore theformation of amorphous pockets is less likgly6], [138] With lighter ions a
numberl| of overlapping cascadesneeded to render the highly disordered region amorphous

[25], [125], [138] Therefore, equatiof.16 developed by Gibbond 28] is used to describe
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the amorphous fraction as a function of tbhe per unit volumeD and the volume of an

amorphous zon@with a broader range of iofi@5], [27], [125], [138]
~ 3 -7 50 i a5

A recent studyas associated equati@ri6with the evolution ofa via the direct observation
of the selected area diffraction patt®(BADPs) during in situ irradiatiorwithin a TEM) by
30 keVhelium and 80 keV xenon in silicgd@5]. Via the fitting between the monitoring of the
SADP during irradiation, which allowed the authors to determine experimefitahd the
equation2.16the authorgdentifiedthe valued/ andmeach of the ions. Theyoted thakenon
wasable to causdirect amorphisation whildour overlapping cascadegere needed tmake
a highly damaged region of volunwee amorphousvhen the irradiation was performed

heliumions[25].

Furthermore, it has also been observed experihettiat the mass of the idmas an influence
on the shapeof the curesdescribing théuild-up ofamorphous fraction. As shown in figure
2.20, refractive inders which areassumed to bgroportional tdfa, were measured during ion
irradiation of siliconin [141]. Consequentlyigure 2.20indicates that the amorphous fractions
evolve in a linear fashion during heavy isradiationand tend to evolve in super linear
fashion(but only after a higher dose is reachad)the iondecomelighter as expected by

equation 2.1627], [142]
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Figure 2.20: Relative increment ofolume fraction of amorphous materfploportional tdfa)

as a function of fluence during irradiation of silicondgveral ions at RTFrom[27].

5.2.3. Intermediatemodeb

In [26] theobservation osharp delintation between the amorphous irradiated semiconductors
and the crystalline layesia X-TEM have been reported as being an indicatia the region

with a high enough density of defects lsalapsed into a amorphougphase, thus suggesting
ahomogenous amorphisation mo{&h], [27]. However as statedh [27], [143], the presence

of amorphous pocketiuringheavy ionrradiationseems to indicate otherwise. The nucleation
limited model isan intermediate modebmpatiblewith both the presence of heterogeneously
distributed clustexof defects and the collapse of the crystalline phase into an amorphous one

[27], [143]

In thismodel,the amorphous pocketsrmedin the crystaduring irradiationmay act as site
where the remaining defects will interact. The interactietweerthese sitesind the defects
can resulin the growth of the amorphouggionsor, converselyto than shrinking In this

model, the concentration of defestarounding the amorphous potkell determine whether
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an amorphous pocket will grow or shrin€onsequentlybelow a critical defect densitye
metastable amorphous pockeill shrink due to their interaction with the defec@anversely
above a critical defect density timteraction between the defects and the nucleated amorphous
regiors will result in growth of the amorphous phalet3]. This mechanismtherefore,
describes amll or nothingtype of situatioras the presence or npnesence of aontinuous
amorphous layer will deperah whether amorphous growth is more favourable than shrinkage
of the amorphous regiorj&7], [143]. This would explainwhy severalexperimental results
seem to indicatthat ion irradiationnduces two distinct regiordelimited by a sharp interface

one which is completely amorphoaisd one whicls crystalline(thus suggesting the collapse

of one of thaegonsinto an amorphous stat¢26], [27], [143]

To describehe evolution of the amorphs fraction during irradiation sevenalodek have
been proposed telate the evolutin of the amorphous fractions to two distinct cross sections:
one that igelatedto the direct impact amorphisaticrosssection and the other to interaction
between the amorphous zones and the defedth the former mechanism being more
pronounced dumg heavy ion irradiation and the latter duringdiation withlight ions[144] +

[146].

6. Recrystallisation

6.1.Thermal ecrystallisation

During ion irradiationasemiconductocansuffermore or less severe degse¢ amorphisation
butif the damage rangand the fluence amequat¢henthe target materiahaybecome fully
amorphoug25]. During irradiation of single crystalline semicondustar may be possibléo

adjust the irradiatiorparametes so that a layer of crystal remaiburied within the target

material[26], [32]. If sointended, lhe purpose of this layer is to serve as a seedgmw a
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single crystal viaa process callesolid phase epitaxial growtlSPEQ. For this process to be
possible the specimen must be heated to a temperature high enough to induce the
reorganisation of the amorphous phasech reorganisation will occby using the remaining
crystalline phase as a template for the reordering of the atbthe amorphout-crystalline
interface(as will bedescribedbelow)[147]. In the absence of a crystal within the irradiated
material, recrystallisation typically occurs asignificanty higher temperature I00°C in
germanium via a process called random nucleation and grd®iNG). In this case the
temperature must be high enough to prompt the nucleation of crystaith@sthe amorphous
material. However, in such instances the subsequent growth from the numerous chucleate

crystallitesleads to a polycrystalline material.

Germanium has the advantagebeing able taecrystallisevia SPEG at a temperature of
approximately300°Cwhich corresponsito a temperaturgubstantialljower than SPEGn
silicon (about 208C lower) [26], [27], [148], [149] However,some factors such as applied
pressureon the semiconductar the doping migheénhancedelay or everpreventthe SPEG
processOneof the majorfactors which affectsthe recrystallisation raie the crystallographic
nature ofthe interface betwen the amorphous region and the crystalline 1§1/48]. Indeed, it
has been observed that the growth rate depends strongly aroivéh orientabn. For
instancein germanium and silicQrSPEG occurs the $gestin the <100> directiors and the
slowest in the<111> directiors. According toFaustet al, anatom from the amorphous phase
can besubject to recrystallisatiomnly if it has atleast two bonslsharedwith the crystalline
phase[27], [113], [143] As can be seem figure 2.21, only oneatom from the amorphous
region will need to bond with the crystat a (100) interfac® respect this rule, whilst twaf
themneed to bond with @110 interface andhreeare needed to satisfy this requiremana
(111) interfaceFor thesreasons the regrowtt the(100) interfaceis the easiest and therefore

the fastesf143].
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o Atoms from theamorphous phase

» Atoms in the crystalline phase

(011

Figure 2.21: Schematic of a diamond type crystal lattice in <110> projection showing the (100)
(111) and (110) interfaces asx-fold rings formed via epitaxial crystallisation represented in

crosshatche Modified from [143].

6.2.Preventing amorphisation via irradiationedg¢vated temperatures

A simple way of preventing the growth of an amorphous layer is to perform irradiation at
elevated temperature (also called hot implanta{@8l]), [150], [151] This technique has been
successfullyused withsilicon and germanium; haver, the minimum temperature at which

the growth of an amorphous layer has been prevented depends on many factors such as the ion
species and the fly83], [150]£152]. For instance, as heavy ions tenthttuce amorphisation

at a relatively fast ratea higher temperature is required to successfully prevent amorphisation

(the annealing rate must feesterthan theamorphisation ra)g150].
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Fukata et al. have irradiated silicon nanowires with boron and phosphorus to achieve n doping
and p doping, respectivelj83]. Their aim wasto achieve heavy doping, therefore the
nanowires were irradiated to high fluences. Irradiated at RT, the nanowires became fully
amorphous at the fluence used during phosphorus ion irradiation (i.e. adéwens@m?).

The nanowires were subsequentlptes at a temperature of 900°C to activate the dopants and
to recrystallise the nanowires. However, because the nanowires were fully amorphous after
irradiation, the single crystalline characteristic could not be recovered and the nanowires
became polycrysalline after RNG. For the reasons stated above, performing irradiation at
300°C enabled the authors to avoid amorphisation of the silicon nanowires. It is also worth
noting than the silicon nanowires irradiated at elevated temperatures presented a higher
activation rdéio after annealing compared to those irradiated at room temperature with

subsequent annealifg3].

6.3.Annealing effects of electron beams

Whilst epitaxial recrystallisation can occuavan input of thermal energgto the specimen,
several experiments have shown that recrystallisation may also result from the interaction of
the specimen withnelectron beamn [153], [154]germanium, silicon and gallium phosphide
specimensvere irradiated with 50 keV xenon ionsder conditions wherthe flux and the
fluences were low enough to induce the formatiomsofated amorphous pockeithin the
single crystalline specimenshich were subsequently annealed using electron be@ines
authors in[153], [154] clarified that prior to their experiments it was believed that
recrystallizationof amorphous regions could ocoomly when the energy transferred by the
electrons to the atoms in the target matemas$ elevated enough to exceed the displacement
threshold of the specimend53]4156]. In germanium, silicon and gallium phosphide
crystalline specimentsis corresponds to alectron bearwith a minimum energy 350keV,

145keV and200keV, respectively153], [154] It worth noting that due to the small mass of
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the electron, thelectronbeam energy nesdo be relatively high (compared with the energy

of anion beamsj}o displace atoms in the tatgeaterial

As illustrated by figur@.22 showing theegrowth of the crystalline structuas a function the
electron beam energy, the authorg1i63] observed that the annealing effect of the electron
beam started atvaluetoo low to reaclthe displacement threshold reported above (i.e. between

25 and 50 keV). They concluded that electrons did not need to displace atontisetarget

material toinducerecrystallisation and that energy transferred to the target material below the
displacenent threshold could induce bond rearrangersedit the interface between the
amorphous phase and the crystal. They also concluded that when the electron beam energy was
200 keV, 100keV and125keV, for germanium, silicon and gallium phosphide, respegtivel

the electron beamnnealing effect was minised Furthermore, abovéhese energies, the
electron beam annealing effect increaassluch energies weraccordingto the authorghigh

enough to induce atomic displacements eadlserecrystallisation othe amorphous pockets

via mass transparfhe authors speculated on thasen why electrons mde able talisplace
germanium, silicon and gallium phosphidelow their displacemerhreshold voltage (i.e.

350 keV, 145 keV and 200 keYespectively, and proposed a lower displacement threshold

for atoms in the amorphous phase compared with those in the crystal. It mustredsedbeat

the authors dismissed the electron beam heating effect as a cause for the recrystallisation of

amorplous pockets as the maximum temperature increaseal@dated to benly 7°C.
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Figure 2.2: Regrowth rate of amorphous pockebserved via TEMn germanium, silicon

and gallium phosphide as a function of the electron beam erfexgy[153].

7. Nanowires

7.1.Topdown/ bottom-up

In 1964 the first pperreporting the growth of a nanowire waisblishedby Wagnerand Ellis
[157]. As with thegermanium and silicon nanowires used i@dRperimerdg presented in the
current work : D J Q Hnaflowireswere obtained bythe vapourliquid solid growth(VLS)
method The germanium and silicon nanowinesed in the present workierecommercially
acquired from Nanowire Tech Ltd (product number GNWsI15) and S#goiréch (product

number 731498), respectively.
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Wagner and Ellis usea gold particle as aeedto grow a singlecrystallinenanowire[157].

The nanowirewas WKHUHIRUH P D G HandusRobtated Fi&) What kskclassified as a
bottomup approactil58]. Indeed, there are two main approaches to obtain nanowires, the so
FDOOHG-X ERQUGV-RARZSI) © W H FLE8D TheXdpdown techniques are based on
processes thanvolve cutting through argstal to obtain the desired structuré&his kind of
approachoffers the advantage of better control over the positioning and alignment of the
nanowires[159], [160] However bottomup based processes ameore promisingfor
applications requiring high quality nanowirésdeed, va this approactthe production of high
punty nanowiresis more likely as well as the production of nanowwdsch present less
surface roughnessompared to those processed top-down techniquesFurthermore, this

approach is more suitable fiarge scale processifigs9], [160]

7.2.Nanowire applications

Nanowireshavenumerougpropertiespecific to their reduced sizes timaake them interesting
for a great number applicatiors. For instance, #se structures havegh surfaceto-volume
ratios as well asnovel opticalfeatures[35], [161] In addition to this, their mechanical
propertiesoften differ fromthose of the bulk materialg:or instance whilst bulk germanium

is considerea brittle materia] germanium nanowigecan have @ ultimate strength thats
ordess of magnitude abovtnatof their bulk counterpaftl62]. Furthermorewhenthe diameter

of asemiconductor nanowilie belowa certain sizghey are subject taquantum confinement
that affects their electronicband structurg161]. Therefore when quantum confinement is
sought germanium nanowiremay be abetter alternative than silicon nanowires as their
relatively largerexciton pair Bohr radius make them more readily subject to quantum

confinemen{163].
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As stated in the first part of this chaptgermanium nanowires have been suggested by the
ITRS as being integratedto | XWXUH WUDQVLVWRUV WR UHSODFH EXON
by continuing the miniaturisation of devicp&l]. However,they mayalsobe interesting for
applicatiors unrelated to transistorBroperties of grmanium nanowiresould for instance be

put to good use on fututghium batteres anods, taking advantage of #ir large surfacéo
volume ratio which means moreavailable surfaces wherelectrechemical reactiors can
happen164]. Furthermore, nmerous publications have shown gegentialof germanium to
overcome its indirect band gap nat(ité5], [166] In germaniumthe indire¢ band gap is
characterised by amergyof 0.66 e\ However thedifference between the bottom of e
conduction bangishown in figure 2.8 RQ O\ &V (i.e itis this 0.14 eVthat makes it an
indirect band gap semiconduct¢t6]. It has been predicted Vi2F T calculatioms that strain

could change the band gap structure of the germanium making it optically active by turning it
into a direct band gap semicondudtt$6]. As germaniunmanowires have the particularity to

be more resistarib such strairthan the bulknpanowires have recently been the subjdct o
intensive researchn their optoelectronic properties via fassibility of achieving the tuning

of theirband gapvia strain[165] £170].

7.3.lon irradiation of nanowires

The effects of ion irradiation on nanowires (and nanostructures) have been reported to differ
from thosein the bulk. As will be addressed belowest differences are both due to the
reduced size of the target material and to their shape. For instastateas [35], [171]the
sputtering vyield can be strongly influencd by the ratio between the implantation
depthinanowire diameter ¢r nanoparticle and MC calculations have shown that under
conditions where the nge of the ion is comparable to the nanostructuraelier the sputtering

yield wasenhanced. As shown in figuBe23, this has been attributed to the large surface area

from whichatoms can be sputtered. Indeed as shown in the figure, in the circular shape of a
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nanowire, atomsan leave from many directiomghilstin the bulk only the iofbeam facing

side of thespecimerenable atoms to escaj®®]. In [171] the sameauthors have also observed

the enhanced sputtering yield when silic@nowires of various diameters were irradiated by
argon ions. The authors observed that the sputtering yield was maximum when the range of the
ion was comparable to the nanowire diameter. On the other hadds@ed ir{35] if the

ion rangdas smaller than the nanowire diameter most of the atomsparttered from the front

of the nanowire (the ion beafacing side) whilst dighion beamenergy will only induce
sputtering from the back of the nanowire (i.e. the surface froiohvthe ions will escape the
nanowire). It is worth noting thahigh surfice tovolumeratio of nanowires also influenge

the doping profile agmcidentionsandsputtered atoms have more opportunities to escape from

the target

Furthermore, as surfaces can dmnsideredas sinks for defect¢based on experimental
observatios and MD simulatios [172] §174]) where theymay either recombinendor be
involved in surface rearrangemejd5], the interaction b®veen defects and surfaces of
nanostructuresnay have significantonsequences. For instance as will be addressed below,
rearrangement of the defects near the surface of nanostructuresemgpsoposed as being

responsible for the so calledl R GXFHG EHQGLQIZ2ISKHQRPHQRQ

a) lon b)
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Figure 2.23: Schematic to illustrate (a) the interaction between araiha solid where the
recoils can leave the target material from the surface (as illustrated by the red arrow), whilst in
the case of a nanostructure (b) more surimagailable for recoils to be sputtered awByom

[35].

7.4.lon induced bending (lIB)

7.4.1. Context

One of the most noticeable effedf ion irradiation omanostructures is the deformatiomith

may be inducedThis ionrinduced bending phenomenon has been obsameethrgerange of
nanostructures such as nanowires, nanotubes, nanopillars and carj@2igjy¢22], [41], [97],

[114], [122], [171], [175H181]. It also affect a wide range of materials including
nanostructures made of germanium, silicon, aluminium, zinc oxide, gallium arsenide, carbon,
andsilver. Furthermore, several authoes/b reported that the deformation induced by the ion
beam could occur either away from the ion beam or towitudispending on the irradiation
conditions (i.e. the ion species, the energy of the incoming ions, the fluence, the angle of
irradiation or the anostructure diameter or widfR0], [22], [41], [97], [114], [122], [171],

[175] £183].

lon irradiation might be used to modify tipeoperties of the irradiated material and more
particularly as stated above, ion beams can be utilised to dope semiconfBRjtolrs this

case, the 1IB may be a side effect of theidgmrocess and the shape modification of the
nanostructures may be deleterious. For instand@2inwhilst performing doping of a silicon
nanowire by gallium ions, the authors had to develop a way of making sure that the nanowire
was attachecht both end to a substr& in order to preventhe bending effect during

irradiatior22].
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Conversely, IIB is also considered asefficient and relatively simple way of manipulating
nanostructures after growth. Indeed, because often the spatial orientation of nanostructures is
dictatedby their crystallograplei growth direction on a substeait is challenging to dlly

control their spatial orientatiooreover, the spatial orientation of the nanostructures is lost

if they areremoved from the growth subsied158], [177], [184] In such instances, |IB can

be used to readily control the spatial orientation of the nanostructures as repgdi&jwhere

an array of nanowiresagalignedtowards the ion beam. Consequendyeto the interest of

using IIB to align nanostructures a patent has been used to protect an IIB method by Hewlett
Padard compan§ where the authors described a manner of aligning nanowires via irradiation

by inert gasefl85].

Performing IIBwith inert gases can be useful as their effects on the chemical and electronic
properties of the target materelerelatively small.Moreover as IIB has been observed to
occur via the use of several ion species, including both inert gaskesn species uskfor
doping purpose§l14], [178] IIB can be readily used during the fabricationetéctronic
devices as their fabrication often requires irradiatatth bothinert gases and doparf&5],

[72].

The literature about IIB clearly shows both the opportunities that 11B can offer as well as its
detrimental effects. To bothaster its capabilities aravoid it, the mechanisms behind the
phenomenon must be understood. However, the literature shows tbansensudas been
reached regarding the cause of the 1B effect. The main mechanisms privptheetiterature

at thetime when the work presented in this thesiss béng carried outwill therefore be

presented below and tested in later chapters.
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7.4.2. Typical characteristic of shape difccation induced by IIB

lorrinduced bendingnay be used to manipulate nanostructiagthey can bencaway or
towardsan ion beanil14]. Typically,as shown in figure 24during IIB towards the ion begm
nanostructures such as nanowiresyfirst take on a circular shape while bending towards the
beam[176]. Ultimately, they are aligned towards the incoming ions when the fluenceagach

a threshold valugl76].

VA % 7

% % %
4 m 4, 4,
7 7 <
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The nanowire takes a curved The nanowire is aligned
shape during irradiation with the ion beam
A

Figure 2.24: Schematidllustrating how (a) a straight nanowire will (b) first become curved

during IIB towards the ion beam until (c) it becomes aligned with the ion beam.

The degree of bending has been found to depend in all cases fimeties used during
irradiation, meaning that thieigher the fluence the more the structure will bgl, [97],
[114], [122] Thus,unless there is a change of the side exposdietbéanduring the shape
modification of the nanostructurence a permanent bending in a given direcisachieved
the endresult is just a function of the fluence and #tstement seems to be true vevatthe
ion or the energy used during the procassshown byeveral authar[20], [97]. For this

reasm, the use of in situ iomradiationwithin a FIB(Focused ion beanmasenabled the ability

97



to precisef manipulate nanostructurdsecaus@nce the desired configurat®were obtained

irradiation wassimply stopped20], [179].

However forecasting the behaviour of a nanowire before irradiation is a challenging task as it
impliesknowingwhetherbending will occur, in which direction and a correlation between the
fluence and the degree of the phenonmenbo be able to answer those questions, the
mechanisrabehind [IBmust be understood. However,detailedbelow, there iscurrentlyno
consensusegarding how bending occuend severaldifferent mechanisma are currently

proposed in the literature.

7.4.3. Thermal Gradieist

Based on thermal expansianmechanism which rielson an uneven heat transfer occurring
during irradiationhas been proposed yipathi et al[179]. The authors irradiated composite
carbon nanopilirs and cantilevers with a 30 keyallium ion beamusing a FIB. During
irradiation,the structures bent towards the ion besndwith sufficientfluencebecamaligned
parallelwith theion beamdirection Furthermoreafter being berfor thefirst time, nanopillars
irradiated from a different anglealigred once again with the incoming ions. Interestingly,
based orthe resuls of many irradiatios made at different energies and with different jjaons
was noted that at a given radius the nanopillars bent only above a thrieshoddm power
(This threshold power, in watts, wiaespective of theombinatiorof current anccceleration

voltage used in the F)§179].

The authors explained that during a tirB€corresponuhg to the timefor whichthe ion beam
was focused on the pillarthe ion beandeposits itenergywhich is convertdinto heaf179].

The authors stated that ttheermal energgue to the ion beam and the radiative heat loss in the
pillar give rise to an uneven thermal distribution in the pillar as shown in fRjBseAs the

composite carbon nanopillawereexpected to have a negative thermal expansion coefficient,
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it was stéedthat the thermatiistribution shown in figure 25 mightresult in the structure to
bendng towards the ion beam as the idreamfacingside of the pillar is hotter than its

opposite side.

Bending Direction

Low Temperature == High
Free End Temperature

I

Ion Beam

Thermal
Expansion

[ :
I ' .
Fixed End — Pillar

Low Temperature

Figure 2.25: Schematic showing the correlation between tlmperature and the volume
expansion within the nanopillarhe extent of the volume expansion is qualitatively illustrated

by the length of the arrows within tin@nopillars. Fronfil79].

7.4.4. Surface rearrangement

Bettge et al.[178] and Rajput et al[122], [175], [176] almost concurrentlyproposed
mechanisrabased on surface energy reduction to explain the bending of nanostruthares.
former authorsirradiatedsilica nanowires with a 30 keV gallium ion beamdrepored the
alignmentof the wires towarsltheion beam[178]. The authors considered that a contraction
of the surface of the nanowioa the siddacing the ion bearwasthe reason whyhe nanowires
benttowards the beamAs the surface energger unit volume of a nanowire iaversely
proportional tats radius it was concluded that tendency to mnfigure the nanowire shape
by increasing the nanowire radius (whilstlwueng its length) must be expected asi$ would
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result in the diminution of the surface enerBettge et al[178] concluded that such surface
relaxation resuting in the shrinkage of the length coddd thermallyactivatedand/orbe the
result of atormtransport during irradiatiorAs ion irradiation can provide both thernealergy
and enhanced atormansportin the vicinity of the irradiated surfadd 78], the authors
concluckd that ion irradiation can be considered as an ideal techioiguelucingsuch surface

rearrangement and consequeiitigbendingof variousnanostructures.

Rajput et al. alsinvestigate the role of surface rearrangement in the IIBhahostructures
towards the ion bearnd concluded that the bending occurs whem theface layes shrink
during irradiation122], [175], [176] The contraction of the surfageas said taffect the sub

layersandthuscau® the bending of the nanostructatewards the ion beam.

During irradiation the incoming ions are expected to induce both damage and dynamic
annealingin metallic materials or semiconductdsembardedin [122], [175], [176] The
authorsstresgdthe factthat damag@ear the surfacésuch as voids du® agglomeration of
vacanciesas well as surface roughness due to sputtetiage been reportetd potentially
induce stresdo the sameorder (several GPa)jas thatexpected during the bending of
nanostructuresAccording to Rajput et al.the damaged surface and subsurfadease this
stresdhy rearranginghe atomgaking advantage of the thermal energy given by the incoming

ions[122], [175], [176]

For instance, if175] aluminiumnanowireswereirradiated with 30 ke\gallium ionsat an
angle of45°. Using SRIM the authorshowedthatcreation of voids near the surface can be
the result okuch irradiation agacanciesveremainly generated withithe first15 nm. Also
using SRIM, theyalculatel that eachmpingingion wouldinduceatemperatureiseof at least

350°C due to phonogeneratiorin the interaction regiofiL75].
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The combination of defegieneration and rearrangement adfdedefect near the surface was
also investigated bRajput et alusingMD simulationin [122]. Emulatingtheirexperimental
conditiors, single crystallinsiliconnanowiresvere irradiatedavith a 16 keVgalliumions The
results indicated dynamic annealingof the defectsas well asa recrystallsation which

consequentlynducednucleation ograins[122].

In figure2.26 reported in the same work [ih22] the evolution oboth the temperature atite
defectgwhich are indicated in a purpt®lour)areshownafteragalliumion hasmpingedthe
target material After 0.26 picosecondsthe temperature due to the thermal spikabsut
700°Cand the defect concentrationas amaximum. Subsequently, Wt the temperature
drops the simulation shows thahere is arelatively long period(140 s) during which the
annealing of the defectecurs. According to another of tleMD simulatiors, it is during this
period of annealinghat an internal compressive stress in the front facing side of the nanowire
is inducedwhich also affect the sublayes and caugsthe bending othe silicon nanowire

towards the ion beafi22].

During observation a TEMof an IIB bent silicon nanowireRajput et al[122] noticed that
the tip of the nanowirevasslightly deformed. The authors eoluded that this deformation
might be the result dhe reactivation of the surface rearrangement dae &xcessive heating

localised in the tip of the nanowire undkee electron bearfi22].
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Figure 2.26: MD simulatiors displaying the evolution of the displaced atqisisown in blue)

as a function of timeThe figure showsga) the temperature evolutiaturing the thermal spike
phase (b) the displaced atomg @.054ps (when the temperatureaches anaximurm). The
region with the highest temperatuwfel254.4 K § delimited by the Witeline. (c) A transitional
phase at which sputtering occumhere the sputtered atoms are shown within the region
delimited by the white lingd) At 0.26 psthe stage at which thdisorder reacbsits peak.(e)

The remaining defects after the system is eddbwn to 298KFrom[122].

7.4.5. Distribution ofselfinterstitialsand vacancies

As seen previoushg change of bending directiarf the whole or a part of the nanowire can
sometime happen due to the motion of the nanowi&ing bending Indeed, when the
nanowire move during IIB it may happen thathe ionbeam facing side of the nanowire

changes due to its motigh22]. However, whilstsuchgeometricconsiderationgi.e. the ion
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beam hitting one side or the othgmically influene the bending directionf nanowiresin all
proposed mechanigmanowires have also been observed to either bendfeavapr towards

the ionbeamdepending oriactors unrelated to a changetbé irradiated sidg97], [114]. A
mechanism based @n uneverdistribution of pint defectgproposedoy Borschelet al.has

the advantagef explaining both théending towards the ion beam and the bending away from
it.

In their work Borschel et al.irradiatedsingle-crystal gallium arsenide nanowires smgle
crystal zinc oxide nanowire497], [114]. They observed thathe bending direction was
dependent on théiamete of the nanowirs, the energy of the ion beaamd the ion speciein
their experimentsthey irradiated the nanostructuresder conditions that would #ier
promote radiation damage the whole cross section of the nanowire (deep implantation) or
within the first half ofit (shallow implantation)97], [114]. Furthermorein [97] by choosing
medium energy conditi@i.e. such thathe range of the ions is somewhere in the middle of
the nanowirat the beginning of the irradiatipthey observed #tthe bending direction of the
nanowires charggddepending othe wayin whichthe implantatiorvariedduring the nanowire
motion.In their studies, the authors wanted to visualize the distributipoiof defects in the
irradiatedstructureshich they did using/IC calculationd97], [114]. SRIM is routinelyused

to simulate the interacn of ions withflat target materi@ However due toits inability to
reproduce the circular cross section of nanasyitke authors usedithera TRIM based
SURJUDP 3 &ritej0in KR XV H IRRDEGH9®| O 114] The twoaspectghat were
monitoredusing the simulation were the distribution within the nanowirethefmplanted

ions andof theinducedpoint defects.

The authorseportedhat when shallow implantatiomas performeduchthat the range of the

ions wasless than half of the nanowireosissection,the nanowire bent away from the ion
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beam[97], [114]. For instancén [114] 60 nmdiameterzinc oxidenanowiresnvere observed to

bend away from the ion beam when irradiated wi0&eV argon ion beafd 14].

As explaired above duringa nuclear collision when an atom is displaced from its lattice site
it canleave behind a vacancy and travel within the material untibibes torestat some
distance Thereforeas stated by Borschel et 47], [114] one might expect that overall more
sef-interstitals will be located deepdgland more vacancieshallowej within the target
material. As annihilatiosof pairs of selfinterstitials and vacanciese morelikely to occur
when the two point defects al@ated close to each othéneselfinterstitials and vacancies
formed within the same simulation voxel were considered as having recahfi®ije[114].

As can be seen in figug27, this methodshowed thahnexcess of vacancies is expectedy
close to the surface and an excess ofigédfsttials a few nanometres deegéd4]. To
determinethe final distribution of these point defects, thghorsalsoconsidered sputtering
effecsand concluded thaithin surfacdayer whichwas rich in vacancieswas removed during
sputtering thus leading to a net excess otis¢dirsitials in the irradiategartof the nanowire
[114]. The selinterstitials would therefore induce a voleexpansion of thepper part (i.e

the ionbeamfacing side)of the nanowire while théower part (i.e the opposite sidejould
remain unaffectedAccording to the authorsuch difference betweenthe twosides of the
nanowire would induce opposite stresand therefore a bending moment leading the nanowire

to bend away from the ion bed@v], [114].

On the other hands also reported ithe same workfor theirradiation of90 nm zinc oxide
nanowires by a 100 keV argon ion beathge authors observed that deep implantation resulted
in the nanowirs bending towards the ion bedfil4]. As explain above, the nature of nuclear
collisions during ion irradiation is likely to generate an uneven distribution of vacancies and
selfinterstitials. Howeveras shown in figure 27, in the caseof the deepimplantation
conditiors the unequal distribution resglin an excess of vacancies in the uppert of the
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nanowire and an excess of silferstitials in the lower part. In this cassccording to the
authorsthe bending moment will be due to a volumduetion in the upper paricher in
vacancies and a volume expandiothe lower part which igcher inself-interstitials andhus,

according to the authgmwill inducethe bending of the nanowire towards the ion bgHM].

low
energy

Figure 2.27: Iradina MC simulation results and schematiadepicting shallow and deep
implantation in the top and the bottom row, respectivalyhe left column(a), (d), implanted
ions are represented inparple colour gradientln the middle column(b), (e), excess of
interstitials are representedpurplewhilst excess of vacancies are shown in redhe right
column(c), (f), the direction of the ion beam is represented byl#r&blue arrow and the part

of the nanowire affected by the ions is colourelight blue From[114].

Furthermore, thsameauthors dismissed the influence of the implanted iortbe volume
changeof the nanowirs as their effect must be marginal compared to that of the point defects
asthe number of vacancies and selerstitials generated during irradiationnmich higher
(ordess of magnitudehigher thanthe number of implanted ions. Rbiis purposethe authors
showed that theumber of point defects generated during the expersarformed on zinc

oxide is aboti5x10° perincoming ion[114].
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Choosingan energy sucthatthe range of the incoming iomgasabout half of the nanowire
diameter, the authors irradiated gallium arsenide nanswiith xenon iong97]. By imaging
the nanowires ex situ inscanning electromicroscopgSEM) at successive irradiation stgep
they observed that theending direction of the nanowge&hanged duringhe experiment.
When the irradiatiorcommencd the nanowirdnitially staredto bend away from the ion
beam,thenduring the bendinghe rangewasincreasedas therelative angle of irradiation
changeddue to the bendinggnd the nanowiréhenstaredto bend towards the ion beam. In
terms of themechanisndescribé earlier, this bendingbehaviourwasexplainedby invoking
the change of rangkue totheangleof incidence whiclaffects the distribution of point defects
thus switching the irradiation conditionsom shallow implantation to deep implantation

conditions Jeading to an alternate bending directjoi].

7.4.6. Amorphisation based mechanism

Like the mechanismbased on the distribution of point defgctamorphisation based
mechanisms can also explain btitbbending away from and towards the ion b§a@j, [177],

[184].

As stated abovdon irradiation of silicon and germanium can lead to amorphisation. It is
therefore nosurprisingthat 1B applied to germanium and silicon nanowinaesalso inducd
amorphisation whetakenabove a certain fluence. [20], 30 keV gallium ionirradiations

were performed on single crystal germanium nanowity Romano et alwhilst in [177],

[184] ion irradiatiors have been performed by Pecora et al. on tapered single crystal silicon
nanowires under 45 kegermanium ons in both casginducingamorphisatiorandbending

[20], [177], [184]

The work performesn germanium nanowirdsy Romano et algave different results from

that on silicorbecause during irradiation onto the same side of the nanowire, a change of the
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bending direction was observigD]. In addition Romano et alshowed thait was possible to
reverse the bending direction numerous §img irradiating opposite sides of the nanowires.
Asseen in the top row of figureZB, the germanium nanowires firstbentslightly away from
the ionbeam at low fluence before bending towards the ion beam at higher 8j28LeOn
the second and third rowf images in figure 2& it can be seen that the bending directian

be modified by repositioningthe ion beanto theopposite directiopromptingthe nanowires
to thenrealign withit. However,unlike the IIB towards the ion beamhich could berepeated

several timeshe nanowires did not bend away the ion beam when it was repositifyjed

nanowires

Figure 2.28: SEM images of germanium nanowires un@6rkeV galliumirradiation The
direction of the ion beam is indicated by the white agdvg indicatedthe incidence direction

is changed during irradiation, inducing a change in the bending direEtimm[20].

Romano et alobserved that the nanowires became partially amorphoustedteradiation by

the 30 keV galum ion beam to dluence & 3.5x10' ion.cm'?. This fluence matchedhe
moment at whichthe authors first observed the nanowires bending away from the ion beam
Abovethis fluencethe germanium nanowiresntinued to bendway from the ion beam until

complete amorphisation was reached. As stated above, germanium is known to become less
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dense when emorphses Romano et al. invoked the stress between the two germanium phases
(the expanded amorphous phase constrained éoylehser crystalline phase) to explain the
bending away of germanium nanowires under irradig26h According to the authorasthe
bending away from the ion beam is dependent on the existesgelo$tress (and consequently

on the presence dfoth phasés the absence of bending away from the ion beam can be
expected when the nanowires are fully amorphmsishe stress between theotwhases is
cancelled at this poinConsequentlythis would explain why germanium nanowires did not
bend away repeatediiponchangingof the irradiation directiomasthe nanowires weralready

fully amorphoug20].

One the nanowirgbecame fully amorphous tlsameauthors observed the bending towards
the ion beam. fier sufficientirradiation,the germanium nanowires weakgned withthebeam
andcouldendure aleastsix iterations othellB reversabefore suffering noticeable sputtering.
As the bending towards seemed to be activately once the nanowisebecame fully
amorphous, the authors proposed two mechanigiated to amorphisatiorOne of the
mechanisma they suggested waa possiblerelaxaton of the amorphous phase during
irradiation leading to densificatipthe other mechanism wawiscoelastic flow process known
as ion hammering0], [186]. Also proposed by Pecora et @l77], [184] to explaintapered
silicon nanowires bermidg towards the ion beam, this viscoelastic flow process samnly in
amorphous materialon hammering is due to an anisotropic heating during electronic energy
loss.By the transiting ion,His anisotrop heating leads to an anisotropic thermal expansion
which, after relaxationwill lead to a net deformation of the amorphous material. Ultimately
as a result of ion hammeringn expansioperpendicular to the ion beam will be observed as
well as a shrikage of the irradiated materiad the direction parallel to the ion bed0],
[177], [184], [186] This effect whilst inducing a macroscopic deformation of the irradiated

material depends on theumulativedeformation indaed by each impinging icendincreases
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with the electronic energy per ion deposited in the syfl&8. Indeed the anisotropic thermal
expansion mentioned above occurs in tiyéndrical track formed byeachion and most
importantly at energy regimeghere thermalization occurs largelye toelectronic los$187],

[188]. As a result, ion hammeringpically necessitateions to be acceleratedlatst ata few

MeV to beobserved187], [188] As this crucialfeature of the ion hammegreffectnormally

means that it must not occur in the experimesportedby Romano et ain [20], the authors
suggested that the bending of the germanium nanowires towards the ion beam under the 30
keV gallium ion beam indicates that ion hammering magtur in nanostructures even when

the electronic energy deposited is relatively [@@].

Pecora et al. irradiated tapered silicon nanowires in a way that wemdérfully amorphous

the toppart of the nanowires but would not have sufficient rangeake the nanowissfully
amorphous inhelarger part of théapered nanowirdd 77], [184] Usng TEM diffractionand

imaging techniques to observe the microstructure, dimservedthat the bent pastof the
nanowiresverefully amorphous, while on the unbent part a thin crystalline gagcoexising

with the amorphous phase. Pecora et al. suggested that the rigid crystalline part was preventing
the nanowirérom bendng towards the ion beanThus they concluded anecessityfor the
nanowire to be fully amorphotisr the hammering effect to be able to indbeading towards

the ion beanjl77], [184]

Annealing ofthebenttapered silicon nanowisavasperformed afterwards at 680and 800C

by the same authof$77], [184] They observed thathe nanowires unberduring SPEG but
remain bent when RNG was inducddhey concluded that during SPEG théorementioned
crystallinestrip acted as seed for the regrowttrurthermore, as they observed that the removal
of the amorphous phase during SPEG a@®mpanied by the unbending of the structure, they
concluded that thenbending wasfurther proof that the presenceétbeamorphous phase was
responsible for thanitial bending towards the ion bedv 7], [184]
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Chapter 3: Expemental method

1. TEM
1.1.History

Often, relatively smalthings will governthe relativelylarge ones andwvhilst this preceding
statemenmightat firstseems paradoxical, numerous scientific investigations have proven that
it is often by looking into what can be considered small details of a specimen that we can
unravel features having a dramatic effect at a much larger saaléhese reasons, sciergist
study proteins to help cure can¢E89], observe defects in crystals in order to understand how
moreresistant materials can be designed to be used in future nucleafJ#a@pts study how

the geometry of nanomaterials can influencduh&equantuncomputergl91]. For centuries,

the natural reflex whenbservation was needed was to use I[@BR]. Indeed, microscopes
were, until the 20 century,alwaysbased on focusing visible light onto the specimen that one

wanted to study.

It was only in the 1930s that the firstdimentaryTEM was designeflLl93]. However, as with
many innovations in science, the invention of the TEM was not solely due to the spontaneous
genius of oneindividual, but the resulof decisive discoveries which were shaping and

redefining science.

For instance, Thomsof194], [195] and Millikan [196] provided fundamental information
regarding the electron. The former determined the ratiwden the charge of the electron and

its mass in 1897 whilst the latter calculated its charge and mass. In the 1900s, scientists such
as Birkland and Poincaré showed that electron trajectories can be influenced and guided via
the use of magnetic fieldd97]. Investigations, which, led to the ability to control the

trajectories of electrons using the kind of magnetic field now used in TEMs permitted Busch
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to estabish what became known as electron opfit838]. Out of those advances, one of the
most crucial must be credited to Louis de Broglie. Byldstaing in 1924 that electrons are
not only particles but also have walle properties, he opened the possibility that similarly to

light they might bausedto observe mattdd 99].

A few years later, the big step was taken by Max Knoll and Ernst Ruska who dh thaet

1931 unveiled the first image obtained by an electron microscope during a conference in Berlin
[193]. As the resolution of their images was already below 10 nanometres, their work had a
consequent impaeind triggered the urge to develop TEM, thus earning Ruska a Nobel prize

in 1986[193].
1.2.Magnification

In order to distinguish what cannot be observed by an unaided human eye, an object of interest
must be magnifie¢200]. In a TEM, this is done by transiting electrons through the object and
then guiding them usingseries of lenses in such a way that an enlarged image of the object is

formed(and therconverted into light [201].

In a TEM, it is the magnetic lenses that are typically used to guide the eld@®ah£203].
Theselensesare able to converge and focus electron beams. As can be seen in figure 3.1, a
convergent lens will bend the incoming rays depending on the &filgée they make withhie

plane of the lens. The lens will converge more strongly the ray forming a small &agle
compared \th those forming a larger angRVia this process, an image of the object will be
formed behind thdEM lens to aspecificdistance fromtheOHQVY FHQWUDO SODQH
the picture at such distance all the rays coming from a point of the object will have been focused

at the same position behind the lens, on the image [#ad] £203].
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Figure 3.1 Schematic showing how individual rays (represented with coloured lines) are
bent depending on their optlgaathwaysand the angle they form withe central plane
of the convergent lens. In front of the lens in itn@ge planean image of the object is

formed were the rays meet.

1.3.Structure of the microscope
1.3.1. Emission of electrons

As will be addressetater, during the interaction between the electron and the sample some

importantimagingpropertiegsuch ashediffracting effecs, the resolutiomnd the brightne$s
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are improvedf the electron has a lower wavelength (i.e. a higher velodityvever, bfore

being accelerated, electrons need to be emitted from a source. The most comesaoa the
so-called thermionic sourcel addition to be easily engineerable these sources ratadlb

to provide electrons. To escape from the source, enough energy engsb\ided to the
electrons so that they can overcome the work functirgf the materialThe work function
defines the minimum energy that need to be given to an electron to be removed from this
material,and thugreach the vacuum level. Tovide such energy filament may be heated

so that enough thermal energy is given to the electréowial) them to escape from the tip of

the sourceln thesecasesthe sourcearereferred to as working via thermionic emission. yhe
must therefore be able to withstand high temperature (or have a low enough work function)
and beformed into aip. As they satisfy those conditions, the thermiotips typically chosen

in TEM are made of La8or tungsten. The density of currentthey emit is given by equation

3.1whereALV 5LFKDUGVRQ %K ERDYWBRW $ P

£
, L #6OA A (3.1)

Most TEMs based on such type of emission were equipped with an electron gun made of a vV
shaped tungsten filame[203] as shown in figure 3.2. The tungsten filament is heated to a
temperature of about 2500°C in order to emit elect{@04] £203]. However, this type of

electron gun habeen gradually replaced by those made ofd@istak as shown in figure

3.2[203]. Having a lower work function, LaBeed only be heated to a temperature of about
1500°C[203]. To understad why this type of electron gun is now favoured over thusseg

atungsten filament, it is important to understand two main factors which influence the quality

of an electron gun: the spatial coherence and the temporal cohg@ehc£#203]. The former
GHVFULEHV WKH GHJUHH WR ZKLFK HOHFWURQV FRPH IURP

depends on theariation of theenergybetweerthe emitted electron@.e. the energgpread)
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Typically, the colder is the sourc#e less thidatter variesandthe better is the temporal
coherence of the sourcéungsten filaments are relativellgw-costand simple to look after

when it comes to theimnaintenanceHowever they offer less coherence than lsaihich are

more expensive but deliver electrons with better spatial (due to finer tips) and temporal
coherence (due ta lower temperature required thg emissiof. As shown in figure 3.2, in
thermionic sources the use of a Wehnelt cylinder placed below the source focuses the electron
beam to a position called the gun crossover, additionally bylirepsome of the electrons€.

the less temporallyaherent) it may improve the coherence of the electron h2aih £203].

Tungsten filament

Or S L)
{ﬁ

Lanthanum hexaboride
| better known as LaB6
\ Wehnelt
Cylinder
+

. Gun Bias
High
Jension Gun Cross-over
J_ Electron beam

Electron Beam

Figure 3.2 Schematic showing a typical thermionic electron gun structure with
photographs of the two most common thermionic sources used in TEM (tungsten and

LaBs). From[204] £206].

An alternative to the thermionic emission source is shown in figure 3.3: the electrons are
stripped from a cathode tip by applying a tension of a few thousadtsarglative to the anodes.

The applied voltage generates a strong elefiglid thatextracts electrons from the tip of the
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cathode. This type of emission is used in a field emission gun (FEG). FEG sources offer the
best spatial andemporal coherence For these reasons, theye therefore often used in
microscopes which are specialised in imaging at high resolution or when high resolution is
required for spectroscopy. It is worth noting that a hybrid tyfpkeld emission gun is also

often wsed: the hot FEG. lahot FEG, in addition to the electric field, the source is heated to
avoid contamination and to provide thermionic assistance to extract more electrons and thus
attain a higher beam current. However, as can be seen in table hapihess at the expense

of the coherence compared to cold field emission guns which rely solely on the electric field

to extract the electrorj201] £203].
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Anode 2 > C
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Figure 3.3 Sclematic showing a fiel@mission type of electron guvhere two anodes under
a voltage shown in the picture by V1 and V2 are useslemdrostatic lens to guide and focus
the beam. Furthermore, as stated[203], V1 typically delives a voltage to extract the

electrons from the tip whilst anode 2 is used to accelerate the electrons.

Energy Size of the
Type ofsource | yiciibution(ev) | ¥ thpX Uf
Tungsten 2.5 50pm
LaBs 1 Spm
Thermal FEG 0.75 25nm
Cold FEG 0.35 5nm

Table 3.1Typical values of energy distribution and source sizes of the main type of sources

used in TEM according t@07].
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Another feature which differentiates the various types of electron gun is the brightnafss,
the source. Thealculationof is shown in equatiof.2, whereie is the emission currerdp is
the diameter of the electron beam at its cimgs point (located below the Wehnelt cylinder
as discussed below) and is the divergence which can bgproximated as the sefangle

formed by the electron beam when it emerges from the gun crossover:

oL——2 — (3.2)

It is intuitive that the higher the brightness is, the easier it potentially will extract
information from the portion of the specimen being illuminated. However, increased brightness
is more likely to damage a specimen susceptible to such effects. Typically, the brightness
increases with the acceleration voltag@rthermore, for a gen acceleration voltage, the
brightness also depends on the type of soldsaally, the lowest brightness comes from
tungstenrtype electrons gun followed by LaBhen hot FEGwhilstthe greatest brightness are

found in TEMs equipped with cold FEG sowsce

Once the electrons leave the source, they are accelerated to several hundreddeatidto
volts (in most TEM)J201] £203]. To achieve this, a voltage between the graamtithe source
is created by holding the source at a high negative voltage (typically bet8@&N and 800

kV in the TEMs at the MIAMI facility)[208].

1.3.2. Lens system
1.4.2.1. The electromagnetic lens

As described above, the invention of the TEM was in part dependehé design of a new

type of lens which could influence the trajectory of electrons using magnetigifistdad of
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the traditional lenses used to bend light. In this type of lens, aetiadield is created by

running a current in a set of ceWrapped in metallic cases called pole pieces.

As stated by the Lorentz law, a for¢é% dependent on the velocitRof an electron in a

magnetic field$s generated such that:

&L FARH % (3.3)

Looking at this equation, it is therefore evident that the direction of the electron going through

the magnetic lens will be modified depending on its initial direction as the force generated will

take the direction of the @ss product betweeRand $Consequentlythe direction of the

force acting upon the electrons will also vary Behanges directio[201] £203].

Except for a rotation of the position of electrons when they escape from the field, the net effect
of the TEM lens on electrons will k@milar to a convergent optical lens on photons. The

magnetic lens will converge electrons unless treyaligned with he optical axis of the lens

(as Rand $are collinear in this instance) and can therefore be used to create a magnified image

of an object, similarly to the example illustrated in figure[203].

The analogyvith optical lenses also holds for the aberrations than they can both suffer. One of
the most important aberratigms spherical aberration. In a lens, the strength with which
electrons are bent depends on the distance they are from the opticahesfisrther they are

from the optical axis, the more strength with which they will be bent. In some modern TEMs,
therearenow systems which enable the correction of the spherical aberrdati@ed, den,

TEMs dedicated to high resolution offer the correction of both this aforementioned aberration
and a less severe one: tfeomatic aberration correctedhromaticaberration is the result of

the electron beam not being perfectly monochron{agc monoenerget). Consequently, the

electron beam is not bent uniformly by the lens as the Lorentz force depends on the velocity of
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the electrons. Whilst most TEVare not equipped with spherical and chromatic aberration
correcting systems, they are fitted with othetfees which, as discussed below, are essential

in order to correct other factors which cateifere with the image formatiof202], [203]}

1.4.2.2. Feature of the Lens system

In a TEM, several mgnetic lenses can be found along the coluimelisingthe electrons and
ultimately projecting a magnified image onto the viewing system. However, as the features
which need to be observed are often on the order of nanometres, asgsteven less size

it is evident that any slight deviation of the electron beam or electron energy such as small
imperfections in the lenses can be deleterious for the resolution. Therefore, each lens system is

equipped with a set of features which are shown in figur§82], [203]

As expected, even in tHeestcasescenario, at the scale considered in a TEM, the incoming
electrons cannot be considered as coming exactly parallel to tHedical axis To consider

this, magnetic fields are generated by deflectors in order to bend the electron beam. As seen in
figure 34, the first set of deflectors can be used to deflect the beam towards the axis, whilst
further deflection via a second set will enahlelier corredon of the misalignment between

the incoming electrons and the lens. It is, however, worth noting that deflectors may be used to
purposely deflect the beam off the optical axis to perform techniques that will be addressed

below .g.darkdfield (DF)) [202], [203]
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Figure 3.4: Schematic of an electromagnetic lens system and associated components. In
the example depicted in the figure the electron beam shown in red is tilted towards the
optical axis of the lenby the deflectors. As illustrated the image on the right bottem
cornerthe astigmatisnfrepresented by a distorted electron bemaprrected when the
electron beam passtsough thestigmatorgor more precisely by the field they generate)

and is therskimmed by the aperture.

Another feature of TEM that can be caiesied is the neperfect uniformity of the magnetic
field generated by the lens. An unequal magnetic fialdresult in a lens being stronger in
somedirectionsthan inothers, whichs called astigmatism. In the same way that opticaklens
cansufferfrom astigmatism and beha beam of photons in an uneven manner, the same effect

occurs in magnetic lenses. As shown in figure 8tigmators are used to correct this problem
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by slighty distorting the electron beam via a magnetic or an electromagnetic field to correct

for the distortion introduced by the associated lens

Lastly, the current running into the coils can be influenced by heat yhictetal reduces the
conductivity. As banging temperature will thus affect the magnetic field, the magnetic lenses

are maintained at a constant temperature via a cooling s [203]

1.3.3. Vacuum system

To enable the electrsrto travel within the TEM column, a good vacuum must be maintained
(about 10° Pa in a typical TEM) as electrons would otherwise be scattered by gas atoms. To
reach and maintain a desired level of vacuum, a setiofpsare usedThese pumpsperate

at different pressuieand are complementaf203]. Indeed, it is important to understand that

if a pumpis operated at an insufficient level of vacuum relativiestaormal use, damage can

result

7\SLFDOO\ DW D ORZ OHYHO RI| YDFXRg thefRspubpisedRiY SKH U LF
lower the pressure is called a backing pugure 35(a) shows a type of backing pump

known as a rotary pump in whitche gases will be dragged via a rotating. The gas which

leaves via the exhaust is filtered to remove any vacuum pump oil and then released outside the

column[203].

When the level of vacuum is sufficient, the oil diffusion pumpieaan lowering the pressure.

In a diffusion pump, oil is heated at the bottom of the pump so that molecules evaporate and
travel up the centre of the pumpratatively highspeed before being deflected back in the
opposite direction down the outer regiontleé pump. They then collide with gas molecules

and transfer momentum in the direction of the exhaust at the bottom of the pump. As the outside

of the pump is maintained at a lower temperature, the oil will condense-gnd the liquid
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oil being heatedt the bottom of the pump as shown in figugl8).. Diffusion pumps can be
very efficient and are able to provide ultkaL J K Y D F X'%R). 18 this work, these pumps

are mainly used to reach a vacuum of Fa[203].

To achieve higher vacuum, turbo molecular pumps are usesha@wsnin figure 35(c), the
principle is in fact qué simple as it relies on a set of propellers which spin at very high speed

(typically up to60,000 rotatios per minute) to drive the gases ¢203].

Lastly, ion getter pumps permit vacuum to realtta-high vacuum(UHV) but can be operated

only at pressures starting from 3®a.As shown in figure %(d), the principal components of

an ion pump are a positively and a negatitiarged plate which operate within a magnetic
field. The cathode emitslectrons thatemain within the magnetic field. These electrons can
ionise the molecules in the gasform positively-charged ionsThesewill thenbe accelerated

by the anode towards the cathode to be trapped. Additionally, titanium is sputtered away from
the cathode by thenpingingions and tends to form compounds with gas moleculesand

trap them withirthe pumpg202], [203]
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Figure 3.5: Schematics of: (a) a rotary pupfpom [209]; (b) a turbemolecular pump

from[210]; (c) an oil diffusion pumpfrom[203]; and (d) an ion getter pumijpom[203].

1.3.4. Sample Chamber

Samples need to be moved in and out the microscope without significant deterioration of the
vacuum. The goniometer airlock permits the insertion of the sample without exposing the

column to a sudden rise of psese.
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The sample holder (or rod) into which the sample is placed is inserted indtiecamber. Once

sealed in this position, a roughing pump starts to evacuate ghamber of gases until the

required pressure has been reacfaaproximately below 16 Pa in the microscope in the

MIAMI facility). Once suchapressure is attained, the sample holder can be inserted fully into

the microscope. When operating the TEM, contamination of the sample can occur even under
vacuum as traces gasesncludinghydrocarbons, for example, will remain in the chamber or
because the electron and/or ion beam causes outgassing, sputtering or hydrocarbon cracking.

To reduce contamination of the sample, liquid nitrogen is poured into a reservoir on the
microscopeso DV WR FRRO D PHWDO VXUIDFH FDOOHG D 3FROG Il
cold finger acts as a trap for impurities as these will tend to condense otrpttagher than

going onto the sampl@02], [203]

1.3.5. Type of sample holders

There are several types of sample holders which can be used in a TEM. One of the most
common options that sample holders offer is the possibility of tilting the sample. In the TEM,
the sample cabe moved by shifting the sample along tha&xis or the yaxis to bring the area

of interest under the electron beam. However, as explained below, it is often also necessary to
tilt the sample to fully determine the morphology of the sample, to perfagharésolution
microscopy or to excite an electron beam reflection off a specific set of crystallographic planes.
Some holders are singtidt which allow an xtilt whilst doubletilt holders permit both -tilt

and ytilt as shown in figure 8.[202], [203]
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fq/ Y-tilt g 7

Figure 3.6: TEM holder with the two tilting directions represented by the green arrows.

Furthermore, there are holders which allow the rotation of the sample abotattse They
have proven in the current work to be especially useful during in situ irradiation of nanowires
as they allow the orientation of the specimen into a position with the desired angle with respect

to the ion beam.

For radiation damage investigations, the temafure often plays an important role. For
instance, as explained in the literature review, theilities of defects are greatly influenced

by the temperature of the specimen. For this reason, holders allowing control of the temperature
by heating the saphe oronthe contrary by bringing down the temperature via the use of liquid
nitrogen or liquid helium are often usethesetypes of holder may also be able to tilt the

sample such as the heating doddteholders used in the current work.
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Additionally, other types of holder can also be found such as straining dlogakolders
which permit the sample to be mechanically tested or to allow the study of specimens in low

pressure gaseous environmda®?2], [203]

1.3.6. Eucentric height

As will be explained later, the image seen on the phosphorescent screen (or any other viewing
system) is the magnified version of the image formed by the objective lens. However, there is

a plane of rierence in which the object of interest should be placed: the eucentric plane. When

the sample and the objective lens strength are adjusted so that the image is formed based on an
object placed in this particular plane, the sample is said to be posiéitthegucentric height.

If the height is not properly adjusted, using a tilt will also induce a shift and a change of height

of the specimen. To have the sampleVKH HXFHQWULF KHLIJKW WKH VDPSC
perpendicular to the lens optical a@nd include the sample holder gkisavoid the specimen

to move during the tilt)As it is defined above, there is obviously not only one plane that satisfy

these conditions, however, the eucentric height is unique because the sample height must also
bH DGMXVWHG ZKHQ WKH REMHFWLYH OHEXa] iFXTEMBEIQW LV |11
the planes in the imaging system are (by default) arranged and set based on this current

reference value.

In mostTEMS, theelectron beam travefrom the top to the bottowf the TEM column passing
through the magnetic fields generated by the different lemsesucha TEM column the
setting are typically adjusted in a way that makes (oresevergl of thelower lensedorm a
magnifiedimagefrom an object ahfixed positionabove it This fixed position will therefore
be theobject planghatlens this object planshouldalso bein anideal conditionthe image
plane of the lens locateatirectly aboveit. In fact due to the multiple magnifications, each

objectplane should correspond to the image plane of an dboaéed lendeading to an in
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focus image However this is not always the case and the final image fmmmight not
correspond to an #focus image, meming that one (or several lenses within the column) have
formed an image from an object plane which did not correspond to the image plane of the
abovelocated TEM lens. Typically, setting the focusl@nevia the objective lens which as
shown in figure ¥ may lead to docusdor a defocusdimage. As shown in figure Bif we
corsider thatthe lensdirectly below the objective lens has its object plane defined at a fixed
height(i.e. suchaplane isshown in the figure via a dashed line) and thasfieeimerposition

and theobjectivelens strength are sat such a way thahe imageof the specimenvill be
formed at theheightdefined by the red raythe image formeavill be in focusOn the othe
hand if the position and the strength of thiejectivelens are such that thays are too strongly
converged (illustrated by the green rays) and thus formimpageof the specimenabove the
object position of the lens belpwhis wouldlead to @ overfocused imageSimilarly, if the
image is formed relatively too low (e.g. illustrated by the blyes)rahe image will bein

underfocug202], [203]

127



—— Rays before being converged

Overfocused rays
<€ (ptical axis of the lens

Focused rays

Underfocused rays
Specimen —

Objectiv
Lens i

Object plane of lens
the below-positioned
TEM lens

- Caae e

A 4

Figure 3.7: Schematic illustrating situations where the conjugate image of an object is either
well focused onto thebject plane of the lens positioned below in the TEM col@red line),
overfocusedgreen lines) andnderfocusedblues lines)In the example shown here the lens
below in the TEM (not shown for clarity of the figure) is set such as its object plane is at a

fixed height.
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1.3.7. Viewing system

In TEM, the images formed by the electrons are observed using a viewing system which allows
the formation of an image that is visible to the human eye. One ofighasatographidilms,

which are electron sensitive and can therefore be used to capture images.

Another method of observatiam thefluorescent screen, typicaldyphosphor screemhichis

not used to capture images but rather to monitor therfiagein the TEM

S'LUHFW" HOHFWURQ GHWHFWRUV GLU s$i#HWwhe de@dtidR @XFH D V
example is theomplementary metalxide-semiconductor (CMOS) device. Theyeathus,

used as a way of providing image and live observation duemd@ux of electronsitting the

deviceat each positiof211], [212] Typically, with such detectoras the signal is directly

generated by the electrotinere is a relativelgoodcorrelationbetweerthe signal detected and

the positioror the numbeof the impinging electrorAs it will be addressed below, this is not

the case for charge coupled device (CCD) cameras because they are indirect electron detectors.

Lastly, the CCD camera also allows live observation and imaging of the specimen. As CCD
camera were used routinely in this work (and in most modern TEMs) they are described in

more detail below.

As shown in figure 3B, the top part of the CCD camera is made of a material which performs
the function of a scintillator. 1|a CCD camera, the sditlators are usually made from a single
crystal of yttrium aluminium garnet (YAG) and \leathe ability to convert electrons into
photons. Below the scintillator, typically a fibre optic bundle will carry the photons generated
by the electrons to the CCDhe CCD will count the signal at each pixel available and therefore
compile an imag@ whichtheintensity at each pixel depesoh the number of counts detected

by the CCD. Thus, the intensity of the image will depend on how the sample has interacted

with the electronf202], [203], [213]
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However, unlike in his ideal description the photons generated by the electrons are in fact
emittedin many directions so not all will enter the fibre optic bundheus affecting the
conversion between electrons and photdine conversion between electrons ghotons is
one of the main limiting facterof CCD camera as other effects miglffiectthis conversion.
For instancganelectronmpactingthe scintillator materiahightinduce more than one photon.
In somecasesthe electrons caalsoleave the scinffiator material only to be scattered back
into the scintillator at positions unrelated to the original point of etming leading to the
generation of photons at a position unrelated to its original paditiothermore, some photons
can also be transned to the CCD laterally far from the position hit by the electron when
entering the camera and thoontribute taoise.For all these reasons, the signals trantadit

by the fibre optic bundle are not perfectly representatitbe initial position whex the CCD

has been hit by the electromsr perfectly representative of the number of electrons

e-
y Scintillator
Photons
— Optical fiber
/ CMOS/CCD
E
Y, Read-out

Figure 3.8: Schematic of @amera based on a CCD showing how an electron is captured by
thescintillator thatranslatsthe electronic signal into photottsultimately give rise to a signal

via the CMOSModified from[214].
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1.4. Image formation

1.4.1. Ensemble view

Figure 39 shows how the parts tifie TEM previously presented atessedin order to form a
magnified image or a diffraction pattern. Hystan electron beam is generated by the electron
gun and accelerated to the desieedrgyusing the accelerator stack. The electron beam is then

formed into a probe on the sample using ¢bndenser lens syst¢a®2], [203]

Once the electron beam goes through the sample it is converged by the objective lens system
the purpose of which, is to form the first magnified imaged(diffraction pattern) of the
sample. This is then further magnified using the intermediate and projector lensssygtietm
comprise one or several intermediate lenses and a final projector lens thatiwelt afinal
magnified image to the viewirgystem. The object will thus be observed magnified by a factor

of several thousand times (or million times), owing to the mult@ises in the colum202],

[203].

As described above, mdsins systems are equipped with deflectors and stigmators allowing
adjustment of the electron beam relative to the optical axis and to reduce astigmatism,
respectively. Furthermore, apertures are used to select the electron beams which will be used
to formthe image and diffraction pattern. In the following section, going from the top of the
microscope to the bottom, the different functions of the microscope are described in more

detail.
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Figure 3.9: Ensemble view showing the main sections of the TEM. The image shown in the

figure illustrates a simplified example as the actual TEM is more complex and may possess

more lenses.
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1.4.2. From the Electron Gun to the sample

The illumination system takes the flux electrons generated by the electron gun to the
specimen. Using the Wehnelt cylinder, an image of the source is formed at the position where
the beam coming from the gun has been condensed (the guoeenssAs shown in figure

3.10, this image of theaurce serves as an object for the C1 lens which will condense-(or de

condensed) its image at the C1 crossr position.

Typically, in the simplest condenser lens system, a second lens C2 is used to illuminate the
specimen.The C2 lens can be used to semctondensed beam onto the specimen thus
performing techniques such as convergadam electron diffraction (CBEDIn this work, the
illumination system was mostly exploited to bring@lmost)parallel electron beam onto the
specimen. For this reasonetilumination is underfocused and the C2 croger will be below

the sample position. However, as can be seen in figubetBelnominallyparallel beam is not
UHDOO\ SDUDOOHO DV WKHUH LV D YHU\0GR DHxmBag J O H Zk
that the electronare not exactly spatially coherd@02], [203] In theory, the C2 lens should

EH DV XQGHUIRFXVHG DV SRVVLEOH VR WKDWer¥urkhe DQJOH
specimen to be illuminated with sufficient electron intensity (i.e. a more condensed less
parallel beam) a compromise must be found. Lastly, as shown in figOr@@aphragm (with

a hole in its centre callechaperturgcan also make the &m more parallel but will reduce the

number of electrons hitting the sample as it skims part of it.

There are many instances where the beam will need to be translated or tilted (e.g. when
performing centred darkeld (CDF) as discuss below). As describadabve, coils can be used
to deflect the electron beam along the column. Indeed, the set of deflectors can be used to shift

or tilt the beam before it enters the sample. However, a calibration of the deflectors is often
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necessary to perform a controlleditigy or shifting procedure so that tilting the beam does not

shift it, and shifting the beam does not tilt it.

Optic axis

Reduced
convergence
angle

Specimen

Figure 3.10: Electron ray path from the gun crossover to the sample showing how the C2 lens
focuses the beam onto the specimen and howlifhragmcan act as a beam skimmer in a
simplification of an actual TEM which is more complex and typically will possess more lenses.

From[203].
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1.4.3. Sample and objective lens

As stated above, the sample should be in the eucentric plane to avoid sample shift whilst tilting
via the goniometer. As shown in figure B.1he objective lens will condense the electron beam

in such a way that a diffraction pattern will be formed abatsk focal plane. As will be shown

later, the diffraction pattern gives valuable information regarding the microstructure of the
specimen in the diffraction mode of the TEM. Lower in the column, the magnified image of
the sample is formed in the image n@a In imaging mode, this is further magnified by the

intermediate and projector lenses onto the viewing syg6gj, [203]

As shown in figure 3.1, choosing whether an image or a difffantpattern is projected onto
the viewing system is determined by setting the object plane of the intermediate lens to coincide
with either the back focal or image plane of the objective lens in diffraction or imaging mode,

respectivelyj202], [203]

During this PhD, most of the diffraction patterns were acquired whilst employing the selected
area diffraction (SAD) aperture. This aperture was used to select the area of the specimen which
was d interest. To do so, the SAD aperture cannot be physically placed at the sample position
and so the aperture is therefore positioned in the image plane of the objective lens. Using the
image of the specimen to select which area is used to create tlaetdiffris equivalent to

having a virtual aperture at the position of the specifg@g], [203]

In imaging modean objective aperture might be utilized to select whether the image is formed
using one of the diffracted electron beams or the direct beam (which is made mostly of
unscattered electrons) to perform operations such as bright field (BF) and dark field (DF)

imaging.
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Figure 3.11: The ray diagram on the left shows an example of how a TEM can be operated to
produce a diffraction pattern on the viewing system and on the right to produce anAsage
shown in the picture the projector lens has a fixed heighihi@h its object plane is positioned

(i.e. Intermediate image 2). Consequently, the formation of a DP or an imagkepéthdon
whether at this position (i.e. the intermediate image 2) the intermediate lessaf@®or an

image.From[203].
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1.4.4. Bragg angle

As will be summarised belowthe electron beanmpinging on thespecimen can lead to
different kinds of interaction. Eectrons carfior instancebe scattered without significant loss of
energy (elastiscattering). The geometrical construction in figur@3vill be used to describe

how coherent elastic scattering events constructively intg@2}, [203]

In figure 3.2, two planes sepated by a distanceé in a crystal are shown as well as elastic
scattering events and the resulting wave fronts. The wave froig $¢attered and becomes

W.4. The geometrical construction shows that there is a difference hiepatin of twobeams
that encounter the adjacent scattering points, B and C. Indéfavels adistance thais

longer than4&by a quantity equal tGt %E % &L t @ < «a

Figure 3.12: Scattering occurs from B ar@@l whichare two poirg lying on the planesiRand

P2. The path difference between the two beams is equivalent to ACHGIM[203].
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In figure 3.2, thediagramshows two beas) 4&and 4& from the same wavefront. Before

scattering4&and 4fare in phase as they come from the same wave front. However, after being
scattered the difference of path length which depends on the amglledeterminewhether

they still are in phasén fact, there are values ohcalled Bragg angles, at which the two

beams will be in phaset&and 4&Z LOO EH LQ SKDVH ZKHQnBa&nin&ger),Q ZKH!
thus whenequation3.4 is satisfied This is the Bragg lawand is equivalento equation3.5

(whenn=1) [203].

JEL ttece, (3.4)

teced, L (3.5)

When the Bragg law is satisfied, thus when g, thebeams magonstructively interfere thus
adding theirintensities The beamgeflected throughthe Bragg angle correspond to the

diffracted spots in the back focal plane of the objective lens.
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Figure 3.13: lllustration ofvectors, whichrepresent the wavefront prior to scatterit@and

after diffraction, Q&The difference between these two is the veefor

The wave propagation vectdf(of magnitude—E) can also be shown during the scattering

keeping in mind that because it is elastic scattering that is considered here, the magnitude of
the propagatiomectors remains unchanged before and after scatteriraguAse deduced from

figure 3.13, the change in the vector due to the interaction is giveaqoation3.6 andthe

magnitude of-&an be expressed aguation3.7.

&L G&F Gk (3.6)

+&| 899! (3.7)

Whilst -&epresents the general case, if it takes values at which the Bragg law conditions are

met then -&s called the diffraction vector@whosemagnitude is equal to @). As stated
above, constructive interference wiltcurwhen a L J §. So, at the Bragg angle it can be

written:
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@ L9l (3.8)
1.4.5. Reciprocal space and Ewald Sphere

As @can be expressed aistt therefore has units of reciprocal gh and exists in reciprocal

space in which the lattice is expressed with reciprocal ved#mhich depend on reciprocal

unit-cell vectors=% > 7&
N&L | =&E | > ,72& (39)
Where, | 5 | ¢ | ;are integers

Furthermore, these reciprocal vectors are defined with respect to the unit lattice in real space

such that:
=8| —&®I %@L >8%m| Magl akl r (3.10)
&g | sa¥dl sa&RL s (3.11)

Consequently, these vectors are defined snah=8s normal to @and % >%o and & ?&o
fand &Also, the bigger the unit lattice represented #ySand &n real space the smaller is
the reciprocal unit lattice. ThBraggconditionscorespond to value of8equal to—f and can

therefore be expressed via vect@g.&lefined in reciprocal space, such as:

Gp&l D=&E G&E & (3.12)

OneZD\ RI WKLQNLQJ DERXW GLIIUDFWLRQ FRQGLWLRQV LV W

space. As shown in figure 3 his sphere is usually drawn using the wave ved8p

represent CO where C is the origin of the sphere and O is the origin of the lattice in reciprocal
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space. As vecter @and G&have the same magnitude whicbf’,isthe surface of the sphere of

radius- can onlyintersectreciprocal lattice point/ DW LV I\L QJ YnUidudeBilY aQD Z
representation of the Ewald sphere in the reciprocal lattice is shown. The surface of the Ewald

sphere may intersect two reciprocal lattice points such @ GXL @and in this situation

the Bragg conditins are met and diffraction will occ{202], [203]

However, whilst in a reciprocal latticediscrete points are considered. The diffraction
conditions are represented by a lattice madeetrbds (which are ovoids centred on the
reciprocal lattice poinjsmeaning that even if the sphere does not exactly fall on the reciprocal
lattice point it might still intersect a relrod and diffraction can occur. The shape of the relrods
comes from theshape of the electremradiated section of the sample, which can be
approximated as a thin cylindersitortfat ovoid in real spacen reciprocal space, their shape

is preserved, however, the relationship between length in real and reciprocal spgce bein
inverted, the thin illuminated region of the sample Isray column(or ovoid) in reciprocal

space.

As stated above, the Ewald sphere does not need to exactly fall on lattice points for diffraction
. . 5 .
to occur. Furthermore, because the magnitud€afd G&is -, asmall wavelength will result

in an Ewald sphere with a bigger radius, which, consequently will have much more
opportunities to encounter a relrod. It is worth stating that this correlation between the
wavelength and the probability of fidiction phenomenon thereason why diffractiomccurs
more readily in a TEM compared with-pay diffractionwhich typically occurs at &arger

wavelengtH203].
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Figure 3.14: The Ewald sphere arttle elrodsin 2 D: as therelrods are not discrete poings,

sphere with a large radius may encounter numewdusds From[203].

1.4.6. Diffraction patterns

Each set of planasight give a diffraction spot at the back focal plane of the objective lens and

the region of the specimen to generate those diffraction spots can be selected via the selected
area aperturdn the selected region, however, some planes which satisfy digg Bondition

PLIKW QRW JLYH D GLIIUDFWLRQ VSRW LQ WKH GLIIUDFWLF

and the intensity of the diffraction spots can vary for similar reasons as discusse{2b8jow

To describe ta strength of a reflection or to know if they are forbidden, the structure factor

is determined usingogeiation3.13 where Bjis the scattering factor of the atoms in the lattice
and whereF? is proportional to the intensity of the reflections. In germanium there is only one
type of atom, therefore the amplitude of the diffracted beam will just be dependent on the
scattering factor of germanium and to the eight%) positions occupied by ¢hatoms in the

unit cell of: (0,0,0); (0.5, 0,0.5); (0, 0.5, 0.5); (0.5, 0.5, 0); (0.25, 0.25, 0.25); (0.25, 0.75, 0.75);

(0.75, 0.25, 0.75); and (0.75, 0.75, 0.25):

(:a; L AyBia; A UleePieBs (3.13)
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Whenthedifferent value®f DGiH germaniunare replaced iequation3.13, some reflections
are found to be forbidden (i.E.= 0): whenh, kandl are not all even or all odd; and whien
k and lare all even and not divisible by four. Otherwise, whgkandl are all oddhenF?=32f

and wherh, kandl are all even and divisible by four thEA= 64f.

Clearly, if the area producing the diffraction pattern contains more than one crystal then this
will affectthe diffraction pattern. For instance, crystals spatially oriented in different ways
might give two set of diffracted spots in the same diffractipattern and these will appear

misoriented relative to each ottjg02], [203]

Three typical types of microstructure that have been observed in this work arelsow.
Figure 3.B(a) shavs the diffraction pattern of a single crystal; the bright spots are
characteristioof the sets ofeciprocal lattice pointshat intersect the surface of the Ewald
sphere. The diffraction pattern in Figure M) is typical of a polycrystalline materiahany
spots are located at the same distance from the direct beam indicating that many crystallites
with differentspatialorientations are preseriasty, in Figure 3.5(c) amorphous germanium
has been used to generate the diffraction pattern. lnabethere are no bright spots, but only
faint ringsare observedstated in the previous chapter, etboughthe material is amorphous
there is still some order withinghmaterial A shortrangeorder is ensured by theteratomic
potential, meaning that there is an equilibrium distance between .diueed,as show in
figure 2.14 ZKHUH JH U RDRE4 ptd38nited, even in an amorphous materiaktlaee
certain distaoes from an atomwherethere is higkr probability of finding antheratom.As
there isa relatively highprobability of finding neighbouring atoms at some distadce
diffraction will occurdue to thesaeighbouringatoms and will causes rings in the diffraction

pattern. It should be noted that in an amorphous material the disthase broader spread of
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valuesthan in a crystalgs illustrated by th&®DF in figure 2.14). The amorphous rings are

therefore relativiy diffuse[202], [203]

It is worth noting that in this work, as ion irradiation was performed some of the material
underwent amorphisation whilst other areas were perfect or ddfayistd. In such cases,
amorphousings and bright spots might both appear in the diffraction pattern at a ratio which

is representative of the level of disorder induced by the irradigz@ft], [203.

Figure 3.15: Examples of typical diffraction patterns: (a) single crydiitaction patterrwith
the characteristidistinct bright spots; (b) fully amorphogpecimen diffraction pattern with
the characteristitaintrings and no bright speatpart from thé@00spotand (c)polycrystalline

crystal diffraction pattern with the characteristitgs made from a multitude of bright spots.

1.4.7. Kikuchi line

There is a seful type of diffraction called Kikuchi diffraction, which becomes intense if the
sample is thick enough to cause sufficient amounts of incohetastic scattering (the
incoherent electrons waves are not in phase) but still thin enough to be elestspatent. If

those conditions are met, Kikuchi lines can be observed in the diffraction gaaain[203]
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As shown in figure 36, Kikuchi lines are the result of scatteringcurring in all directions

(but mainly forwards). Thus, some of the scattered beams will be in the Bragg condition.
However, unlike in a diffraction pattern, electrons which are in a Bragg condition come as
stated aboverom all directions. There is coaguently a range of vec®ki and likewise a
range of vectarkq satisfying the Bragg condition. As geometricalBscribedvia figure 3.16,

this results in cones of diffracted electrons called Kossel cones. In projection on the viewing
system these coas will appear aparabolas, whiclare often approximated as straight lines
due to theelatively longcamera length of the TEM. As shown in figuré&3.Kikuchi lines
appear in pairs separated by an angleaf\ith one line appearing brighter as isuodts from

the scattering of the beams which were closer to the optical axis. Kikuchi lines are useful
indicators of the orientation of the crystal because if the crystal moves then the Kikuchi lines

will move with itwhich is not the case for DP202], [203]
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Figure 3.16: lllustration of the formation of Kikuchi lines during interaction of the electron
beam with a sample: (a) the intensities of the two lines which each represents selecKios
differ as they emerge close to the incident electron beam; and (b) are approximated as lines on

the camera or the phosphorescent screesm[203].
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In this work, basic use of Kikuchi lines was made as they were used whenever the sample
needed to be tilted to conditions where the intensities of the spots in the diffraction pattern were
symmetric (i.edownzone axis conditions). As will be describeddve this type of crystal

orientation was used when investigating amorphisation mechanisms and when performing

high-resolutionmicroscopy using the phase contrast mechanism.

1.4.8. Bright Field and Dark Field

As the electron beam encourstehe sample, differenkinds of interactions can arise as
summarised in figure 371 Three main pathways shown are: (a) electrons go through the
sample without being subject to scattering; (b) electrons interact and tramsfgy, they are
inelastically scatteredthese elecbns mightfor instancegenerate Xays, or secondary
electrons) ombsorbed; and (c) electrons which are scattered without losing energy might be

elastically scattered forwards (forming diffraction patterns) or backscattered.
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Figure 3.17: Summary of the principal possibilities for the electrons which are accelerated

towards a specimen: (a) unscattered; (b) inelastically scattered; or (c) elastically scattered.

Thus eledrons can be blocked by the specimen, transmitted with little or no deviation from
the optical axis and interact strongly at certain angles diffraction). One paricularly

important point is thatiffraction effects are dependent on the microstrectdithe specimen.



Indeed, as stated abovdffrdction may induce scattering of intense electron beams at certain
angles (i.e. the diffracted beams). Those diffracted beams can be observed in the back focal
plane of the objective lens where they formdiféraction patternTo understand BF and DF

TEM images, it must be recalled thatthe diffraction patterrthe intensitiesof the spotsare
related to how strongly the electron beam diffracts and is transmitted in a given direction.
Diffraction effectsthus contain information about the directions taken by the diffracted beams
(andconsequentiyabout the crystal structyreAs explained earlier and shown in figure 3.11,

it is possible to observe an image formed by only a selected diffracted electrorbypeam
inserting an objective aperture into the back focal ptanthatonly the selected beam will be
able to propagate down the TEM column and contribute to the iniageisshown in figure
3.18(a), assuming the direct beam has not been tilted offgheal axis. The aperture can be
positioned so that it allows the passage of only the direct,b&here most of the specimen is

not strongly diffracting the electronBositioning the objective aperture like this allows the
formation of an image which imostly brightandfor this reason, such an image is called a

bright-field image[202], [203]

Similarly, as shown in figure 38(b) the objective aperture may be positioned so that a single
diffracted beam is allowed through to the image plane and therefore used to form the image.
As only the part of the incident beam scattered by the sample in a particular direaseh is

to form the image, the image is typically dark expect for the regions which have interacted with
the electron beam and scattered it in the selected direction. For these reasons, the image is
bright where such diffraction events have taken place and dark eveeyglse. These type of
images are therefore called dditdd images. However, in most cases displacing the aperture

off the optical axis to create a ddikld image should be avoided as-affis electrons tend to

suffer from greater aberrations and asigism. Consequently, a better methodology is to
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perform centred darkeld imaging by tilting the incident beam to bring the desired diffracted

beam onto the optical axis is as shown in figur&@®)1202], [203]

(@) Optical axis — (b) (©)

Incident beam

I Direct beam

I Diffracted beam

Specimen

Objective
lens

Objective
aperture

Figure 3.18: Schematic illustrating various imaging modes using the objective aperture:
(a) BF imaging by selecting the direct beam on the optical axis; (b) a DF imaging mode
by moving the objective aperture to select araxdt diffracted beam; and (c) centred DF
imaging where the incident electron beam is tilted in such a way that the diffracted beam

becomes aligned with the optical axis.

1.4.9. Amplitude and masthickness contrast

The contrast,% between region 1 and region 2 is defined as the difference in igtersit

between these two regiod&ided by the lower intensitj203]:

oL 274 (3.4)
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For a human eye to notice the difference of intensity between two adjacent regions, the image
of those two regions must form two distinct points and thus satisfy ticalledl Rayleigh
criterion (which defines the minimum resolvable distance two point)the contrast must
beapproximatelyabove 5%4203]. In a TEM, the intensity depends on the number of electrons
which contribute to the image in different regions of the image. Therefore, the contrast between
two areas of apecimen is related to a difference between the iwayhich the electrons

interact with these.

To comprehend amplitude contrast, it might be more convenient to mainly consider the
particlelike nature of electrons instead of their wdke nature. Secaily, it is important to

note the fact that the scattering events increase with the thickness of the sample, the atomic
number of the sample and its density. Amplitude contrast can be seen as a variation of the
amount of the electron beam that is able tatlg®ugh or be given to a given direction to form

the image. For instance, in BF image mode two grains made of distinct chemical elements can
be differentiated due to their respective cross section, the higher the atomic number is of an
element the moré may scatter the electron beam. In this view, if a specimen contains a volume
with atoms of a higher atomic number and/or atomic density, then the surrounding matrix will
appear brighter as the electrons will have relatively higher probability of paksiugh from

that region. In BF mode, scattering events can prevent electrons from contributing to the image
formed via the direct beam. An example of amplitude contrast can be seen in fiQuven@re

the difference of thickness of a monoatomic specimeriearly apparent. It is worth noting

that amplitude contrast is not only relevant in BF image mode as diffraction contrast can also

be used to form a DF image in which the contrast will be invé¢2@2], [203]
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Figure 3.19: BF-TEM image of a wedgshaped singlerystal germanium specimen, the

darker regions corresponds to the thicker parts

1.4.10.Phase contrast

Whilst most of the work regarding radiatiomduced damage using in situ TEM relies on
characterisation oflefects via diffraction contrast, another main type of contrast is phase
contrast. Explaining phase contrast in detail would be outside the scope of thibaoveeker

a basic explanation of phase contrast can be given by considering the incoming ekstron

waves with a wave functig202], [203]

As the electron has a wave function, it will have a certain amplitude and an oscillating phase

before interacting with the sample. Because only elastic scattering is considered in this type of
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contrast, the amplitude will remain the same after scattetinthb phase of the electrarave
will be strongly affected by all the scattering events in the sampése scattering events will
induce phase shiftehich can result in a change of contrdadte change of contrasieing
characteristic of the scatterirgvents the image will provide information regarding the
scattering events (for instances atoimd)igh resolution TEMKIRTEM) micrographq202],

[203].

Figure 3.20: (a) HRTEM micrograph of a germanium nanowire obtained at the MiAMI
facility on a Hitachi H9500. Measurements have confirmed that the representation of (111)
lattices are shown in the image. (b) HRTEM micrograph captured at the M1Afstility on

a JEQ. JEM-3010showingof a gold nanoparticle.

As shown in the examples of higlsolution images obtained in the MIAMI facilities during
this work, in figure 3.D using HRTEM lattice fringes or everolumnsof atoms can be

resolved.
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1.5.EELS and EFTEM
1.5.1. Basic idea

The interaction between electrons and the specimen can lead to emissions which are specific
to the bombarded material. Such emissions inclugays and Auger electrons. In the same
way as analysing these emitted signals to probe the material chatestérie. via techniques
such as Xray photoelectron spectroscopy XPS or Enetppersive Xray spectroscopy
XEDS), the analysis of the energy lost during the interaction can also provide valuable
information. In this work, this aspect of the interactlmetween electrons and specimens has
been used when the thickness of the sample needed to be characterised, thus the basic idea

behind such analysis will be summarised bed@2], [203], [216]

When inelastic scattering ocaithe energy loss can give useful information if its quantity is

known. Typically, this is done first by using apparatus such as a magnetic prism which both

acts as spectrometer and a lens. The magnetic field will deflect the electrons. The prism will
conYHUJH WKH HOHFWURQV RQWR WKH SULVPYV LPDJH SOD:
energy they have lost as the prism will defigleictrons thalhave lost more energy at a higher

angle. In arelectron energy loss spectroscopfE[LS) system, a spectrumill thus be acquired

showing the electron intensity against energy loss. Furthermore, via ditiergg TEM

(EFTEM), it is also possible to form an image which includes dmbgeelectrons which have

lost a specific amount of energy or genselyto form an image which does not include

electrons having lost specific energies.

1.5.2. Typical EELspectra

As shown in figure 3.2, the most intense signal in an EELS spectrugereerallythe zero loss

peakconsistf electrons transmitted withonbticeableenergy los4202], [203], [216]
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Electrons can also lose energyciting phonons. Phonons are collective vibrations of the
atoms. They correspond to a temperature rise in the specimen. However, because they have a
wide range of energy losses their signal is spread on the EELS spectra and contribute to the
background noise. Lastly, as thegninduce very small energy losses (< 0.1 eV), the zero loss
peak in a conventional TEM contains some of the electrons which hevenkergy to phonons

[202], [203], [216], [217]

Figure 3.21: Typical EELS spectrumwith the typical mosintense signals in the spectrum,
(the zero loss peak and the plasmon resonasceell as the lesstense signalwhich can be

found at higher energy lossésom[218].

As shown in figure 3.2, at higherenergy losssin the spectrumare plasmonswhich are a
FROOHFWLYH H[FLWDWLRQ RI WKH 3lUHH HOHFWURQV™ LQ V
DUH GDPSHG TXLFNO\ WKHVH R Vténsof@rb) WheReqexgylogdds iveL WH O

to plasnons are confined below 50 eV and can be used for band gap characterisation or to
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determine the thickness of a sample. The former requires EELS to be performed at low
temperature and to have a high enough resolution to see the minimum energy loss due to
plasmons (that is the energy lost to electrons at the bottom of the band gap). In germanium, the
bandgap is around only 0.6 eV and the first plasmon peak will be hidden by the zepedéss

since in conventional TEMs with thermionic emission electron guns the zero loss peak typically
hasa width of 1eV. Therefore, in this workas the composition of the materials was known,
electron energy loss has been used only to determine thadbgof the region of the sample
which is irradiated202], [203], [216], [217]]219]. The thickness was determinasing the

following expressior8.14:

S L 722 (3.14)
U

<)>>|%>

With &, ( and ' ; determined via equatign3.15, 3.16 and 3.17, respectively In these
expressionsg; is the mean free path for inelastic scattering (mainly from plasméissjhe
thickness of the specimen;is the integrated intensity of the spectruspjs the integrated
intensity of the zero loss peak, is the incident energy, 5 is the man energy loss; is a
factor which is used to take into account relatiwistfects and<is the mean atomic number

of the specimef203].

. &
8 N—— (3.15)
jl:6 11_5‘
5>
(L — (3.16)
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Ly NYyE<AT (3.17)
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It is worth noting that while most of the experiments have been performed at a reduced
acceleration voltage @00 kV for reasons which will be addressed in chapténesthickness
of the samples was calculated at the normal operating volthgee the EELS system was

accurately calibratedhich is 300 kV .

As shown in figure 3.2 the energy losses described above are found in théoksaregion
near the zerdoss pek. Nevertheless, in the highterss region there can be found signals
which are specific to the energy given to electrons of the simeli of the atomand thus are
used to identify the atoms involved in tilkeractions Typically, anatom-coreloss resltsin
arelatively easily identifiable edge in the spectri@® shown in figure 3.21lowever, in their
vicinity they are fine structures signaldich are more complex to analyse but may provide
details about the composition of the specimen such asréryloss neaedge structure
(ELNES) which is very sensitive to electronic structure and the extended elosgyyine
structure(EXELFS) which may provide information about the chemical arrangement of the

specimerj202], [203], [216], [217]

2. Sample Preparation

2.1.Nanowires

High purity (99.999%), singterystal germanium nanowires were purchased commercially
(product reference: GNWsI15) from Nanowire Tech Ltd. The nanowires were grown on a
silicon wafer byachemical vapour depositiorLS process. The wafer was put into anagtol
solution and the nanowires were hareesising an ultrasonic bath. A few minutes were

sufficient to dislodge the nanowires from the wafer.

The sample preparation aimed at producing a sufficient density of nanowires in the ethanol

solutionand dispesion on a TEM gridso as to permit to easy location of nanowires in the
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TEM. However, as experiments regarding bending of nanowirestwéeperformed, it was
necessary to limit the density of the nanowires in solution as entangled nanowires might be les
inclined to bend during 1B experiments. Typically, for about # ofrwafer, 2 ml of solution

was produced to achieve this.

A drop of solution was transposed onto a molybdenum TEM grid with no supponvhich

was then left to air dry. As a resulbrse nanowires were left hanging freely from the mesh of

the TEM grid. In figure 3.2, a TEM micrograph shows a typical distribution of nanowires at

the edge of a grid. The nanowire lengths ranged from 200 to 1500 nm with diameters ranging
from 15 to 60 nmMolybdenum grids with no film were chosen instead of the typical copper
grids with a carbon support film as often used in TEM nanoparticle experiments because the
carbon film might interfere with the bending of the nanowires, be sputtered away or mgl dur
irradiation. Furthermore, it has been observed during experiments using copper grids that the

copper can diffuse into the nanostructures at elevated temperature and during irradiation.

Figure 3.2: BF-TEM image of germanium nanowires. Some nanowires patentially
entangled together whilst otlseare isolated enough tbend without interference from

neighbouing nanowires.
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2.2.Bulk Germanium

High purity (5n), (111) single crystallirgermanium vaspurchased from Goodfellow (product
reference: GEO03051) in the form of discs of diameter 2 cm and a thickness of 0.5 mm. Using
wax which can be dissolved in acetone, each disc was attached to a metallic support in order
to be cut into smallidcs measuring a diameter of 3 mm (a diameter at which they can be placed
in a TEM sample holder) via a TEM specimen disc grinder. To reduce the thickness of the
small discs, silicon carbide abrasive grinding paper (grit P800) was used to mechaniddlly poli
each side of the disc until it reached a thickness of approxini&@lym. The thickness of the
sample was further reduced at the centre of the sample via a dimpler. The dimpler allowed
mechanical thinning and polishing in the centre of the disc. ¢t eygerated using diamond
paste(grade:2 um) to polish adisk-shaped region in the centre of the specinvemch after

the process was abo2® um thickin the vicinity of the dimple

The samples were then thinned to elaetransparency via &atanprecision ion polishing
system (PIPS). Using argon ions typically at enerfyas 0.5 to 6 keV, the PIPS was used as

a way to sputter away material from the sample. Tlagsshown in figure 23 which
summariseshe sample prepation, the samples were thinned and polished by the dual ion
beam atow angles (typically between 1° to 6B)uring the process, the ion beam located above

the sample is thus used to polish the top of the sample and the ion beam located below the
sample plishes the bottom of the samplée operation is stopped once a hole is made at the
centre of the sampl@naking the region in the vicinity of the holealectra-transparent It is

worth noting that choosing a relatively high polishing angle (e.ge6aples to polish the

sample at a faster rate but results to specimens with a steeper wedge.
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Figure 3.23: Schematic showing the main stepgiué preparation of an electron transparent
germanium foil.The electron transparent region is located in toaity of the hole madey

ion milling. From[220].

3. SRIM calculation tools

SRIM was used to compute the interaction betwieas and target materials. It considers the
scattering cross section of the target material as well as its dendiiges the binary collision
approximation for its calculations. When a collision occurs, an evaluation of how much energy
is lost by theion during the discrete event is made. Afterwards, the trajectory of the ion is
considered as a straight line until it collides with a subsequent atom. Furthermore, as the ion
routinely transmits enough energy to PKAs for them to induce recoils in thealstSRIM

can be utilised to take into account the subsequent collisfahe PKAsusing the same binary
collision and condition§75]. The calculations are performéat every collisionat leastuntil

the total energy lost by the ion is such that it cannot displace other atoms of the target material

or until it leaves the target material. Applying a Monte Carlo method, the calculations are
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performed with a large number of ions in order to acqem@ugh statisteeabout the average
FKDUDFWHULVWLFV RI WKH LQWHUDFWLRQ EHWdetdiledd WKH LT
FDOFXODWLRQ IRU IXOO GDPDJH FDVFDGH™ PRG#&blét®,0 LV D
better evaluatall collisional damage induddy an ionas it followsthe collisions induagby

eachrecoil. This mode washusused to estimate the dpa. Indgasing the SRIM output files

vacancy.txt and novac.txthich, give the displacement per iper depth Wig&ldveaged

in the region of thicknedscan be redily calculated using equation 8.&vhereais the atomic

density of the target material ar?ds the fluencg25]:
@LE— HP (3.18)

To consider the damage rate and therefore determine how fast the daithageumulate
(dpas™), the fluence in equatid® 18 must be replaced by the flux. Other information is given
by SRIM, such as an estimation of the sputtering yield, the nuclear energy loss as a function of

depth, the average range of the iontherpercentage of electronic energy loss.

As stated in chapter 2, SRIM only computes the interaction of ions with flat targets. Therefore,
to study the interaction of ions with nanowires ahausedevelopedATLAB code has been

used. This code is namd®RAGON for lon Damage and RAnge in the Geometry Of
Nanowiresand allows the usef SRIM for the circular cross section of a nanowire by cutting

it into slices which can be calculated individually. As shown in figure 3.24, the SRIM
calculations are run ogach slice thabgethemrepresent aectionof the nanowire. Typically,
IDRAGON was used by dividing a nanowire into 100 slices for which SRIM performed a
calculation using 5000 ions for each sliEer each slice was thus determine the damage and
the impgantation depth of the ions via the use of ®BIRIM output files range.txt, which

provides the range of the ion®r the files vacancy.txt and novac.txt, which as stated above
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provide the displacements induce by the iox X UWKHUPRUH WKH QRUPDOLVHG
which corresponds to the average damage depth normaliseasptrt tahe diameter of the
nanowire was calculed by IDRAGON using equation I® where the number of atomic
displacements given by SRIM s, 4 and has been calculated in slicat depthxm and where

@ is the nanowire diametf80]. Pleasenote that the straggle, hence the profiles generated via
IDRAGON may not be truly accurate close to the nanovigdges (i.e. slicesneandtenin
figure 3.24) A qualitative explanation of this discrepari®s in the fact thathe IDRAGON
code does not take into accotimatcollision cascademight escape from alice in the lateral
direction.However as it will beexplained in the example belofey mostslicesthe influence

of the lateral projection of the collision cascadess not affect the profile generated by the
code For instancea collision cascade itiated inslice six of figure 3.24might alsoinduce
some displacements in the adjacent slices (i.e. steesnandfive). However,the damage
induced by thevolume of the cascade leaving slisg will be compensated by ighof the
cascades leaving slicesverandfive and enteringlicesix. Thus meaning thaasthe collision
cascadsinitiated in the adjacent slices will also affect sktg theoverall effect of collision
cascadeleaving slicesix will be counteractedby thoseentering it

Ayg. Z88-Koadgao,

Ags.-1ga
x L 54 4] (3219
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Figure 3.24 The crosssection of a nanowire is divided inslices thatwill be treated
individually in SRIM as flat targets. Typically, the nanowires were divided into 100 #haes
were recomposed in the IDRAGON MATLAB code to model the nanowire -s&sson.For

clarity, the nanowire is divided in only 10 slices in tiggire.

Furthermore, a variant of IDRAGON has also been used to model the collision cascades in 3D
via theoutput file: @llision.txt, which, provides the position of each recoil aRHA in the
collision cascadd.ike IDRAGON, the variant uses SRIMe output files within the program
MATLAB. As this file can provide the position of recoils dPdAs, the modified version of
IDRAGON was used to reconstruct a 3D model of the collision casadexample of a
zirconiumsample irradiated with xenon ions at an energy dd@keV at normal incidence is
shown in figure 3.25. In the figure, the PKAs generated along the tracks of the ions can be
clearly observed (in red) as well as the numerous recoils (in Bueghermoe, wing this
modified version of IDRAGON, the average position and density of the recoils was determined.
To do so, SRIMwas run with 1 ion andafter reconstruction of the collision cascatte

MATLAB codewas used to count the 3D plotthe number of@coilswithin cylinders of
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radius k whoseaxis iscentred with the ion beam directiasinputtedin SRIM. The density
of recoils vas tlendetermined withireachof thecylinders of radius %, for a range of cylinders
whose radiusx rangedoetweerD.1 nm toa radius large enough to include all recaitslusing
theincrementn rx 0.05nm. It should be noted th#tis code is designed for flEtrget material

unlike IDRAGON which is used fonanowires.

*  PKA
* lon

1000

Figure 3.25 The modifiedDRAGON 3d plot showinghe recoils (in blue) and tHeKAs (in

red) aftera zirconium flat target isirradiated with5 xenonions accelerated t800 keV at

normal incidence
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4. MIAMFL and-2

4.1.0verview

The study of radiation damage often requires the emulation of radiation that occurs in extreme
environments such as a nuclear plant, in space or during ion beam doping of semiconductors
[31], [221]4223]. Subsequently to the irradiations performed on the specimens, they are
analysed via techniques such TEM oray microscopy224], [225] However, by exploring

the effect of radiation damage in this way (i.e. ex situ), information regarding the evolution of
the material during irradiation is IJdi37], [223], [226] Irradiation performechi situin aTEM

allows access to dynamic effects such as bubble formation and growth or to alternate bending
direction of nanowires during irradiation (as will be demonstrated later in this tf@S]s)

[173], [208], [221], [223] For those reasons, in situ ionadiations have attracted a lot of
attention; indeed, since the first system to perform ion irradiation in situ aw&ddesigned

in 1968 more than 30 other facilities have been lmiilivhich 13were operationalin 2014

[208], [227]

In this work, the irradiations were performed at the MIA#ilities, whichis home tawo of

in situ systems, namely MIAM1 and MIAMI-2. As will be described in more detail below,

in addition to allowing the use of TEM and associated sample holders (e.g. temperature
control), it is possible in the facility to investigate the effect ofatémh damage of most ions
(from hydrogento lead) accelerated to various energies from low to medukeV- to 350

keV for singly charged iong208].

4.2.Creation of ions

In MIAMI -1 and MIAMI-2, theions are generated van electric currenwvhichis run through

a metallic filament thus heag it. Electrons are then emitted by the filament via thermionic
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emission once the energy given to the electrons is high enough for them to exceed the work
function described by equati@il As a gas is flowing in the source, the emitted electrons will
then react and ionize the gas. During this work, only inert gases were used assaamean
produce singlycharged ions. However, ions with multiple charges can also be run in both

MIAMI -1 and MIAMI-2 if needed208].

4.3.Mass selection

As other ions might be generated during the process desciiosd,aa bending magnet is
operated as a way to mass select the ion species. Depending on the mass of the incoming ions,
these will be more or less bent by the magnetic fiesddjo through the bending magnet section,

ions must be bent to the right extéytthe magnetic fieldindeedthose which are too heavy

will not be bemenoughto go through the magnet sectwhilst those too light will be bemoo

muchto go through itasdictated by Lorentz law. Therefore, using a bending magnet at a given
valuewill ensure that only one ion species is selected. Furthermore, as the force acting upon
the ion is also sensitive to its charge, the bending magnet can equally be usedtlite sbge

state[208].

4.4.Accelerations of ions

To avoid having to apply an excessive strength field in the bendagnet, most of the
acceleration is typically performed only after mass selection. The ionstieaaceleration
columnwith an energy of a few keV and are accelerdtgd set of elementspanning the

voltage gradient from a high voltage to the grostade[208].

4.5.Targeting with ions

Forthe ions to target thgpecimen, they must be guided and focused. In MIAMI, this is done

by several sets of deflectors and Einzel lenses, which modify the trajectory of the ions using
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electricand magnetidields. The deflectors are placed along the track of the ions and enable
them to enter the microscope at the desired angle whilst the purpose of the Einzel lenses is

mainly to focus the ion beaf@08].

4.6.Monitoring the ion beam

To monitor the ion beam, (its shape, its position and flux) adewices are positioned along

its track.

The ion beam goes through rotating wires, which serve to monitor the shape of the beam by
measuring the current of secondary electrons which are emitted by the wires when they are
being hit by ions; skimming diapdigms are used to both skim the beam and measure the ion
beam current; and Faraday cups which can be inserted or retracted are also used to measure the

ion beam currerR08].

As shown in the schematics of MIAMI and MIAMI-2, all these components are placed within

the ion beam system alonigetion track so that measurements can be achieved at different
positions from the source to the sample. However, to exactly know the beam current at the
sample position, an ihousedesignedlTEM-rod has been built allowing a Faraday cup to be
placed exacyl at the sample position before and after each experiment. It thus, allows the
measurement of the flux of ioms the specimen. This current metering rod is also equipped

with a negatively charged plate the purpose of whisle@®ndary electrons suppresgi208].

4.7.MIAMI1

Used in this thesito investigate the 1B effects, MIAML is able to deliver low energy ions
and therefore implant light ions such as helium into TEM specimens. Whilst undergoing a
reconfiguration at the time of writing, a schematic and picture of the system at theh@me

the work reported here was carried out are shown in figure Sdtfie specifications of both
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the ion beam system and the microscope attached to it (a JEOR20@NFX) are given in

table 3.2.

It is worth noting thattte angle between the incident ibeam and the electron beam is 30°
and the angle between the projection of ion beam onto the sample plane aadithghe axis

running along the TEM rod) and theaxis is 45°.

Colutron G-2 ion source ‘

JEOL
Edge welded bellows JEM-2000FX

TEM

53 ]

l I BeamT;lmﬁle :
monitor Bending

magnet

» Acceleration
tube Beam profile
monitor
) N

A VS
W o j
/ ; /’\,,[ ok
D & Skimming aperture
&

and final deflection

Turbopump
Double deflectors and Einzel lens

0.5m /7 -

—— Turbopump (28
Sample position ———>

Figure 3.26 Picture of MIAMI-1 and schematic displaying the layouttbé systemFrom

[208].
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TEM JEOL JEM2000FX

Electron acceleration

80 to 200 kV

voltage
lon acceleration

1 to 100 kV

voltage
lon species Most ions from H to W
Angle between electron
30°

and ion beams

Up to 1.5x1&*cm® s
lon flux
for 6 kV He (forexample)

Temperature 100 to 380 K or RT to 1570 K

Gatan ES500W and
Image capture
Gatan Orius SC200 (4 MP)

Table 3.2: The table shows the main characteristics of the MIANlystem. It is worth noting
that these characteristics were accurate dirreewhen the work presented in this thesis was

undertaken and consequently may not reflect the newest upgrades made toMIAMI
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4.8.MIAMI2

The newe system, MIAMI2, started to be operational in March 2017 and offers numerous
advantages compared with MIAMY such as the possibility to perform spectroscopy
techniques such as EELS and EFTEM, to accelerate ions to higher energy and to use dual ion
beam system. Some specifications of both the ion beam system and the microscope attached to
it (a Hitachi H9500 TEM) are given in table 3.3. A schematic and a picture of the system are
shown in figure 3.27. In MIAMA2 the ion beam forms an angle of about 18.7° with the electron

beam and its projection onto the sample plane is parallel to thexisy

Accelerator Hall Beamline Hall

Medium-energy
ion beamline

Transmission
electron
microscope

Ion source and

high-voltage platform Low-energy

ion beamline =
Protection wall

(shown in cutaway)

Microscope and
Ton Accelerators for
Materials Investigations
(MIAMI-2) system at the
University of Huddersfield
United Kingdom

Ground floor
|

Figure 3.27: Picture of MIAMI-2 and schematic displaying the layout of the systaam

[228].
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TEM

Hitachi H9500

Electron acceleration

voltage

60 to 300 kV

lon acceleration

voltage

20850 kV (NEC)

and 1220 kV (Colutron)

lon species

Mass 1200 amu

Angle between electrg

and ion beams

18.7°

Environment

Temperature:

100 to 1570 K

Gas injection system

Image capture

Gatan OneView

25 fps (4K)

300 fps (512x512 pixels

EELS
Analysis (Gatan Imaging Filter)
and Bruker EDS
Tomography holder
Tomography

and software

Table 3.3: The table shows the main characteristics of the MIZ&\lystem.
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5. Angle between freely hanging nanowires and the ion beam

5.1.Reasons for the calculation

Because nanowires are seen in projection in the TEM, the correct interpretation of the image
can be coumtr-intuitive and result in an erroneous judgement regarding the shape, the length
or the position of a nanowire if not performed correctly. For this reason, a tilting procedure is
needed to interpret TEM images of nanowires. For example, as seen in3ig8ra bent
nanowire might seem straight when observed in a TEM. Irettasple the curvature of the
nanowire is normal to the image plane and tilting the nanowire using the goniometer permits
its curvature to be revealed. It is worth noting that theature always appears less pronounced

that it really is, unless the circular part of the nanowire lies parallel to the image plane.

Furthermore, as stated above, when nanowires are deposited onto a molybdenum grid with no
carbon film they are attached itoonly on one end and therefore hang free. Even if such a
nanowire is straight, interpreting the image can still be problematic as it might be inclined if
there is a slope which can be characterised by an inclination afigies angle influences

how the nanowire appeairsthe TEM image and the length of the nanowire is underestimated
unless the nanowire is parallel to the image plame (= 0). Most importantly within the
context of this work, knowing is crucial as the angle between the hi@@am and the nanowire

depends on it and consequently impacts the ion beam kthdaogage in the target nanowire.
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(a) Tilt = + 45° (b) Tilt = 0° (c) Tilt = — 45°

Figure 3.28 Example of how tiltingcanreveal the bent shape of a nanowire using thi af

a TEM holder: (a) the nanowires appears bent towards the left when tilted at +45°; (b) straight
when untilted; and (c) bent towards the right when tilteg1&t. At 0° the nanowire is actually

bent pward as revealed by the tilting. It is worth noting that if the nanowire were bent
downward it would appear bent towards the right when tilted at +45° and bent towards the left

when tilted ati45 °.

5.2.Calculation of |

A nanowire of lengthitan be tilted by an anglBvith respect with the-axis or the yaxis of

thegoniometer. As seen in figure 3.29, by doing so the angle of inclingtiaght be modified

to become®and the free end of the nanowire might alstate. To simplify the calculation of
,,an imaginary vector (in orange in the figures) of lengitached to the free end of the

nanowire and connected perpendicularly to the axis of tilt is introduced in figure 3.29(a).

The axis of tilt lies on a pie P which remains still and onto which the nanowire of lengh
projected before and after tilting. As shown in figure 3.29 (b) and (c), before tilt, the nanowire

LV UHSUHVHQWHG E\ >$%@ DQG LWV SURMHFWLRQ E\ >$71%
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Nwi). After the tilt, the nanowire is illustrated via [ACldG LWV SURMHFWLRQ YLD
referred adNw.. As stated above (in addition to the tilting andpein a TEM the only
information that the observer has access to are the projections and thus the projection of the

nanowire before tilting and aftétting.

Figure 3.29 (a) Schematic showing the nanowfbeown)and the vectoforange)of lengtht
(i.e.KB = KC =t), (b) the nanowire and its projections are shown (b) before and (c) after tilting.

The abbreviations used to name distances are shown in (d).
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Figure 3.3Q (a) Schematic showing the vect{orange)of lengtht, and its projection as seen
along the axis ofhe tilt before and after tilting, (b) the nanow{town) and its projections

are shown before and (c) after tilting. The abbreviations used to hame distances are shown in
(d).

As shown in figure 3.30, the vector of lengtis normal to the axis, therefore both the
projection ofB andB are aligned withK, meaning thakBC LV D VWUDLJKW OLQH DQ¢

be defined by equatia® 20
“$"F-%L$L KkPF @0 EKPF @0 ° (3.20)

From figure 3.30(a), figure 3.31 and figure 3.29(b) and (c) it can be seen that:

» Yy

X PL ——c (3.21)
X $% $UWEE.QF @;5;°° (3.2)
x @L:FO0SEs (3.23)
x @L:§FO0SE: (3.24)

If P@and @are replaced from equati@0, using equation8.21, 3.22, 3.23 and3.24 | can
be determine via equatior8.25asNwi, Nwe and $1%are known from the TEM image ari@

is the tilting angle which is chosen by the experimenter:

i o 56
U»iVi - >FER?CE . ?2:B?Cé: ;-G

$M8 L n: SF:HMFO0SS:r E

699 £,

) . 56
>R >FR?CE S ?:B?CE: G ;”

n: .;GF:FiFOSS;r (3.25)

6qg >,
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As it can e seen from figure 3.29(b), on¢#s known, can be calculateda equatiorB8.26:

%KQ L= (3.26)

5.3.Calculation of the angle between the ion beam and the nanowires

Once the position of the nanowire is known, dingle between the ion beam and the

nanowire can be determined. An example of such a calculation is shown below and in figure
3.31 based on the geometry of the MIAMEystem. In the figure, the nanowire is inclined
upward ( s thus defined as beiqmpsiive) and its projection forms an angBvith the x

axis. In the MIAMLF1 systemthe ion beam forms an angle of 30° with the elecheam

(and the zaxis) and its projection is at 45° to theaxd the yaxis.
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Figure 3.3 Schematic showing a nanawiin the MIAMI-1 systemThe ion beam forms an

angle of 30° with theJaxis whilst its projection forms an angle of 45° witlaxis and the y

axis.
As can be deduced from figure 3.31.:

X The length of the projection of the ion beam vector onto the image [galefined as

¥aad ... xrwith the length of the ion beam vectdrosen such as it is equal to 1
X The projection of the ion beam onto thaxs is ¢y 554.. ‘'YW!?
X The projection of the ion beam onto thexis is 538 <vWw?

X The projection of the ion beam onto thexds isF... ‘ur?

¥, Therefore the ion beam vector can be defwiacequatior8.27
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&L ... %rH...'"vWRE ;... 'xrH .. "yW&F :... 'ur,\& (3.27)

The vector representing the nanow#escan also be deduced from figure 3v@iere, in the

following example Twill be chosen as being equal to 45°.
x The projection of the nanowire onto thexis is #7$7H ... ‘v w?
X The projection of the nanowire onto thexis is #'$MH e < & w

X The projection of th@anowireonto the zaxis is ... * with the length of the nanowire

vector # $also chosen sudhatit is equal to 1.
¥ Thereforethe nanowire vector can be defingd equatior3.28
#&L #STH .. wWIRE (#$THe cow WISE 1 ... ‘¢ \& (3.28)

Consequentlyafter being tiltedthe angle between the ion beam and the nanowifiean be
determinedsia equation3.29. However, it is worth noting that if the ion beam induces a
PRWLRQ RI WKH WLOWHG QDQRZLUH WKHQ .falZLOO RQO\ EF

configuration of the nanowire:
L L # Sa (3.29

In the previous examplaéhas been defined for MIAML. However, in this thesis some
irradiations were performed in MIAM2 where the iofbeam forms an angle of 18.7° with

the electron beam and is normal to thaxis, in a direction opposite t&Therefore, using

the same reasing as previously, in MIAM2, +8s definedvia equation 3.6

WL cecesZY GF 1. '3z & (3.90)
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,Q PDQ\ LQVWDQFHV WKH GHWHUPLQDWLRQ RI .1 ZLOO SHU
the range of the ions using SRIM lte obtained. However, in SRIM the input regarding the
VSDWLDO FRQILIXUDWLRQ RI WKH LRQ E Hubieh B Qe&arige/ V- WD U .
between the ion beam and the nortoeahe nanowire Therefore, in order to avoid confusion,

WKH DwilleHhised and be defined as in SRIM (i.e. the angle between the ion beam and

the normal to the surface onto which the calculations are performed).
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Chapter 4: lon induced bending of nanowires at
elevated temperatures

1. Motivation for irradiation at elevated temperatures

In this chapterexperiments designed to induce bending of germanium nanowires via the use
of ion beams at elevated temperatuvdsbe presentedds will be shown, the results presented
herein are of both a practical and a fundamental interest. Indeedqithéy engineer bent
single crystallinggermanium and siliconanowires in a context where previous resultthe
literature hae showrthat such an outcomeuslikely via 1B at RT[177], [184] From a more
fundamental perspective, they lgive an insight on the mechanisms responsible for the IIB

phenomenon.

To introduce this chapter, the six main mechanisms proposed in the literature to explain the

bending of nanostructures are summarised below:

I. A mechanism based on uneven thermal expansithin the structure during
irradiation which has beeproposéd to leading the nanowires to bend towards
the ion beanfl79].

il A rearrangement of th&eurface and its vicinity as a way to stabilise the highly
damaged structure via mass transport. Such rearrangement leading to bending
towards the ion beam was proposed as readily occurring during irradiation and
to benefit from both the displacement obras via nuclear stopping and the
increased atomic mobility due to the input of thermal engrg®], [175], [L76],

[178].
iii. A third mechanism proposed in the literature was based on an uneven

distribution of point defects resulting in an uneven volume change (volume
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expansion for regions rich in setfterstitials or volume contraction in volume
rich in vacancies) which depemndion the distribution of the point defects could
lead to IIB away from or towards the ion befdi], [114].

iv. To explain the bending away from thenibeam, a mechanism based on a
difference of density within the nanowire was proposed after experiments on
germanium nanowires. As amorphous germanium has beena@porbe less
dense than its csyalline phase it has been stated that if amorphisatiom®c
on the iorbeamfacing side of the nanowire (whilst the opposite side remains
crystalline) the uneven volume density may cause bending of the nafie@yire

V. A viscoelastic flowprocess thabccurs in amorphous maials and leads to an
anisotropic deformation (the ion hammering effect) was reported as being
responsible for the bending towards the ion beam. This mechanism which was
first proposed after experimental work on germanium and further developed
after experirents on silicon nanowires is supposedly only effective enough to
bend the nanowires towards the ion beam when they are fully amorf@0bus
[177], [184]

Vi. A change of density in irradiated amorphous material was briefly introdiced
the literatureascausingthe bending towards the ion beam. The authors stated
that, during irradiation, a contraction of the irradiated side of the amorphous
nanowire could induce the bending moment leading to 1B towards the ion beam

[20].

Out of the proposed mechanisms, mechanisms iii to vi are based on an internal volume change.
However,in all these cases, the volume changes occur due to the accumulation of damage
induced by the ion beam. Indeed, mechanisms iv, v and vi can occur oniy thwbe
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accumulation of damage is such that amorphisation is induced. For its part, mechanism iii can
occur only via an accumulation of point defects during irradiation. For these reasons, it is of
interest to verify whether or not bending can still oc@md in which directionyvhen the

accumulation of defects is prevented.

Another motivation for preventing damage accumulation is associated with the experiments
reported by Pecora et al. [h77], [184] In their irradiation experimentshé¢ aithors caused
bending of singlecrystal silicon nanowires towards the ion beam. As explained in the literature
review, the bending of nanostructures towards the ion beam is probably more convenient as a
nanomanipulation technique compared to bending away as it allows better contrel of th
orientation of the structure. Regrettably, such bending was observed to occur only when full
amorphisatiorwasobserved20], [177], [184] As acrystalline seed would not be present to
induce recrystallisation via SPEG, the impossibility of having a nanowire bend towards the ion
beam whilst it is still crystalline is problematic. However, ibjadiating tapered silicon
nanowires the authors managed to bend only the fully amorphous narrofvatipanowire

whilst the wider base was still partially crystalline. Unfortunately, during SPEG the nanowire
shape changed becoming straight adair], [184] Therefore, even in thisxample the
engineering of single crystalline nanowires bent towards the ion b@snunsuccessful and
therefore performing 11B without the deleterious effect of amorphisation was an additional

motivation for this work.

To answer both fundamental questions regarding the 11B phenomenon and to overcome the
challenge of engineering bemhgle crystalline germanium nanowires, irradiations at elevated

temperatures have been performed.
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2. Design of the experiment

As stated in the experimental metsathapter germanium nanowires were deposited onto a
molybdenum TEM gricandwere in mostases isolated enough to be free to move during 11B

without any interference from adjacent nanowires.

The thickness of the nanowires varied from one to another. For this reason, the prepared
samples contained nanowires which according to the literaturlel ednibit opposite
behaviour when subject to ion irradiation as the bending direction has been reported to be

influenced by the nanowire diamefér], [114].

The nanowires were irradiated in situ of a TEM in the MIAMiacility with a 30 keV xenon
ion beam. To follow whether bendirggcurred the microscope was operated in BF image
mode. The microstructural evolution was also monitored using DEimgas well as the
SADP which enables the detection of Hmaorphougingsto identify any regions in which

major amorphisation was inducggl].

The nanowires were irradiated at either RT or at elevated temperature as it had been verified
in previous work that such temperatures could prevent amorphifa@ipfil50], [152], [229]

The ion irradiations were performed at a temperature ofGQ@G&ing a doubktlt heating

holder with fluxes ranginfrom 5x10 to 2.5x132 ions.cm®.s2. Whilst the flux was chosen

to have values high enough to rapidly induce 11B during the experiments, higher fluxes were
avoided as they might induce an accumatabf damage that surpassed the dynamic annealing

and thus lead to the amorphisation of the nanoirg3).
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3. Results and discussion

3.1. Bending of germanium nanowires towards the ion beam at
400°C

The bending of germaniumanowires towards the ion beam when irradiated at elevated
temperature (40@) was observed during these experiments. It has been shown in the literature
that there is a competition between the annealing rate and the damag27Ja{@52]
Therefore, as the elevated temperature does not necessarily guarantee that amonpiiisation
not occur, theselected area diffraction patter(SADP9 before and after irradiation were
captured to verify whether the nanowires were still single crystalline iaféeliation. The
presence of strong diffraction spots without accompangimgrphos rings indicated that the
nanowires were indeed still crystalline after irradia{ib25]. To illustrate this, an example of

a bent single crystal germanium nanowire is shown in figure 4.1atR TEM image of the
nanowire and its SADP (a) before and (b) after irradiation. In both SADPs, the presence of
amorphousings was not observed indicating that the irradiation conditions were adequate to
prevent any major amorphisation. SADPs were cagtaleng the length of the nanowires to
ensure that the existence of diffraction spots and the absence ahtiphousings were
consistenttparticularly in the bent regions. This procedure has confirmed that, even in the

most curved regions of the naniogs, amorphisation was not detected.
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Figure 4.1 BF-TEM images and SADP of a nanowire: (a) before irradiation; and (b) after 30
keV xenon ion irradiation at 40G to a fluence of 7.1xt6ions.cn®. The projection of the

ion beam direction onto the image plane is indicated by the red arrow in (a). The scale bar in
(a)dsoapplies tamage (b). The SAD$before and after irradiation are characteristic of single

crystalline material.

It might be argad that major amorphisation has in fact occurred during the IIB and that the
amorphous material induced by the ion was stable enough during the bending of the nanowire
but had recrystalliseavhen the SADP was capturgthe elevated temperature of 4Q0is

known to be elevated enough to prompt SPEG in germanj@gj, [26]. To limit this
possibility, the SADR were capturedmmediatey after the ion irradiation. Furthermore, an
additional irradiation was performeduring which the SADP was monitoreahilst the
nanowire was bendindue to theirradiation It should be noted that execution of such an
experiment can be problematic as the specimen can move due to the ion irradiation and that
consequently the area selected by the aperture can change requiring constant readjustment and
may briefly include surrounding nanowires or other material. Howevercas be observed

from the SADPs in figure 4.2, amorphisation was prevented and a rotation of diffraction spots

185



around the 000 spot was induced. To accurately interpret the SADPSs, it must be understood
that some spots may appear or disappear during theéatteeddepending on which planes
happen to satisfy the Bragg conditions as the bending prof&afjsTherefore, in the SADP

at two different fluences shown in figure 4.2(a) and (b) only selected diffraction spots indicated
by the blue arrows are chosen to illustrate the rotation which was caused by the bending of the

nanowire during |1B.

Figure 4.2 SADPs of a nanowire captured during irradiationfluences of (a) 8810
ions.cm? and (b) 9.610' ions.cm®?. The diffraction spots indicated by the blue arrows have
been chosen to illustrate the evolution of the SADP. A diffraction spot chosen as reference is
indicated by the dashed black arrduring the bending of the nanowires, several spots such

as spotsif and (ii) moved during the motion of the nanowire. However, wihisintensity of
thediffraction spot chosen as a refereneeed, itdid not move during irradiatiomndeed, the
intensities of the diffraction spots may vary during the ion irrachaéiod some may appear

and disappear as the intensities of the spots depend on how close to the Bragg conditions the

diffracting planes are during the nanowire motion.
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Further evidence of the singbeystal character of the bent germanium nanowires cénoes

the centred darKield (CDF) TEM images In figure 4.3(a) and (b), BFEM images of a
nanowire are shown before and after irradiation, respectively. After irradiation the nanowire is
aligned with the ion beam similar to the nanowire presented above in figure 4.1(b), the SADP
in figure 4.3(b) shows that no major amorphisatas occurred. However, another effect of
radiation damage is observable in that the nanowire is clearly thinner after irradiation. The
thinning of the nanowire is attributed to sputtering and may be a factor which limits the degree
of manipulation of th@anowires (especially if IIB is to be induced multiple times on the same
nanowires)[230] £234]. Figure 4.3(c)e) shows the nanowire at another tilt angle with (c)
featuring a BFTEM image and (gd(e) CDF images. As can be observed, the naeawbright
across its whole diameter in the CDF images. If one side of the nanowiramemnghousand

the incident electron beam ware parallel tothe interface between the amorphous and the
crystalline phasethe nanowire would have been only partidlyght on the crystalline side

and dark on the amorphous sidie other configurations, (i.e. thecidentelectron beam not
exactlyparallelto the interface), it is very likely that the side most exposed to the ion beam
(the one facing the ion beam in projection) would have apdeaore or less dark depending

on how much of the amorphous phase cut across the incident electrof2b8armn contrast,

in figure 4.3 the contrast can be considered as uniformly bright across the nanowire. On the
otherhand,it must be noted that even if only regions along the nanowires are bright, it is to be
expected that not afif a bent nanowire will ben the same Bragg condition. For this reason,
two different Bragg conditions have been selected to generate thd ERkmages which are

shown in figure 4.5(d) and (e).
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Figure 4.3 (a) BRTEM image of a nhanowire before irradiationd®(’C temperature and (b)

after irradiation to a fluence of %40 ions.cm? inducing bending and sputtering of the
nanowire.The SADP in (b) shows that amorphisation has not been detected aftemitiadpe

of the nanowire towards the ion beam. The same nanafteeirradiationis shown in (c) at
another tilt angle in BHEM image mode and in@DF-TEM image mode which correspond

to (d) a (r r \) condition and in (e) to a§u $ condition. The projectioaf the ion beam direction

onto the image plane is indicated by the red arrow in (a). The scale bar in (a) is also valid for
the other images in the figurk.must be specified that the images (b), (c) and (d) were taken
at a different tilt angle (close to zone axis) for the reason that they were captured during a post

analysiswhoseaim was to perform HRTEM.
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3.2. lIB mechanisms

In the literature, the first wiirreported on the bending of germanium nanowires via the use of
ion beams has defined amorphisation as a requirement fidBtteeoccur{20]. Indeed, i{20]

bending away was obsexvé¢o occur when partial amorphisation was induced, whilst the
bending of the nanowires towards the ion beam was said to be possible only when full
amorphisation was achieved and ion hammering was identified as being the cause of IIB
towards the ion beamt is therefore interesting to have induced bending of germanium
nanowires towards the ion beam without amorphisation. It is worth noting that the same
conclusionhasalsobeenreported for the bending of silicon nanowires towards the ion beam
[177], [184] To compare to that work in a similar manramgquivalent experiment has been
carried on silicon nanowires again at elevated temperature. The results of this experiment are
presented ippendixA and demonstrate that silicon nanowires too can be bent towards the
ion beam without becoming amorphousr Ehese reasons, ion hammering as a cause of the
bending of nanowires irradiated at elevated temperatures can be dismissed. More generally,
this mechanism is not to be totally ruled out as it may still play a role during bending at RT
However,these expements cast doubt on the influence of ion hammering as it is now clear
that another mechanism can induce the bending of nanowires towards the ionrusam

conditions wheréon hammering camot occur

An important feature of irradiations performed atvated temperature ithat the thermal
energy provided must be great enough to prevent the damage accumulation that would
otherwise lead to the amorphisation of the structifirill crystallinity is to be retained, the
thermal energynustensure that theecombination of defects is able to occur at a higher rate
than their accumulation. As stated in the literature, the requisite temperatures to perform such

irradiations depend on numerous factors and can therefore vary depending on the experimental
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conditions[152]. In the work presented here, even at high fluences the nanowires remained
crystalline. For instance, the nanowire shown in figure 4.4 is still crystalline after being
irradiated at 40TC to a fluence of 2.7x1Bions.cm? corresponding to a peak of 35 dpa (i.e.

the dpa is calculatenh the region containing the peak of the damage pruofite a width
measuring £0.Df the total damage rangeiknowing that germanium has been reported to
become amorphous above @Ba when irradiated at RT with germanium id@8], it is
reasonable to assume that the nanowire shown in figure 4.4 would have suffered amorphisation
if the irradiationhad beerperformed under the same conditions but at RT as the peak dpa is
two orders of magnitudgreater tha®.3. As amorphisation has not been observed even at this
relatively high fluence, it is reasonable to conclude that the elevated temperature has prevented
major damage accumulation. Thigbservation regarding the preventiaaf damage
accumulation isn disagreement with proposed mechanism based on the distribution of point
defects within the nanowires used to explain the ben@®7g, [114] Indeed, for this
mechanism tooperate, point defects must generate enough volume expansion and/or
contraction to induce an imbalance sufficient to make a nanowire bend towards or away from
the ion beam. As major damage accumutatias been prevented in the experiments reported
here, this mechanism is also unlikely to explain how the germanium (and silicon) nanowires

have bent towards the ion beam at elevated temperature.
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Figure 4.4 BF-TEM image and SADP of a germanium nanowiradiated ad40C°C to a
fluence of 2.%10" ions.cm? showing that in this casthe elevated temperature may have
prevented the bendirfgpom occurring The projection of the ion beam direction onto the image

plane is indicated by the red arrow.

191



Figure 4.5 IDRAGON profile showing the distribution of implanted xenon atoms in the cross
section of the nanowire shown in figure 4.1. According te ¢alculation, most of the ions

were implanted within the half of the nanowearest tahe irradiatedgurface

Whilst major accumulation of damage has been prevented, the effect of xenon ions which might
have been implanted into the nanowire must be considered as they may induce volume
expansion. Indeed, even though inert gases have often been répaitede out of the target
materialas they do not bond with the latti8¥], TEM observations have also shown that they
could remain implantednd agglomeraten the vicinity of thér average implantation depth
[235]. To consider this podslity, IDRAGON was run for the nanowire shown in figure 4.1 to
determine where the xenon ions would be implanted. The outcome of the calculation is shown
in figure 4.5 and indicates thamless atomic diffusion or channelling occurrég@, majority of
theions were implanted closer to the ibeamfacing side of the nanowire. If the xenon ions
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did not diffuse out of the structure and remained close to this implantation depth, they may
have induced a volume expansion in that side of the nanowire. In Sikctation, similar to

the mechanism descrithby Borschel et al[97], [114] and detailed in the literature review of

the current work, a volume pansion of the iofbbeamfacing side of the nanowire could induce

a bending of the nanowire away from the ion bg@w#j, [114]. As the nanowire in th case

has instead bent towards the ion beam then it can be assumed that if a volume change due to
the implanted ions were operating then it is not a primary cause of bending as it has been

overcome by another mechanism.

The mechanism based on the unetl@rmal expansion was proposed on a material whose
thermal expansion coefficient was negative. However, in the case of germanium and many
other materials such as silicftB84], gallium arsenid¢97], aluminium[175] and zinc oxide

[114], bendig towards the ion beam has been observed despite a positive thermal expansion

coefficient over a large range of tempera{@@6] £239].

In [20], 1IB has been induced on germanium nanowinesliated with a 30 keV gallium ion
beam at RT at an angle of*4®lative tothe ion beamVia theIDRAGON implantationprofile

of suchananowire it was determined in the present work timaist of the ionsvereimplanted

in theion-beamfacing side of the nanowires irradiated29]. In sucha case, if the thermal
energy provided by the ion beamereresponsible for internal volume changes then it would
induce an expansion in the Hyeamfacing side of the nanowire. This swelling could
consequently lead the nanowire to bend away from théo@am. However, in reality the
nanowire bent towards the ion beam meaning that some other mechanism must be responsible
for the bending. Likewise, if176] a100 nm widesilver cantilever was irradiated by a 30 keV
gallium ion beam at amitial angle . of 52°. According to SRIM, the ion range and most of
the energy loss to phoneare within the first 10 nm dhe target materialHowever, similar

to the germanium nanoxes given as exampsabovein figures4.1 and 4.3the cantilever also

193



bent towards the ion beam whereas a mechanism based on thermal expansion would have

driven it in the opposite direction.

In conclusion, out of all the mechanisms proposed in thatiter, only tlese reported ifiL22],
[175], [176], [178] and based on the dynamic atomic rearrangement of the surface and
subsurface are capable of explaining the bending of the nanowires towards the ion beam as

reported here.

In figure 46(a), the BFTEM image of a germanium nanowire beforadiation is shown and

in figure 46(b) the BFTEM image of the nanowire bent after irradiation is shown as well as
the SADP, whichattests that the nanowire remained crystalline. However, in addition to the
shape modification of the nanowire, it candieserved that the ion irradiation has caused a

degree of sputtering.
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Figure 4.6: BF-TEM imagesf a nanowirga) before and (b) after 30 keV xenon ion irradiation
at 400C to a fluence of 1.2x1Bions.cm?. The projection of the ion beadirection onto the
image plane is indicated by the red arrow ing@agl the zones corresponding to the sections
where the sputtering yield was measured are shown by tlaeroxas The scale bar in (b) also

appliesto image (a). The SADP after irradiatieindicativeof single crystal material.

The method to evaluate the sputtering yi€g (uring irradiation at amitial angle . of the

nanowire of radiusK) (cm) based on its radius) (cm) after sputtering is described below.

The number of atomi¥a removed from a nanowiieradiatedsurface per c&atoms.cn¥) at

a fluenceHs expressed bgquationd. 1
0,L5HS (4.1)

Therefore, the number of atoms sputtered away Wwhen a nanowire of length 1 cm has
reached a radius)(is expressed in equati@g® with the approximation that the nanowire is

cylindrical and remaisicylindrical during irradiation.
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#.L 5 HOHt HNHs? | 4.2)
The volume sputtered/§) from the nanowire catherefore be calculated as a function of the
atomic densitydq) in atom.cm® of germanium as shown equatiord.3.

%L%@Hs?l (4.3)

The volume sputtered can also be expressed as a function of the ratdris@fiowire before

irradiation R) and aftelandirradiationstep(r) as expressed gquatiord.4.
8L :4°FN:;HeHs?I (4.4)

Theexpressiort.4can be rearranged &muatiord 5.

NL §46 F? (4.5)

Finally, an guation 46 which formulates the decrease of the radius of the nanasit®
function of the sputtering yield deduced below. Indeed, B$ir?= (R ir) x (R+r), the
value of R ir) can be express usieguationst.4 and4.5 and is shown to be a function\&f

which itself depends on the sputtering yi§jd

4 E NL Ean Lo

>a

(4.6)

‘E>8E ?2";

It is worth noting thain equatiord.6 Vs varies during irradiation asdepends on the value of

r which obviously decreases during the irradiation.

After 30 keV xenon ion irradiation to a fluencelo2x13°ions.cm?, the sputtering yield from
the nanowire shown in figure@has been calculated at three different positions along its length
using the equations above. As the nanowire diameter was uneven before irradiation, three

positions were used to examine whether the sputtering differed along its length.
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A sputtering yielchas been estimated in the region which has bent during irradiation (i.e. the
tip of the nanowirelsinga section whose diameter went from 33 to 22 nm during irradiation.
Sputtering yields were also deduced for regions: just below the bendugjriga sction for

which the diameter was 44 nm before irradiation and 33 nm after; and close to the base of the
nanowire in a section measuring 63 nm before irradiation and 52 nm after. The calculations
have shown that the sputtering yield was constant alonuptin@wire and was betweé8 and

64 atoms per xenon ion. The sputtering yield measured has been compared with the SRIM
calculation applied to this nanowire. According to the SRIM calculation, the sputtering yield
is expected to have a value abpproximatelyfour atoms per ion. The discrepancy between
SRIM and the experimental observations is considerable. However, it is worth noting that
sputtering of nanowires is often substantially higher than that predicted for the bulk as SRIM
does not take into accouttte cylindrical shape of the nanowif85], [171] and that the
sputtering yields of matermbombarded at elevated temperature has also been reported as

beingoftengreater thathoseobserved at lower temperatyg30], [232], [240]

Regardless ofrey enhancment tosputtering yield, the sputtering yield wesnsistentlong

the nanowire meaning that the whole nanowire must have been subject to irradiation.
Nevertheless, one clear observation is,thatshown in figure 8, the nanowire did not reac

in the same manner to the ion bombardment as only the tip has bent during irradiation. As only
the thinner part has experienced IIB, parallels can be drawn9vith[114]in which it was

40 4aUsclgU aa_

atin
observed that the value of the rulu_\.i mugrg Kore

5 dictates the bending direction during

ion irradiation. According t¢97], [114], an elevated value of(i.e. above 0.5) would induce

a bending towards the ion beam and a lower one (i.e. below 0.5) would induce bending away
from it. As this nanowire displays a clear difference regarding its diameter at the thin tip and
the rest of its body, it might be suggded based on these publications that the thicker part of

the nanowire, which represents most of the nanowire leagtuld have a tendency to bend
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away from the ion beam. However, bending away from the ion beam has not occurred
anywhere in this nanowirén fact, only a small section of the nanowire has been subject to IIB
and this wagowards the ion beam. This section would have had a higher valuanafthas

bent towards the ion beam whilst the rest of the nanowire which might have been expected to
have a tendency to bend away frojmrémained straight. This observation might imply the
irradiationat 400°C has allowed bending to occuonly towards the ion beamvhilst bending

away was preventedlthoughthe behaviour of this nanowire only suggesthsconclusion,

more evidence afuch hindrancdue to the temperature of irradiatiril be shown below via

the comparison between tefectsof irradiations performed at elevated temperaturetlansie

performed under the same conditions but at RT.

Figure 4.7: BF-TEM images and SADPs of a nanowire (a) &dt8® keV xenon ion irradiation

at 400C to a fluence of 2.7x1Bions.cm? and (b) after a subsequent irradiation at RT to a
further fluence of 7.5x¥8ions.cni®. The projection of the ion beam direction onto the image
plane is indicated by the red arrow in (a). The scale bar apfd)es tamage (b). The SADPs
show that theirradiation induced considerably more damage accumulgliesding to

amorphisationyvhen it was performed at RT.
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One important element of the experiments performed at elevated temperature is that not all
nanowires were observed to bend, but that thesedid always bent towards the ion beam.

This contrasts with several experiments that have been performed under the same conditions
at RT. In theseasessome nanowires bent towards and others bent away from the ion beam.
Considering this difference otbaviour of the nanowires irradiated at elevated temperature, it
can be hypothesised that at the elevated temperaturadabtieanisms, which prompted the
bending awayare suppressed. Interestingly, mlechanisms, which would induce bending
away from the on beam,require some degree of damage accumulation to lead to either
amorphisation or to a nemniform distribution of point defects. As major damage accumulation

is prevented at 400°C, it is therefore perhaps understandable that bending away was not
obseved. Figure 4 is a clear example of the difference in behaviour of the same nanowire
irradiated at these two different temperatures. The nanowire is initially irradiated at elevated
temperature under the conditions described in the experimental sethenelevated
temperature prevents major damage accumulation and the nanowireegorgstalline as

shown by the SADP inset intbe BFTEM image in figure 4.(&). The nanowire was irradiated

to a relativelyhigh fluence oR.7x13°ions.cm? butstill remained unbent. The assumption is

that the damage accumulation was preveagdas the mechanism responsifibe bending

away. In figure 4.(b) the BFTEM image and the inset SADP show how a subsequent
irradiation performed at RT affected the nammewIn this second irradiation, an additional
fluence which is more than one order of magnitude below the total irradiation performed at the
elevated temperature has a tremendous effect on the nanowire. As shown by the SADP, at RT
the accumulation of darga during irradiation occurs and the nanowire consequently suffered

from amorphisation with the characterisimorphousings visible in the SADP31], [203].
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In addition, the nanowire has bent away from the ion beam, presumably because the

mechanisms based on damage accumulation were free to operate.

4. Conclusiontemarks angberspectives

Following experiments reported in the literature on tapered silicon nanddiréy [184]

doubts can be cast upon the possibility of recovering the crystallinity of nanowires whilst
preserving the bending induced via llBonsequentiythe results ofhe experiments presented

here can have a practical interastthey demonstmatthe possibility of inducing bending of
germanium nanowires towards an ion beam whilst still preserving their-sirygtal character

by performing the irradiation at elevated temperature. Furthermore, as silicon nanowires have
also been successfully gabt to nanomanipulation via IIB at elevated temperature and still
remained crystalline (se®ppendixA), the process used in this work seems to be transferable

to other materials.

As stated above, 1IB towards the ion beam is probably the most effectivefwadigning
nanostructures as compared to IIB away as alignment of nanostructures can be readily
controlled by positioning the ion beam péghto the desired orientatiomHowever, in both
directions,lIB can be an unwanted effect of the doping of nanostructures using ion beams and
thus a way to prevent such bending is desirable. From this view, the current work indicates that
if doping is performed at elevated temperatures then the bending candedaa®iong as the
nanowire is under conditions where it would normally bend away from the ion beam. Indeed,
as the experiments have indicated that the occurrence of bending away from the ion beam
requires major damage accumulation, the irradiations peeat elevated temperatures can
constitute an easy way to prevent [IB away. However, more investigations are needed in order
to understand which conditions lead to the nanowire bending towards the ion beam at elevated

temperature or to the nanowire remagn straight (as it cannot bend away at elevated
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temperature). In fact, in a more general sense than just irradiations performed at elevated
temperatures, determining the conditions which lead to particular bending directions is highly
desirable for bothanoengineering and to have a better fundamental understanding of the IIB

phenomenon. For these reasons, this challenge will be addressed in the next chapter.

An obvious question arising from these results is how the lattice which is preserved at elevated
temperatures can accommodate the bending. During these experiments, it has been observed
that some of the nanowires subject to 11B towards the ion beam did not assume the circular
shape which they consistentiaveduring irradiation at RTEigure 48 shows anexample of
suchananowire that did not bend along an arelavated temperature. From the superimposed
images (taken from an in situ video) it candeenthat the nanowire remains straight during

the alignment with the ion beam, thus suggestingttigatrystal lattice prevésit from taking

the typical curveghape observed during irradiation at RT.
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Figure 4.8: Superimposed BA EM images taken from an in situ video shiogithe evolution

of a germanium nanowire during a 30 keV xenon ion irradiatiatO&tC. The projection of

the ion beam direction onto the image plane is indicated by the red arrow in (a). The SADP
before and after irradiation are characteristic of cryseinaterial. The nanowire is shown to

align towardghe ion beam without taking a curvskape.

The nanowire shown in figure 8(b) took a aurved shape close to its tip whilst remaining
unbentfurther along its lengthAn attempt has therefore been masledmpare via HRTEM

the impact of the ion beam on these two distinctly different regions of the nanowire.
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Unfortunately, acquiring lattice images of the bent section of the nanowaref®und to be
challenging using conventional TEM techniques. Thus,giestion remains as to how the
lattice adjusts to the circular shape of the nanowire and should be a focus of future work. For
instance, the bending might induce dislocatitmaccommodate internal stress. Furthermore,

as shown in figure 9, when a nanoire takes a warved shape the lattice might be under

compressive strain on the inside of the arc and tensile strain on the outside.

Figure 49: Schematic of a nanowire bending towards the ion beam whilst talaingudar
shape. The radiusafc) should be measured using the neutral axis of the nanowire to determine

the strain as a function df according to equatio#..

, ] WKH QDQRZLUHYV DUH XQGHU VWUDLQ D ViegagdidgithetEHDP W
magnitude of the internal strai241]. In the inner section of the nanowire, an internal
compessive strain can be expected whilst on its outer section the strain will be tensile. The
absolute term of the straiff)(increases as a function of the distartgftom the centre of the

nanowire (known as the neat axis) as shown in figure 4.9
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According to this model, the strai® can be expressed via equatibi as a function of the

radius made by the nanowifierc) anddy.

YL (4.7)

&vi

Usingequation 4.6n germanium nanowires bent via [IB4&0°C values of strain abov&%o

have been calculatett. must be recalled that (as stated in the experimental method ghapter
the radius observed in the TEM and usedstazhcalculation is most likely underestimatasl

it is measured based on the projection of the nanswiné the image plan€onsequently,
whilst the exact curvature can be determined in future work via tilting the-T&dlj here,
based on the available Bfages, the deformation of the nanowioes of the image plane is

not taken into acamt and the calculated values of strainthres also underestimated

As a strain of a fewercen{165], [167] (or alternatively a combination of strain and heavy n

type doping[242]) have beenaported to induce a direct bagdp behaviour of germanium,

lIB at elevated temperatures may be a promising technique for optoelectronic applications as
direct band gap transitions can allow light emission. Furthermore, as the bendiniinisted

to the use of inert gases, a combination of strain and heavy doping can be readilydachieve

during IIB to facilitate bandjap engineering of germaniy®v].

To conclude, on a more general note theadack in the literature regarding how the [IB might
affect other characteristics of the bent nanostructigtesh aghe influence of the 11B on the
band gap of nansemiconductors as well as its potential impact on piezoelectric nanostructures

such as ZnO nanowirgs
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Chapter 5ion induced bending afanowiresat
RT and subsequent annealing

1. Context

In the experiments reported in the previous chapter, the bending of germanium nanowires
towards the ion beam was achieved via ion irradiatid®@tC Theseexperimentatonditions
haveallowed the nanowires to remain crystallidering 11B, thussuggesng that bending
towards the ion beam can occur without the operation of mechanisms based on damage

accumulation.

In chapter 4 experiments were also performed aaRI comparisobetween theeand the
irradiatiors achievedat elevated temperature have whdhat the nanowires were observed to
bend awayonly at RT(i.e. only under conditions where major radiation damage was not

prevented by the elevated temperafure

To be truly accurate, whilst these restilgszeshown that damage accumulation was require
for bending away, the question remairt@a/hetherdamage accumulation &so responsible
for the bending towardthe ion beanwhen the irradiation is performed at RT. Besides, the

irradiation conditions which dictatélse bendinglirectionareyet tobe defined.

The bending of nanostructures via the use of ion beams cesedireliably only if the direction

of the bending can be controlled. In the experiments presented in the current chapter, the
germanium nanowires were irradiated at RT by xenos iloorder to determine which factors
influence their bending direction. For this reason, a great use of the tilting procedure was made:
whereas irthe previous chapteit, was principally utilised to verify the bending direction of

the nanowires, here the tilting procedure was also performed to fully characterise the
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orientation between the ion beam and the nanowires as described in the experimental method
chapter. As thengle between the nanowire and the ion beam was known, the IDRAGON
implementation ofSRIM was extensively exploited allowing verification of whether the
bending direction could be correlated to #veragalamagedepth Furthermorethrough this
compariso of the simulation and the experimental results, insights into the mechanisms behind

IIB were gained.

The 1IB phenomenon, and particularly its use to align an array of nanowires towards an ion
beam, makes it a powerful tool for nanomanipulation. Howeterannealing step which is
routinely performed to remove the damage accumulatethgl ion irradiation has been
observedo undo the alignment obtained during 11B towards the ion 4a&m, [184] This
observation was made l®ecoraet al. [177], [184] after experimentations performed on
tapered silicon nanowires and the geometry of these structures may therefore have influenced
the outcome[177], [184] The stability of 1IB curvature during annealing remains to be
investigated for the case of ntappered nanowires. In the literature, experiments performed on
both silicon and germanium mewires have indicated that bending towards would occur only
when the nanowires were fully amorphous thus makiveguseof SPEGproblematicas it
requires the presence of a buried crystal within the nanostryeQi;e[177], [184] In the
experiments reported in this chapter, the nanowire®irradiated at RT to induce bending
(away from ottowards the ion beam) and thewdsverified whetherthe nanowiresverefully
amorphousAfterwards,the nanowiresveresubjected to annealing to investigate the stability

of the bent structures. The conclusion of the annealing experiments provideblealu
information for nanoengineering applications as well as giving further insights on the

mechanisms which regulate the [IB phenomenon.
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2. Method

The samples were prepared in the same way as those irradiated at elevated temperature (see
chapter 3 and) resulting in singlerystal germanium nanowires with lengths ranging from

100 nm to 2 um and average diamet&pranging between 15 to 60 nm. The nanowitessen

to study the IIBeffectwere thosdeft extending into free space from the TEM molybdanu

grids. As the diameter and orientation varied between nanowires, this resulted in a range of
values for thenitial normalised average damage dep# (the ratio of the average damage

depth to the diameter of the nanowire).

The TEM was operated at 200/ kn the MIAMI-1 system where the nanowires where
irradiated by a 30 or 70 keV xenon ion beam at RT with a typical flux Bfides.cm2.s2.
Two different energies were chosen to further increase the range of values take dy
evaluateY, the IDRAGONCcode was used as described in the experimental section with SRIM

UXQ LQ 3**HWDLOHG FDOFXODWLRQ ZLWK IXOO GDPDJH F
for germanium was set to 21 eV. The dpa were calculated in the same way as described in

chapter 3.

A tilting procedure was performed before the irradiation to determine how the nanowires were
oriented with relation to the ion beam at the beginning of the irradiation using the equations

and the method detailed in the experimental methods chapter. Vidtitlgeprocedure the

initial DQJOH . ZDV WKXV GHWHUPLQHG ZKLFK, chDrkéspondlB W HG L C
to the angle between the ion beam and@hBUP D O W R Wdkid AQdD i@parliAtiob) tHe]] V

specimen stage watted once more to determine the bending direction.

The TEM was operated in BF mode to follow the morphological evolution of the nanowires

whilst SADPsand DFimageswere used to further monitor the microstructure of the nanowires.
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3. Results andiscussion
3.1.Irradiation of germanium nanowires at RT

3.1.1. Results
In figure 5.1(a) and (b), @ = 52 nm germanium nanowire is shown before and after irradiation
by a 30 keV xenon ion beam at RT, respectively. On the bottom row of figure 5.1 ((c) and (d))
a gernanium nanowire whose average diameter is smaler 89 nm) is also shown before
and after irradiation by a 30 keV xenon ion beam. During these irradiations performed at RT,
both nanowires bent and suffered from radiation damage. The accumulation dbmadia
damage iclearlydemonstrated by the SADPs in figure 5.1(b) and (e) which indicate that the
nanowires are partially amorphoafier irradiationas evidenced by the coexistence of both
amorphousgings and diffraction spot®203]. However, even though both the nanowires are
partially amorphous their behaviour diffeisideed,it can be seen in these figures (and
confirmed via the tilting procedure) that the nanowires have bent in opposite directions: the
nanowire in thedp row has bent away from the ion beam and the thinner nanowirepartae
(c) and (dhas bent towards it. It is worth recalling that an individual TEM image does not give
complete information regarding the angle between the nanowire and the ion beam. For
example, the nanowire shown in figure 5.1(a) is inclined in such a way that it iefore
irradiationan angle. = 37° whilst the BFTEM image could be interpreted as§ fAs
detailed in chapter 3, the calculation ofvas determined via a tilting procedure performed
before irradiation The ratio Y wasthus calculated usindRAGON for the two germanium

nanowiresshown n figure5.1(a) andd).
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Figure 5.1 BF-TEM images and SADPs of (agermanium nanowire before a 30 keV xenon
irradiation at RT and (b) after the irradiatianh a fluence of 3.3xions.cm? which has
prompted IIB away from the ion beam. On the bottom row thd BM images and the SADPs
show (c) a germanium nanowire before a 30 keV xenon irradiation at RT and (d) after the
irradiationat a fluence of 3.9xt0ions.cm? which has prompted lIBotvards the ion beam.
JRU HDFK FDVH Y LV Jherprbfectiof of e itn@&m Bnto the image plane is
indicated by the red arrow in (a). The scale bar in (a) @pdies tothe other images in the
figure. The conditions of irradiation ohé nanowire in (a), (b) and in (c),(d) are resumed in

table 1(xi) and (vi), respectively.
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Similar IDRAGON calculations were performed for a total of 11 nanowire irradiations
(including those shown in figure 5.1) and are summarised in table 5.1 whichiasothe

average diameter, the xenon ion energy used, the bending direction and the damage profile
generated by IDRAGON. It is striking that all nanowires but one (which will be discussed
below) follow a trend where the bending direction can be relatihe amage profile. Indeed,
QDQRZLUHV ZLWK ORZ Y KDYH EHQW DZD\ IURP WKH |
Y . KDYH EHQW WRZDUGYV LW &RQVHTXHQWO\ LW LV H®
WKH QRUPDOLVHG G Rricxalpara@etes Wkthé banding direction and that a

threshold value for reversing the bending direction is found around 0.35.

210



Table 5.1 The table summarises the experimental conditions and results obtained when 11

germanium nanowires were irradiated by xenon ion irradiation at RT. The colour scale under
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WKH WDEOH LV YDOLG IRU DOO WKH ,'5%$*21 SURIle@HV ZLWK
of damage witm each individual nanowire (i.e. not the maximum damage level across all 11

nanowires).

As illustrated by the image and SADP of the nanowire in figure 5.1(d), the nanowire has bent
towards the ion beam but is not fully amorph{243]. This constitutes an inconsistency with

the mechaniss proposed i20], [177], [184] (i.,e. A modification of the density of the
amorphous péise during irradiation and then hammering)which require that full
amorphisation must occur for the nanowire to bend towards the ion beam. Indeed, it has been
proposed that before full amorphisation of the nanowire the presence of a crystalline strip
would preserve the rigidity of the nanowire and therefore prevent bending towards the ion beam
[184]. In the work presented here, bending of namesvitowards the ion beam has been
observed to occur immediately or rapidly after irradiation. In these caghs,fagence is very

low the nanowires must be crystalline at least in the region outside the damage~mnge.
instance, the nanowire whosetial experimental conditions are summarisedable 5.1(iv)

rapidly bent towards the ion beaat fluencedower than2x10' ions.cm®). At this fluence,

the regim beyondthe damage range>0.38 of &) has a dpaf only 0.06 thus,well below the

dpa at which amorphisation is expected to occur under these cond#6hs[244]
Consequently, as the nanowire was mostly crystalline when gdbeanding themechanisms

based ommorphisationo explain the bending towards the ion bedescribed in the literature

review) cannot be regarded as valid for the bending of germanium nanowires.

To further investigate the other proposedchanisms thatould potentially explain the
bending phenomenon, the case of nanowires which have bemtd®e ion beam but that
KDYH PRVW RI WKH UDGLDWLRQ GDPDJH FORVHU WR WKHLU

in the following section.
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As discussed previously, a few mechanigmgposed in the literature are based on internal

density changes occurring due to damage accumuldtiothis subsectioreach of these

proposed mechanismill be consideredalong with other consequences of ion irradiation

which may similarly induce deity changes)RQ QDQRZLUHV ZIKwilUtHenbe
GHPRQVWUDWHG WKDW QDQRZLUHV ZLWK Y ZKLFK LQ V
towards the ion beam should in fact have bent away froifninideed densitychangebased

mechanisms wer®te invoked as the main driving mechanisms in operation

Before considering the mechanisms proposed in the literatureyénall effect of Frenkel

pairs must be considered (in contrast with the mechanism proposed by Borschf&t al
[114]. which is based on the waywhichthe point defects are distributed within the nanowire)

as it can potentially induce an overall density change in timaged region. As detailed in the
literature review in chapter 3, there is a relaxation around point defects which can lead to a
volume contraction or expansion depending on the type of defect (i.e. vacancies or interstitials,
respectively)[86]. However, in germanium the amount of swelling around interstitials is
considered to be either equalor greater than the volume contraction around vacaf&?$s

[98] )RU WKLV UH DV Ridenziky ldi@anges due to point defemts considered as

the onlydriving mechanisra for the bending of the nanowirélse overall resultwould be
swelling to the iorbeamfadng side As stated in the literature review stress between a less
dense iorbeam facing side and the opposite side should lead to bending2®kd97], [114]
Consequently, the result of such a mechanism operating in isolation would be oppbsite to
which has been observed in the wodported here: that benditgwards the ion beastould

occurfor nanowires undenitial conditions vinere Y < 0.5.
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Similarly, a stress between regions of different density has been proposed by Romano et al. to
explain the bending away from the ion be@fl]. The authors describdww amorphisation
localisedon the ionbeamfacing side of the nanowirshould induce a stress between the
amorphous region and the crystalline region of the nanowire, and ultirdatedythe nanowire

to bend away from the ion beam. However, whilst éxislanations reasonable, several of the
experiments presentdereinhave indicated otherwise. For instance, as shown by its SADP,
the nanowire in figure %(c) and (d)for which Y< 0.5,has become partially amorphous during

the irradiation but havent towards the ion beam until being aligned withTiis is in
contradiction withthe mechanism proposed[20], showing that such nanowire (with Y <

0.5 should bend away from the ion beam due to the stressdretive amorphous phase and

the crystalline phase.

Similarly, a density change due to the presence of implantedsiamddalso lead nanowires
having a ratioY < 0.5 to bencaway from the ion beajeven though nanowires under these
experimentatonditions (Y < 0.5) have instead been observed to bend towards the ion beam.
An example of such behaviour contradicting the major role of the implanted ions in the bending
effect can be demonstrated when analydiegnanowire shown in figure §d. As illustrated

by figure 5.2 showing the IDRAGONenerated implantation profile of the nanowire in figure
5.1(c), most of the implanted ions &gected to bocated in theon-beamfacing side of the
nanowire. They willthus (assuming they do not diffusaioof the nanowire or otherwise
significantly redistributg lead to a volume expansion of the dbeamfacing side and

consequently make it bend away from the ion baadnotas observed, towards the ion beam
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Figure 5.2 IDRAGON implantation profileof the nanowire shown in figure 5.1 under

LUUDGLDWLRQ E\ D NH9 [HOQRQ LRQ EHDP DW . f

Similarly to Romano et aJ20], an internal density change occurring during ion irradiation has
been proposed as a cause for the bending by Borsche[®t]a[114]. Indeed agletailed in

the literature review,he authorsdescribed inN97] and[114] how the distribution of self
interstitials and vacancies induced by the ion beam can cause a density imbalance. However,
in their experiments when the damage was produced mainly on theaoafacing side of the
nanowires, they werebserved to bendway fom the ion beam whilst they bent towards it
when the damage was induced in the whole nanowire -sexd®n. Considering again

nanowires like the one shown in figure 5.1(c), it can be observed that most of the damage is
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located near the surface as evidshby the IDRAGON profile in table 5.1YL ZKHUH Y
0.36. In such aasethe separation of point defects is unlikely to generate the bending moment
which would lead to the nanowire bending towards the ion beam. In fact, as s{&{€daimd

[114], the population of point defects whighalmostentirelyinduced in the iofbeamfacing

side of the nanowire might lead to a net excesetiinterstitialseven though the irradiation
induces Frenkel pair§his excess has been said to be the result dfeaminduced sputtering

[97], [114]. Indeed, as recoils may travel in the target material leaving vacancies closer to the
irradiated surface, the sputteri(ag it occurs relatively closer to the surfaiseinore likely to
remove more material rich in vacancies than material rich in interstitials. This argument was
proposed by Borschel et 7], [L114] and detailed in the literature review chagteexplain

how shallow irradiation shoulghrompt nanowiresto bend away as a result of the volume

expansion in the front facing side of the nanoy4d, [114].

It is worth noting that in the case of the irradiations summarised in table 5.1(iv), where the
nanowirehd D YDOXH RI Y EXW VWLOO EHQW WRZDUGV WKH
UVHG WR ERWK GHW H U Pnid @htisproide irifdchiati&EnHe&dirg &ts Bvolution
during the bendingthus revealing how the range of the damageld haveevolved oncethe
nanowire stagdto bend. Before irradiation th@anowire intable 5.1(iv) is inclined with an

angle of 5.3° upwards (towards the electron beam) and its configuration is such that at the
beginning of the irradiation both its motion relative to tkexis (i.e. an upward bending in the
TEM) and its motion in the xplane (i.e. relative to the motion of the projection of the
nanowire in the image plane) would reduce the average damage depth in this nanowire.
Consequently, as soon as the bendingestdhte range of the ions stadto be even more
reduced thus enhamgj the conditions which according to the mechanisms stated,abovid

have mde the nanowire bend away from the ion beam as propodeatibiRomano etla[20]

and Borschel et a]97], [114]instead of towards it as observed in the work presented here.
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To concludethe way in which all thenechanisms based on radiation damage induce density
changes should haveake nanowires having values 8f< 0.5 bend away from the ion beam

have been described abovderefore, the observation that they have instead bend towards is

at oddswith all of these proposed mechanisms. As¢éhdonot explain the bending of the
nanowres towards the ion beam, the only valid mechasismposed so far in the literature

as an explanation for such bending are those based on dynamic damage rearrangement
proposedn [122], [175], [176], [178] However, it must be stated that the mechansonigr
proposed in the literature abdsed on density changes cannot be entirely dismissetiatnd

the influence they may have on the bending of nanewiiébe addressed below.

3.1.3. Competition of mechanisms

The previous chapter has provided strong indications that IIB away from the iorab&m

was due to damage accumulation and thus could be the consequence of the proposed
mechanisms based on density changtowever, as discussed above, germanium nanowires
may bend towards the ion beam mainly via mechanisms based on surface aswifessar
rearrangement of atoms. Tifluence of several mechanisma the bending of nanowires is

of utmost importance as a competit between different mechanisms mdigtate the 11B

direction of irradiated nanostructures dependingvhich is the dominant ethanism.

As the experiments reported here were performed imsit’EM, they allowed the monitoring

of the bending direction in reéime. From the video recordings, it can be seen that in some
LQVWDQFHV WKH QDQRZLUHYV VHHPMHaZEoWiRIoUK tHregdtiod Bt\tthiéd = EH W
beginning of the ion irradiation. When the irradiation was started, these nanowires were
REVHUYHG WR S\ WUHPEOH™ XQGHU WKH DFWLRQ RI WKH LRQ |
reversing. Such an example is simoin the still frames taken from a BFEEM video in figure

5.3(a)(c) where a 40 nm diameter nanowire was irradiated by a 30 keV xenon ion beam. It
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be seern this figure that the nanowire first bent towards the ion beam as shown in figime 5.

before permanently bending away from it at higher flusreee shown in figure 3(c). The
QDQRZLUH LQ WKLV ILIJXUH ZDV LUUDGLDWHG XQGHU FRQGL
was 0.31. In fact, all theanowiresthaV HHPHG WR :KHVLWDWH" EHIRUH DVVX
GLUHFWLRQ KDG Y EHWZHHQ DQG W FDQ WKHUHIRI
(being close to the tipping point where the bending direction reverses between away or towards

the ion beamare also the values at which the competition between the mechanisms is more
FOHDUO\ YLVLEOH DV WKH\ OHDG WR W Htidarelle @r@ubt@al SKHV LW
E H F D Xovlfrepreserdthe initial experimentatonditions the reversal of énding is due to

the change ddlphaandthus of the damagange during bendg. However, during the reversal

of the bendingdirection, the nanowireseems to coméack to its initial position (and

inclination) andstill kees bending away. For this reasdhe evolution of the damage range

cannot alone be responsible for the bending reversal. Instead, the irraghagiomodify the

structure in a way which has slightly favoured conditions for bending awaynéavoured

conditions for bending towards tien beam, thus leading to the bending reversal.
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Figure 5.3: BF-TEM images of (a) a germanium nanowire before 30 keV xenon irradiation at

RT, (b) after irradiation at a fluence of 1*4ns.cm? which has prompted 1B towards from

the ion beamand (c) at a fluence of 3x26ions.cm? showing that the nanowire bending

direction has changed during subsequent irradiationthsnbends away from the ion beam.

The projection of the ion beam ontetimage plane is indicated by the red arrow in (a). The

scale bar in (adlsoappliesfor the other imageis the figure. The ratioY LOOXVWUDWLQJ Wk
condition of irradiation corresponds to a value of 0.35 and is thus close to the threshold value

for bending direction reversal.

As stated above, when the range of the ion is low, damage accumulation may induce both the
presence of a crystalline phase and an amorphous phase in the nanowire. For instance, the
presence of both these phases is evidebgélde SADP of the nanowire shown in figure 5.1(b)

and by the DFTEM shown in figure 3. As the nanowire must have bent away from the ion
beam due to the stress between the two phases there is a similarity with the situation where
bending occwsin structires made of thin filmdeposited on a substrate. Indeed, bending of
suchbimaterias (i.e. material made of the combination of a substrate and a thirhfisnpeen
reported as occurringue to the juxtaposition dfvo materias with differentdensitieq245] +

[247], similarly to the mechanisnmzased on internal dengitlifferencesproposed to explain
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nanowires bending awd0], [97], [114] To consider the bending of thin fisr{having a

radius of curvature,), the stress and the strain can be quantified using the Stoney eduhtion

which depends on the thickned$, (Youngy Yhodulus E DQG 3RLVVRQYV UDWLR
substrate and the film as shown in figurg[248]. Therefore, quantifying the forcesl behind

the bending of the nanowire using the Stoney equationrfadified version as if20]), and

replacing the terms relating to the film and the subs(take | Bhbseof the two phases in

the nanowire may seem like a sensible thing to do; however, as will be adirelesv, doing

somayrequire too many simplifications of the problem.

?/pHQp'
NL :57é;pH: H gHey (5.1)
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Figure 54: DF-TEM image of a germanium nanowire after a 30 keV xenon irradiation at RT
to a fluence of 4.7x1 ions.cm? which has prompted 1IB away from the ion beam. The
presence of a crystalline structure is evidenced by the bright fedtheesanowire was siteg
crystalline before irradiatiofas shown by its SADP in figuie1(a)) On the ionbeamfacing

side, the nanowiris dark all along its lengtm the DF imageven in the vicinity of the bright
section thus suggesting that the side facing the ion bisdnily amorphous as a result of the
damag@ accumulation due to the xenimm beam irradiation.The projection of the ion beam

onto the image plane is indicated by the white arrow.
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Figure 5.5: Schematic of the bending of a thin film andsitdbstrate. On the figure the variable
(described in the textequired for the calculatiomia the Stoney equation are based on two
distinct portiors, which are the thin film and the substrate. However, as stated ,aboae
nanowire the two distinct paoins must be replaced by two phas# the irradiated nanowire
for which properties and thickness are difficult to determinevamdh will evolve during the

irradiation From[248].

In the Stoney modglvhich is illustrated in figure 5.and equation 5,1he radius of curvature,
r, can be expressed as a functioryYoling{ Modulus,E, and the Poisson ratio, of the two
phases whose densities differ. However, these variableg€(@aed ) would be difficult to

definein the case of a nanowir&or instance, even if the thicknesfseach phase could be
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determined precisely via DFEM image mode, the density of the ibeamfacingside of the
nanowire might evolve during irradiatioindeed the ionbeamfacingside of the nanowire
might beof differentnature depending on the flumras itcanbecomea damaged crystdbe

made ofa mix of the amorphous phase and highly damage crys#dltogher fluencée an
amorphous phad@7], [117], [125] Furthermore, as stated in the literature review in chapter
2, the poperties of amorphous germanium are particularly complex as the nature of the
amorphous phase can evolve during irradiation and evemtakspongdike structurg121],

[134], [249] Futhermore, as the equation only conssidée effect of the two phases the
curvature of the material, a modification arf equationsuch as equatio®.1 may need to be
done in order to take into account other forces arising from competing mechanisms (which in
this work aresuspected to be the resultdyfnamical rearrangement$ the defects induced

during irradiationk

According to table 5.1, the tipmy point value of Y at which the irradiation will drive the
bending away from or towards the ion beam is between 0.34 and 0.36. However, some of the
reasons which make the use of Stoney equations inaccurate also make this vatrdwalid
relatively similar irradiation conditions. Indeed, the density changele to damage
accumulatiorare necessarily related to the ion used; different ions do not produce the same
types of defects and the same amount of dynamic annealing even when they have the same
range [116], [250] For instance, light ions will tend to generate fewer clusters of defects than
heavy ions and the heaviest ions might even directly induce amorphous poeksiisgle ion
strike[27], [116]. Furthermore, electronic eneripss also differs depending on the ion species
and might lead to a dynamical annealing of the defects thus affecting bending mechanisms
based on damagaduced density changes and based on dynamical surface rearran@&ment
[133]. It is worth noting that the type of defects and their dynamic annealing induced during

the ion irradiation might also depend on the energy used during irradiation, thus altering the

223



threshold value ofY[116]. For these reasons, even if the threshold value has beemited
for a particular range of experimental conditions, a reassessment might be necessary to refine

it for significantly different ion masses and energies.

$Q H[DPSOH RI WKH LQIOXHQFH RI WKH LUUDGLDWLRQ FRQ(
comparing the work of Romano et al[@0] and the present experiments. In their publications
they irradiated single crystalline germanium nanowires with gallium ions at 30 keeMratial

angle . f 9LD ,'5$*prhpailsoR of their experimental results anosthreported

in the work presented in this chapter has shown that the dissimilarities regarding the
experimental conditions have resulted in a difference in the behaviour of the germanium
nanowires. In thevork by Romano et a[20] the nanowires bent towards the ion beam when

Y ZDV $W WKLV Y DheépkebentverkifRHe Getrandiwvih&owires irradiated
herewith xenon ionsvere under this relatively low value,they would have bent away from

the ion beam. Thereforé, can be proposed thaY, in addition to being a powerful way of
forecasting the bending directiomight also be indicative of the type of damage and/or
dynamic annealing induced by the $oas the threshold valwé Y may depends on these
factors It is worth noting that for obvious reasons the value of the ratio will also change
depending on the irradiated materials as damage accumulation will be impacted by the nature
of the material. La$y/, because there are mechanisms involved in the 11B phenomenon which
are correlatedvith the rearrangement of defectd thesurface of the material, it is highly
possible that the nature of the surface also influences the bending direction. In fact, it has been
reported that both the builap and the release of stress can be altered by the nature of the
surface (i.e. surface ughness, surface contaminatiett) [251] £253]. Therefore, in the
current work, the surface of some nanowires may have influenced the bending direction. For
instancepnecould speculateghat the only nanowire which did not follow the trend reldted

Y QDQRZLUH 5.1)mighthaw bée®ddibject to such surface effects.
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3.2.Annealing of nanowires bent via IIB

3.2.1. Annealing of fully amorphous nanowires

Figure 56(a) and (bpresenthe BRFTEM images and SADPs of a germanium nanowire before
and afer irradiation by a 30 keV xenon ion beam at RT, respectively. As demonstrated by the
SADP, the nanowirewhich was a single crystal before irradiatitm@came fully amorphous

after irradiation to a fluence of 7.3x%#@ons.cm? and bent towards the ion beam as shawn
figure 5.6(b). After the irradiation, the sample was hedted temperature of 440°C in order

to induce SPEG ithe event thaa remaining crystalline seedchbeen shielded by the TEM

grid (or otherwise) at thbase of the nanowire and was thus not bombarded by the ion beam
(but also not detected in the SADP). However, as shown in figéfe) 5the BFTEM image

and SADP after 25 minutes of annealing indidatteat the nanowire morphology and its
microstructure @l not evolve as it remained bent and fully amorphous. As the temperature of
annealing wasubstantialyDERYH WKH PLQLPXP WHPSHUDWXUH DW ZK
300°Cin bulk[26]) it can be assumed that the nanowire was indeed fully amorphous. However,
at relatively higher temperatures than that required for SPEG atiocieof crystalline seeds

and growth may occur during annealihge toRNG [31]. As statd in the literature review in
chapter 3, in the event of RNG the nanowire would have become polycrystaltittaus this

experiment shows that the necessary minimum temperature for RNG was not reached at 440°C.
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Figure 56: BF-TEM images and SADSof (a) germanium nanowire before 30 keV xenon
irradiation at RT and (b) after irradiation to a fluence of 7.3%ibds.cn? which has prompted

lIB towards the ion beam. The SADPs indicate that the nanowire was single crystalline before
and became fullyraorphousduring irradiation (c) Annealing at a temperature of 440°C was
performed on the bent nanowire for 25 minutes. No noticeable change ofvssqeserved
during the annealing and the SADP remained unchanged showimgither SPEG ndRNG

has ben induced by the thermal treatméiite projection of the ion beam onto the image plane

is indicated by the red arrow in (a). The scale bar ialgx) appliesor the other images in the

figure.

3.2.2. Annealing of partially amorphous nanowires

As most of thenanowires in the current work were only partially amorphous after IIB,
annealing was able to recover a single crystalline character via SPEG. As shown below, the
way the nanowires responded to this annealing treatment was dependent on their bending

direcion during 1IB; however,a different behaviour was observed when annealing was
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performed on partially amorphous nanowires that were bent away from the ion beam compared

to those thatverebent towards it.

3.2.3. Annealing of the partially amorphous nanowires which bent away from the ion
beam

Figure 57(a) and(b) showthe BFTEM images andADPs of a germanium nanowire before

and after irradiation by a 30 keV xenon ion beam at RT, respectively. As can be observed from
the SADPs, the nanowire which was a single crystal became partially amorphous after
irradiation as evidenced by the coexiste of diffraction spots angmorphousings. It can be

seen in figure 9(b) that the nanowire has bent away from the ion beam.

In figure 57(c) the nanowire is shown after annealing at 440°C for 5 minutes. The SADP after
irradiation illustrates that thennealing has been effective in inducing SPEG and the nanowire
has recovered its single crystal character. Moreover, the nanowire shape has drastically
changed as it regaedits straightness. This change of shape during annealing was observed in
all thepartially amorphous nanowires which bent away from the ion beam; they recovered their
single crystalline character and tended to become straight during the process. Sometimes, after
annealingtheyrecoveeda shape thawvas nearly the same as before ifedithn as shown in

figure 57.

As discussed above, these nanowires have most probably bent away from the ion beam as a
result of damage accumulation (i.e. of point defects and amorphisation) which has induced a
density change within the nanowires. Howekning the heat treatment the damage can be
repaired and the amorphous regions can become crystalline again. Consequently, it can be
concluded that the density changes which were initially responsible for [IB away from the ion

beam are reverdeand the naowire shape catihusberestored.
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Figure 5.7: BF-TEM images and SADPs of (a) germanium nanowire (indicated by the black
arrow) before a 30 keV xenon irradiation at RT and (b) after the irradiation to a fluence of
9.1x1033ions.cm? which cause |1I1B away from the ion beam. (c) Annealing at a temperature
of 440°C was performed on the bent nanowire for 5 minutes during which time the shape of
the nanowire changed becoming straight once nidre.projection of the ion beam onto the
image plane is indicat by the red arrow in (a). The scale bar in (a) is also valid for the other

images of the figure.

3.2.4. Annealing of the partially amorphous nanowires which bent towards the ion
beam

Contrary to the experiments reported[#0] on the IIB of germanium nanowires where
germanium nanowires beahly towards the ion beam when full amorphisation was reached,
the nanowires in the current work bent towards the ion beam whilst remaining partially
crystalline. Under the conditionsed, performing a subsequent anneal allowed the recovery
to a single crystal via SPEG. This behaviour is illustrated by an example showing TiteMBF
images and SADPs of a germanium nanowire in figi.8(a)(c). The nanowire before

irradiation is a single crystal and straight as shown in fi§u@) and bent towards the ion
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beam andecamepartially amorphousinderirradiation as shown in figurg.gb). To better
interpret the figure and avoid confusion aedjng the bending direction, it must be specified
that asmaller nanowirés attached to the tip of tlmeain (longernanowire. Thesmall nanowire

is visible in the three BHEM imagesbut is made more apparent after thmain (longer)
nanowire has bentln figure 5.8(c) the SADP indicatehat the annealed nanowire is
polycrystalline. As will be explained below, the polycrystalline nature of the nanowire after

annealing is related to the bent shape of the nanowire.

Indeed, he change of shape of nanowidkging IIB at RT raises the question of how the
microstructure evolves during this procesbe possibilities of how thatomic planes might

be oriented in the nanowire afte¥ing benaire shown in figure S(a) and (b)Afterirradiation,

the atomic plaes of the bent nanowires might remain oriented in the sameelegdiye to each
otheras before the bending. In this casallustrated in figure 5.9(ahe crystallites within the
nanowire will share the same orientati@onsequentlythe regrowth from these crystallites

via SPEG will result in a single crystal (with potentially a number of twinning defects). On the
other hand, if as illustrated in figure9fh), the crystal rotates as the nanowires bend then the
crystallites within tle nanowires can be highly misoriented relative to each other. In this case,
the annealing would induce SPEG from many crystallite seeds that are misoriented relative to
each other within the secondary amorphous phk#tses making the nanowires polycrysta.

Hence, considering that the nanowst®wn in figure 5.8(c) wasolycrystalline after SPEG, it

can be concluded that the 11B has led to a misorientation of the crystallites in the nanowires
before annealinglt is worth noting that the msorientationof the crystdltes in the bert
nanowire is expected considering results reportefl14] by Borschel et al. The authors
performedHRTEM on a ZnO nanowire bent via IIB at three different positions along the
nanowire axisUsing latticeimaging theyobserved that at each ofele threepositiors the

crystal preservedts orientation withthe nanowire axigven though the nanowire was bent
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[114]. Thus,showing that similarly to the germanium nanowires shown tiegejotion of the

nanowire during bending alsadléo the motion of therystal

Figure 5.8:BF-TEM images and SADPs of (apermanium nanowire before a 30 keV xenon
irradiation at RT and (b) after irradiation to a fluence of 7.3%iéns.cm® which has
prompted IIB towards the ion beam. The SADPs indicate that the nanowire was a single crystal
and (b) became partially amorphous after irradiation. (c) Annealing at a temperature of 440°C
was performed on the bent nanowire for 18 minutes during whelstiape of the nanowire
changed as the curvature increased during annealing. Additionally, as evidenced by the SADP,
recrystallisation occurred during the thermal treatment making the nanowire polycrystalline.
The projection of the ion beam onto the imgigne is indicated by the red arrow in (a). The

scale bar in (aalso appliesor the other images the figure.
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Figure 5.9: The orientation ofcrystallitesrelative to each othein a partially amorphous
nanowireand the way it cairmpact the diffraction pattern is shown (a) in the case where the
crystallites did not rotate during the bending, ttmiaking set of planes in several crystallites
parallel and consequently diffracting in the same fashion, whildb)ithé crystallites have
rotated during the bending making a similar set of plamserientedelative to each other and
consequently leading to a rotation of the diffracting sfrom the crystallites. In order to make

the figure clearer, only oraiffractedbeam igaken into accourfbr each set of plarse

In figure 58(c) another crucial observation is that the nanowire has bent even more during
annealing. However, in reality, the shape of the nanowire after annealing differs to what it
would have ben if it was further irradiated as the nanowire did not align towards the beam but
has insteattadan increase in its curvature. This behaviour during annealing also contrasts with
that of nanowires which were initially bent away from the ion beam. Asnibehanisms
responsible for the bending of the nanowires towards the ion baarbe assumed thffer

from the ones responsible for the nanowires bending away from it, a different outcome from
the annealing process is not surprising. In the mechanismd baseirface energy reduction

via dynamic rearrangemerthe bending towards the ion beam is said to be the result of a
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shrinkage of the surface exposed to the ion béamking closely afigure 5.9(c),it can be

seen thathe annealing did not prompt aghtening of the nanowire nor an alignment of the
nanowire towards the direction of the ion bednstead, mterestingly the annealingnight

haveled toan increase of the shrinking of the surface which was initially facing the ion beam
as this surface can be considered as the inner side of a bending Asasetailed in the
literature reviay, one of the phenomena that has been was highlighted as gditentia
responsible for the rearrangement of irradiated surfaces during IIB is the heat deposited by the
ion beam. The MD simulations reported[i22] which studied the 1IB of silicon nanowires
indicated that, after the impact of an ion, the rearrangemfetiie damaged surface and
subsurface which led to bending occurs during the period where the temperature resulting from
the heat spike was about a few hundred degrees Celsius. However, there is no reason that after
the last ion has collided with the natrasture all the damage making the surface unstable
should beepaired. In fact, it is likely that the rearrangemeitit stop because the temperature
resulting fromrradiation has fallen below a certain threshold. Consequently, providing thermal
energy o an irradiated nanowire may reactivate the rearrangement of the damaged surface and
make it bend even more as appearbawvebeenthe case for the nanowire shown in figure

5.9(c).

4. Conclusion, remarks and perspectives

In the work presented here, germaninanowires were observed to bend either towards the
ion beam or away from itt is worth stating thafollowing this work, subsequent experiments
were also performedsingthe MIAMI-2 system(under the samexperimentatonditions) but

with the electron beam off and that the bending away from and towards the ion beam was still

observed, thus, showing that the 11B could occur withloetaidof the electron beam.
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The correlation between the experimental requksentedhereand the MC calculations have

shown thathe bendinglirection of the nanowires was dependent on the average damage depth
relative to the nanowire diameteY, Indeed, a threshold value &f § KDV EHHQ LGHQW
for the reversal ofhe bending diection. Below thissalue,nanowires were observed to bend

away from the ion beam whilst higher values led the nanowires to bend towards it.
Consequently, future users of the 1IB technique should consider the utilisation & rstich

as it allows a re#ible, yet simple, manner of forecasting the bending direction of nanowires,

making IIB a more predictable tool for the manipulation of nanostructures.

This chapter has also confirmed what was suspected based on IIB experiments at elevated
temperatures repted in chapter 4, that sevéranechanisms are involved in the IIB
phenomenon. It has been concluded that the nanowires which bent away from the ion beam did

so due to the dominance of damage accumulation leading to internal volume changes whilst
bending dpwards the ion beam was mainly the result of the rearrangement of the damaged
surface and subsurface during irradiati8s.thenanowiresare subject during irradiation to

several mechanismst was proposed that the outcome of the competition between the
mechanisms (reflected by the bending direction) depended on which mechanism(s) dominated.
This opposition between mechanisms was natearlyillustrated when the irradiations were
SHUIRUPHG XQGHU FRQGLWLRQV ZKHUH Yhagmnowiesrerel WR LW
REVHUYHG WR 3KHVLWDWH™ EHWZHHQ EHQGLQJ GLUHFWLRQ

dominate.

As it was observed that the nanowires could remain partially crystalline after IIB towards and
away from the ion beam, annealing was @ernfed to induce SPEG. Interestingly, the
behaviour of the nanowires during this process was correlated to the bending direction and
could consequently be related to the mechanisms leading to the IIB. The nanowires that bent
away from the ion beamay havestraightenedluring the recrystallizatiodue to the apparent
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removalof theinternal density variations and those that bent towards the ion beam during 1IB
may have bent even more dueattdivation of further surface rearrangement via the thermal

energy povided during annealing.

Whilst chapter 4 rashown that IIB at elevated temperature could be used to align silicon and
germanium nanowires whilst preserving their crystalline structures, this chaptemfaiced
thefindingsof chapter 4 as it havowbeen shown that the alignment of germaniumomares

via IIB at RT could not sustain epitaxial recrystallisation. The experiments reported in this
FKDSWHU KDYH DOVR VKRZQ WKDW LI WKH QDQRZLUHYVY EHQ
lIB at RT then there is a way to recover their straightndsis. dould be particularly useful in
situations where 11B is a deleterious effect of ion beam doping. However, whilsefeasos

stated above 1I1B towards the ion beam may often be a more convenient way of manipulating
the nanowires than 1IB away. Thact that 1IB away is not stable during SPEG can be
problematic as the bending away offers certain advantages compared to IIB towards. For
instance, as shown in figure B, Wwhen nanowires bend away from the ion beam they can attain

a high degree of curvatiand almost form loops. This shape is not readily achievable via 11B
towards becauseas stated in the literature reviethe curvature of the nanowires saturates

upon alignment with the ion beam.
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Figure 5.10: Superimpose8F-TEM images taken from an gitu video showing the evolution

of a germanium nanowire during a 30 keV xenon ion irradiation at RT. The projection of the
ion beam onto the image plane is indicated by the red arrow. The nanowire is shown to have
bent awayfrom the ion beam as the fluence increased. It is worth noting that the curvature of

the nanowire has increased until the nanowire came into contact with the TEM grid.

In view of how sensitive hanowires are to both radiation and temperature, thesmertser
suggest that nanowires (and especially germanium nanowires) might be used as novel types of
heat and radiation detectors if their deformation is finely correlated with the degree of radiation

and/or heat received.

Furthermore, as stated in the poais chapter, the possible presence of strain within a nanowire

can be of utmost importance. Indeed, residual strain might be expected in bent nanowires and
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demonstrates, sh nanowires can be damaged and become amorphous on the@aion
facing side and yet be single crystalline on the opposite side. The lattice of the crystal may

therefore be under some residual tensile strain which should be characterised in future work.

In theseexperimentsjt has been concluded that different mechanisms dominate in the two
opposite bending directions. Consequently, it might be postulated that under different
experimental conditions these mechanisms may induce the nanowires to bendiradtion
RSSRVLWH WR WKDW UHSRUWHG KHUH )RU LQVWDQFH DW
induce the separation of safterstitials and vacancies as proposed by Borschel 7).

[114] to induce bending towards the ion beam and tt@isequentiahlignment to it. On the

other hand, it might be possible to perform experiments where the range of the ion is such that

the surface reeangement occurs on the rear side of the nanowire thus leading the nanowire to

bend away from the ion beam contrary to that induced by the mechanism in the current work.

Another questionconcerns the fact that the fully amorphous nanowires did not berel mo
during annealing. As the temperature was not high enough to induce RNG, it might be
important to know if suclatransformation would occur at higher temperaguvbencrystals

nucleate.
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Chapter 6 Amorphisation mechanisms in
germanium

1. Introduction

Numerous studies have been reported regarding the amorphisation of silicon and its
mechanismd25], [27], [70], [125]4127], [129], [254], [255] For the past few decades,
amorphisation mechanisms in silicon have been explored due to its teghablelevance

and because ion beam doping methods have often been used on this material during the
manufacture of microelectronic devid@$], [256], [257] As described in chapter 2, during

the ion beam doping of a semiconductor the accumulation of defects may lead to amorphisation
[84], [85], [258] The processes leading to amorphisation can be complex and depend on
several factors including the temperature of the tamgggterial (this has for instance been
clearly shown in chapter 4 where the elevated temperature has prevented amorphisation of the
germanium nanowires during ion irradiation), the ion used for the irradiation (as discussed in
the literature review and sugsted irchapter $ and by the target material itself. Typically, the
amorphous state of the implanted material is considered detrimental for the properties of
transistors and an annealing step is often reqi2®d]. However, a pr@amorphisation step

before ionbeam doping is routinely performed intentionally as it facilitates the carfttbke

dopant implantation depth by eliminating channelling effgt2§ [73]. The preamorphisation

step is usually performed via s@ébin or inertgas iradiation[72], [73].

Currently, the limitations of the silicabased semiconductor technology present a challenge to
develop new materials for future micreetronic device$§l3], [259]. As stated in Chapter 2,
germanium has been proposed as a replacemenadf &P SOHPHQWDU\ PDWHULDO L
devices as the mobility of the charge carriers is higher than in sjBddnFurthermore, even

more than now, on tomorrofdevices the control and characterisation of the damaged or
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amorphous region are of paramount importance due to their reduced scale. For instance, the
dpa at which amorphisation will be inducéke size and distribution of isolated amorphous
regions as well as the depth and the thickness of amorphous material must be predictable as
their impact on electronic properties will be even greater in these nanoscales transistors. Itis
worth noting thatthe comparison betweehe ability of dfferent ions to make the target
material amorphous is often made via the use of the threshold dpa for amorph&tion

[133].

To fully predict how and when amorphisation will occur, the mechanisms behind it must be
understood. Yet, whilst numerous studies related to amatpinshave been performed on
silicon there is still no consensus regarding the mechanisms which leg2ap As stated in

the literature review, the main models which describe amorphisation are the homogenous
model, the heterogeneous model (and its modified vedswalopedy Gibbonin [128]) and
combinations of the heterogeneous and homogeneous nj@adgl§25] £27], [89], [125],

[127], [128], [145], [260]

As has been detailed in the literature review chapter, in the homogeneous model the structure
is described as collapsing into an amorphous phase when the density sfrdatdws a certain

level [23], [26]. Typically, as the density of defects can be correlated to the nuclear energy
deposited in the target material, the threshold for amafbiscan be described via the critical
energy deposited per atom (i.e. the critical dose energy densi®y at which the material

becomes amorphous) and can be described by equatif#6p.1

38 VL' g (6.1)

The evidence of amorphous pockets during irradiation of semiconductors by heavy ions has

pointed towards a mechanism based on the {wgldof amorphous material via the
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accumulation of amorphous pocketachof volume,V, and where the evolution of the
amorphous fractiorfa, during irradiation is described by equation &s2a function of the ions

per unit volume dosé (in ions.cni®) [25], [27].
BLsFA (6.2

This heterogeneous model, referred to for clarity as the purely heterogeneous model in this
chapter, is howevetonsidered unlikely to happen for lighter ions as they are less likely to
induce amorphous pockets via a single impact. A modified version of this heterogeneous model
has therefore been proposed by Gibbon ¢128]in which the amorphous regions are induced
aftermoverlaps of damaged regions of volum 7], [116], [128] Accordingly, the builelip

of amorphous material ndbe described by equation 6.3

~ R 2.O -
B=L sF ARgS—- A # (6.3)

Furthermore, it has recently been proposeditistad of an accumulation of either amorphous
regions or crystalline damaged regions, amorphisation occurred via the accumulation of
volumes V made of an amorphous core of volumesurrounded by a shell of crystalline but
highly damagednaterial of volure Va as shown in figure 6.1. Inithscenario, amorphisation
would result fomthe accumulation of volumé =V . + Vg whereVq could become amorphous
aftermoverlapg145]. The evolution of the amorphous fractif,n this modelis described

by equation 6.4145].
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Figure 6.1 Schematic showinghe cross section of a calculated voluMemade of an
amorphous coré/. (in red) and a crystalline damaged reghn(in orange) requiringn

overlaps to become amorphous.

8y \F 8¢ R 8a&:°
B:LsFAFUAF@*‘:sEAQr—Gé; (6.4)

It is important to note that if amorphisation occurs only via the accumulation of amorphous
regionsdue to single ion impacteenV =V, m= 0 (.e.there is no overlap) and then equation
6.4 becomes equation 6.2. e other hand, if amorphisation occurs only via the accumulation

of clusters of defectd = Vg, m o DQG HTXDWLRQ LV WKXV HTXLYDOHQ

The four mechanisms described above (and in the literature review) lead to different evolution
of the amorphous fractiofa which can be illustrated by figure 6[225]. It shows examples
where for all mechanismsthe target material becomes amorphous at the same fluence and
where the value of in equation 6.4, 6.3 and 62also similaythus meaning than the figure

the heterogeneous amphisation occuwvia accumulation of amorphous zenef the same

volume.
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Figure 6.2 Evolution of the amorphous fraction as a function of fluence for different
amorphisation mechanisms. In this simple illustration,téinget materials considered fujl
amorphous (i.efa = 1) at the same fluence for each mechanism. In the three heterogeneous
models the curves have been generated using equation 6.4 whilst keeping the\Waioelaif

whethe’V =V ,V=Vq4, orV=V.+ V.

As germanium is considered as an important rnet®r future semiconductor devicg#], a

set of experiments has been designed to better understand the mechanisms behind
amorphisation, to provide a robust data set on the dosepancteduired to fully amorphise
germanium. Furthermore, even though as detailed in chapter 2, lighter ions induce less damage
than heavier ones under similar conditigh%6], [117] the results reported in the current
chapter reveal unexpected outcomes. Indeed, unlike what is typicaywedf25], [125],

[132], [133], [141] these experiments have shown that a lighter ion can induce a lower (or

similar) dpa threshold for amorphisation than a heavier ion under conditions where the damage
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rate (dpas'l) and the ion range are the sarflmnsequently, this chapter will also aim at

elucidating these intriguing experimental results.

In order to do this, during the experimergermaniumsample have been irradiated by an

inert gas and the evolution &fhas been monitored via SADPs. The irradiations have been
performed using athenonradioactive inert gases, thus, covering a large range of ion masses
(i.,e. from 4 to 132 amu) to provide imfoation on how the mass of the ion affects the
amorphisation process. Furthermore, by correlating theriex@etal results with equatidhl,
equation6.4 and with the modified version of IDRAGON which allows the modelling and
analysis of the 3D collisiofas described in chapter 3), further insights into the mechanisms
behind amorphisation have been gained. As will be addressed in the discussion, this work also
demonstrates how the stochastic nature of the collision cascade is key to thepboild

amorplous material during irradiation by helium ions.

2. Experimental methosl

Single crystalline germanium samples were mechanically polished using a dimpler and
subsequently thinned to electron transparency using a PIPS as described in chimer 3.
samples wereirradiated in the MIAM#2 facility using 300 keV xenon, 200 keV krypton, 100

keV argon, 80 keV neon or 70 keV helium ions and were measured to have a thickness of 30,
23, 19, 23 and 23 nm, respectivelfthe measurements were carried out udiif). S
spectoscopy as irf219] and asdescribed in chapter)3For reasons that will be addressed
below, te energies for irradiation were selected such that the randgkeoions was
substantially larger than the specimen thickness, furthermore the ion ranges were relatively
closefor the specimesirradiated with xenon, krypton, argon and neon ions. Furtherrtiae,
fluxes were chosen so théar all irradiationsthe daPDJH UDWH Z D\dp8.<s . The

samples were irradiated at approximately 18.7° fribr [111] direction, thus avoiding
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channelling effed The SADPs of thesamples were alsaaken at a direction parallel to the
incidention beam toconfirm that tle ion irradiations wer@ot incident alonglow indexes

directions.

The crystalliniy of thesampls wasmonitored between each irradiation step using the SADPs,
thus following the progress of amorphisation. For the acquisition of the SADP=srtips

were carefully tilted to exactly the [111] doveone condition. Because electron irraidiat

has been repted to retard oprevent amorphisatiofi53], [154] the electron beam was only
briefly allowed toirradiatethe sample during the capture of the SADP between each ion
irradiation step. Furthermore, the TEM was operated at an acceleraliageof 200 kV as
suchanacceleratiorvoltage has been reported[ 53], [154]to minimize recrystallization of

germanium under a TEM electron beam.

For each experiment, both the area selected for the SADP and the lens settings were kept
constant throughout. Indeed, as the intensity within the SADP was used taharab@irphous

state of thesample it is important to exclude any effects (other of thaos¢hof the ion
irradiation) that could resuih a changéo the intensitydetectedAs the information within the

SADP obviously depends on the area selecteis, area must be kept constant during
irradiation. Similarly, changing the lesssetting could induce a change in the electron beam
intensity, thus leading to an artefact regardimg evolution of the intensity of ttemorphous

rings in the SADR.

Theamorphousing intensity is representative of how amorphous a samf#6], and so was
monitored to calculate the amorphous fracfioithe specimen were deemed to be amorphous
when no diffraction spots were visible in the SADP and onlyam®rphousrings were
observed inDigitalMicrograph[261], at which point the irradiation was continuéat a

minimum, 12 percent above the fluence at whichdiffeaction spotsvere nolongervisible)
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to ensuwe full amorphisationof the sampls. The intensity of themorphousrings was
determined from the raw data via the radial density function plugin in software routinely use

for the analysis of TEM micrograpliimageJ)262].

The modified version of the IDRAGON code which, as stated in chapaio®s the analysi

and the 3D modelling of collisiocascadgin planar targetsvasused todetermine some of

the characteristics of the collision cascades for each irradiation conditions. As stated in chapter
3, usingSRIM, the code allows tracking of the incident ion as well as the recoils thus providing
information on how the damage is introduced into the material. In the code, for each irradiation
case (i.e. ion species), one ion at a time was considered and an algorithm was run to count the
number of recoils imcylindrical volume whose axisagcentral along the ion beam direction

and having a length equal to the thickness of the irradiated sample (determined via EFTEM
during the experiments as described aboVée recoils were counted within cylindrical
volumes of different radiirx, ranging from QL nm toa valuelarge enough to include &lhe

recoils induced by the igthus enabling the code to plot and determinenthraberof recoils

in a cylindrical volumeas a function ofx. These operations (the reconstruction of the 3D
collision cascades and the counting of the recoils) were executed for each ioafspd€ie0
collision cascades via the use of 1000 distinct seed numbers in &R$Mvorth noting that

this cylindrical @proximation of the damaged volume previously usdd 28], [129], [140],

[263], [264]is justified by the fact that the thickness of theget materialsvere smaller than
theionrange(as it is also the casetime work presentelgereir). For each irradiation condition,

SRIM was additionally used as described in chapter 3 in order to determine the dpa and the

ratio (§/S) using 99,999 ions.
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3. Results

As described above, the heterogeneous mechanism of amorphisation occurs via the
accumulation of volumeg. After a single ion impact these volumes mighab®wrphous zones

(V = V), be highly-damaged crystalline volumes (i.e. cluster of defects) whichinegq
overlaps to induce an amorphous z¢We= Vo andm ¢  or consistof an amorphous zone
induced by a single impact within an outer shell of higldynaged crystalvV = V. + V4).
Swanson et al. determined the minimum defect density needed for ldygseadf a damaged
crystal into an amorphous phgd488]. The value calculated was in agreement with the work
of Gibbons in[128], where the authors showed that in the overlap model applied to a
germanium crystal, the collapse of a region of volWhato an amorphous phase indeed
occurred when the defect density reached 0.02 of the atomic frEc3®n Assuming that for
each vacancy a salfterstitial is also induced, thecancydensiy at which such a fraction is

reached corresponds to 0.442 vacancieS.ion' (0.01 of the atomic fraction).

As stated above, theodified IDRAGONcode was used to determine the distribution of recoils

in the collision cascad&urthermore, as a recokgerates a vacancy and considering that most

of the vacancies are not replaced due to replacement collisions, the 3D plot can effectively be
considered as showing where the vacancies have been induced during irradiation.
Consequentlyusing theaforementioned defect fractidghe volumeV. can be determined via

the analysis of the 3D plo#és schematally illustrated in figure 6.&). An example of volume

V. determined byhis method is shown for the xenon case in figure 6.3(b). As shown in table
6.1, the results indicate that an amorphous region of voMimeay have been formddr each
irradiation case except for helium ions. Indeed, in the calculation corresponding to the helium
case, the number of recoils induced on average by eacmheliis too low (3 recoils.ioft)

to form such amorphous regions.
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Figure 6.3 (a) Schematic showing hoW. is determined based on the defect densities
distribution indicated by the red line and (b) example showaisgction of the 3D plot of the
recoils withinV. and the PKAsfter irradiationby 300 keV xenonons where all the recoils
within V. are indicated by a blue spot and the PKAs are shown by a red’bpqgtlot shown

in (b) is generated after 1000 ions.
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lon Total average m V. Vg (nm3) Threshold SJS, Fluence at full

number of (nm3) dpa amorphisation

recoils (ions.cm®)

(recoils.ion™)

Xenon 1595 1 108 700 0.37+0.02 0.63 3.0x16°
Krypton 768 1 55 400 0.32+0.02 0.65 4.2 x10°
Argon 294 m=1 or 9 45when fited  0.72+0.04 1.03 1.8 x 16*

m=2 usingm=1

(Fitting 78 whernfitted

equivalent) usingm= 2.
Neon 147 2 2 38 0.83+0.04 1.51 5.1x10*
Helium 3 3 0 0.17 11.3+0.6 40.67 3.5x 10’

Table 6.1:For each casas well ashe average total number of recoils per ion determined by
SRIM are showrthe value omdetermined via the correlation between the experimental results
and equation 6.4/. determined via the MATLAB analysis tfecollision cascadeusing the
theoretical defect fraction for amorphisatidfy, determined via the correlation between the
experimental results and equation 6.4, the threshold dpa for amorphisation and the fluence at
full amorphisation were determined using the experimeagallts (i.e. the SADPs) ai@S

as given by SRIM.
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After sufficientirradiation,all samples could be rendered fully amorphand a example of

the evolution of the SADP is showntime case of the sample irradiated by xenon ions in figure
6.4.The prstine crystal structuns illustratedby the SADP in figure 6.@),atan intermediate
fluencewhere thesamplewaspartially amorphous (as evidenced by the presence of both the
diffraction spots and themorphousrings) in figure 64(b) and when amorphisatiowas

completed (as evidenced by the presence of amigrphousings)in figure 6.4c).

Figure 6.4 SADP of agermaniumsample(a) before irradiation (b) after irradiatiavith 300
keV xenon ionat a fltence of1.3x133 ions.cm? and a dpa of 0.1and(c) at a fluence of
3.0x103 ions.cn? and a dpa of 0.37The SADP in (c) was takemhen thesamplebecame
fully amorphous as characterised by the preseneeofphousings without any spots apart

from the direct beam.

As shown in figure 6.5, using the SADPs as well as the volMm@letermined via the
MATLAB script) for each ion species, a corretatihas been made between the intensity of

the rings (which ar@roportionalto the anorphous fraction) and equati@¥ by finding the

values ofVa andm which best matched the curves shown by the line in figure 6.5 with the
experimental data points shown in the figure. In a few instances, some data points seem to be

slightly off of the general trend fds. Thismight be dudo the fact that the SADP aperewas
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placed close to, or even on, the edge of the sample and therefore a small moventavemay
inducel a variationin the captured intensities as more or less material contiihatéhe
captured signal. It is also worth noting that a small decrefitiee amorphous intensity is
observed at the beginning of the irradiation on adample. This might be due to drift of the
sample at the beginning of the irradiation which may have been undetected during the
experiments or to the removal of surfac@&exor contaminants by sputtering effects. However,

as shown in figure 6.5, apart from these rare irregularities an appropriate fitting with equation
6.4 has been obtained. Furthermore, the quality of the fit is supported by the values of the
coefficient d determinationR? calculated for each casBlote that thisvalue is in all fits,

superior to 0.97 (where 1 is the target value for a perfect fit).
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Figure 6.5 Evolution offa as function of the fluence during irradiation at RT according to
equation 6.4 (as indicated by the curves) and according to the experiments (as shown by the
data points) for the irradiation conditions: (a) 300 keV xenon (b) 200 keV krypton (c) 100 keV

argon (d) 80 keV neon and (e) 70 keV helium ions. The labels of the axis in (e) also applies for

(a)- (d).
250



The recoil densities were not determined only for the fraction of defects corresponding to the
formationof volumes V. but for all radiirx (as explained in the experimental methedction

above). The corresponding defect densities can therefore be shown for all ions (except for the
helium iors due to the low number of recoils inducedhsfium) as a function of volume in

figure 6.6. As detiged below, the MATLAB calculations confirmed previously published
simulations and experimental wor&garding the correlation between defect production and

ion masgq27], [116], [132], [265] Indeed, figure 6.6 shows that for matching ion ranges, the
heaviest ions tend to induce regions with the highest defect concentrations as they have a higher
nuclear collision crossection and thus have<horter mean free path between successive
collisions[27], [116]. As shown in table 6.1 heavier ions also induce more defects per ion.
These observations demonstrate that heavier ions are therefore more likely to generate cluster
of defectsva andamorphous regiong. as there is highemprobability of finding regioawith

high densities of defectsom a collision cascade and thushagher probability of forming

highly defectiveregions.
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Figure 6.6 Using the MATLAB code and SRIM, the calculated fraction of defects as a
function of thecylindrical volumes of radii, rx defined in the experimentaéctionis shown

for all ions with the exception of the helium irradiation.

For each ion species, thedhce and the dpa for amorphisation as well as the &t®)(are
summarised in table 6.1. Furthermore, the voluvhed/s andthe required number of overlaps
m required to makehe volumeV amorphous are also shown.can beclearly seerthat as
previously reported in the literatuve , Vu (and therefor&/) increase with the mass of the ions

used, whilsmand the ratics&/S: have higher valuewhen the ion is lightef25], [125], [128]

Likewise,the threshold dpa value can be correlated witlmtagsof the ion as its lower when

the ion is heavier. Tik tendency regarding the threshold dpaexpected and generally
accepted. However, a discrepancy is noticeable in the data presented here when comparing the
threshold dpa of the kryptarradiatedsamplewith that of the xenonirradiated one. Indeed,

even though the mass of krypton is lowan that okenon, the threshold dpa does not follow

the trenddentified heraas it has a value of 0.32+0.02 versus a value of 0.37+0.@2rfon
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It can be argued that the higher dpa threshold resulting from the xenon irradiation might be due
to a spatil variation of the damage within teample Indeed, within the sample, if at a certain
depth a region is less damaged than the rest okdh&ple such aregion could remain
crystallineathigher fluencehanthe rest of the samplin this case, whilghe rest of the sample
would become amorphous more readily, the fact that a higher fluence would be required to
make such region amorphous would contribute to increase the dpa thré&shadfy whether

this could explain the observed discrepancy, the damage has been discretised vgdinptae

To do so, the dpavascalculatedn 1 nmslicesalong the depth ohe target material in SRIM

atthe fluence at which full amorphisation westablisheaxperimentally The slice with the
lowest dpa was compared for the xenon andhfekrypton case indicating that the region with

the lovest dpa wadess damagedh the krypton caseas compared with the xenane
Therefore, this analysiadicatesthat in these experiments, the lower dpa threshold for krypton

should not be the resulf a spatial variation of damage

Furthermore, the influence of the difference in thickness between the sample irradiated with
krypton and that irradiated witteron has also been examined. Because the sample irradiated
with krypton was substantially thinner than that irradiated with xenon, repeat experiments were
performed with both xenon and krypton ions, where instead the thickness of the sample
irradiated withkrypton was slightly thicker (25 nm) than that irradiated with xenon (23 nm).
These additional experiments have resulted in the same trend in the dpa threshold for
amorphisation with it agaifeing lower for the krypton irradiatiorthan for the xenon

irradiation
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4. DISCUSSION

4.1.Mechanism for amorphisation according to the SADP

For all irradiation conditions, full amorphisation has been observed even when irradiation has
been performed using helium ions. Furthermore, whilst previously repexigerimental
results have indicated that helium ions might not be able to make germanium fully amorphous
[26], it is worth noting that full amorphisation under helium might have been not observed in
those works for the simple reason that it requires a relatively high fluence to occur (i.e. in the
helium irradiation shown ithis chapter complete amorphisation was redet a fluence of

3.5 x 137 ions.cm? corresponding to approximately 7 hours of irradiatiora flux of 1.4 x

10" ions.cm?.s™).

Figure 6.5 shows that amorphisation must be the result of a heterogertsass jas the curves

and the experimental data points representative offatli® not describe what would be
expected if amorphisation was the result of a homogeneous mechasipreviously reported

in the literature and also shown in figure R3], [125], the curve describing the amorphous
fraction growth would be steeper if a homogeneoeshanism were responsibler the
amorphisation process as amorphisation is supposed to occur via the abrupt collapse of the

damaged material into its amorphous phase.

However, even when the sample was irradiated by the heaviest ion (Xéearnorphisadn
build-up was not found to occur solely via an accumulation of amorphous volumes each
induced by a single ion impact. Thugrecluding what can be considered as a pure
heterogeneous mechanism (case where0) as the cause for amorphisation. Conversedy
thepresence of volumes. is concluded to be involved in all conditions except forséu@mple

irradiated with helium ions, it appears that amorphisation in most situations is due to complex
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heterogeneous processes involving both amorphous voMnmasd highly damaged regions

V.

Investigating the presence of amorphous regions within a collision cascade based on the defect
density determined via SRIM does have the shortcoming that the MC code does not consider
dynamic processes that migemable defect recombination. However, as the timescales on
which the recombination of point defects occurs are orders of magnitude longer than the
collapse of the crystal into an amorphous pHaéd], it can be assumed that the IDRAGON

script based on SRIM provides a reasonable way of determinindiréne formation of
amorphousvolumes V. as its formation must thus precede the defect recombination.
Additionally, the determination of theecoil densityby SRIM, is by itself of fundameat

interest as it provides a measure of the density distribution afitredly induced damage as

the starting point for the process that subsequently urdoldssaddressdbelow, is relevant

to theamorphisatiorprocess and the dplareshold

4.2.Influence of the distribution afefects on the dpa threshold for amorphisation

As highlighted above, whilst the trend regarding the valudsed andmare what iggenerally
reported(i.e. the heavier the ion the smallemsand the higher i¥) [25], [27], [125], [128]

the comparison between the dpa threshold for amorphisation sfthpleirradiated with

xenon and krypton ions reveals an unanticipated result as it is lower for the kpg®afion

than for xenonWhilst xenon and krypton ions are both relatively heavy ions and therefore may
transfer a largepart of theirkineticenergyper collision in the germanium target materidie
transmitted nuclear energy of a 300 keV xenon ion is on average 1.4 greater than this
transmitted by 200 keV krypton ionthus meaning that the overall average energy\i@ss

nuclear stoppingcannot by itself explain the lower dpa threshold of the krypton case.
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Furthermore, the electronic loss which is knowtbéoable taetard amorphisation via bond
rearrangement repair mechanigih33], is unlikely to be respaible for such discrepancy in
this energy regime at whichelratioS/S: is higher for the sample bombarded with krypton
thanthatirradiated by xenon iommeaning thamore repaimwould be inducd (based or&/Sy)

in the case of krypton.

Even though a homogeneous mechanism is unlikely for theseetatovely-heavy ionsthe
guestion should be raised as to whether sunchanisn{which, as described in detail in the
literature review, is based on the energy deposited via nuclear stopping in the rf2gprial

can provide a valid explanation ftrerelativevalues of dpathreshold of krypton and xenon
irradiatedsample. According to[26], the minimum energylepositedrequired to have the
whole crystal collapse into an amorphous phase should be similar at room temperature for
samples irradiated with different ions. As SRIM can calculate energy depusitedclear
stoppingper angstromper ions in eV.A%.jon%, the energyminimum required to make the
sample amorphous was calculated for each irradiation condition via equation 6.1 (in éV.atom
Lion#®). Consequently, it was shown that for the xenon, argon, andimadiatedsample the
calculated threshold energy was between 27 and/28@m®.ion® whilst it was significantly

lower for the kryptorirradiated sample at 1Aeatom®.ion®). This resultfurther implies a
discrepancy between the homogeneous mechanism and the experimental data as unlike what is
described by this model, the nuclear energy deposition (or dpa) threshold for amorphisation

did not solely depend on the target material but alssh@mradiating species.

Interestingly, as shown if116], in heterogeneous mechanisms, the proportionality between
the number of defects and the amorphisation rate is not relesahte amorphisation rate
dependshighly on the nature of the collision cascade. As this point is crucial for the
understanding of this work, it will be explored further here. On heterogeneous mechanisms,
one important point is that the builgp of amorphos material depends on the atomic
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displacements induced within the regions which will subsequently go on to form a cluster of
defects or an amorphous voluf2€]. This is supported bseveral MD simulations which have
shown that in a heterogeneous mechanigegions with a high density of defects were
responsible for amorphisation irrespective of the presence of defects generated outside those
regions[116]. In the current workhis canbe considered as the region inside the voliina

other wordsaccording tg116] and to the heterogeneous mechanif2ii$, recoils generated
outside these volumenll not have a majompact on amorphisation. This elemeas it will

be shown below, hasrmajor role on the corfation between the dpa and ttleeshold for
amorphisation. Indeed, if the heterogeneous mechanism is the main mechantigatow to
amorphisation, therduring ion irradiation thereill be displacements which are not induced
within the highly damaged regioné. Consequently, those displacements whichthe
heterogeneous mechanism cartbesidered as not participating in the amorphisation prpcess

will still contribute to the calculated dpa threshold even though they can@&doG H bdd+G DV 3
amorphising LG heterogeneous model. As stated in the literature review, one might expect
the contributon R WKHVH VR FDOOHG 3XVHOHVV GLVSODFHPHQWV
pronounced for lighter ions. Indeed, it has beenntepoands shown in figure 6.6) that the

lighter the ions were, the more dilute were the collision cascades and the greater the probability
of inducing displacements outsit¥g116], [266] Consequently, ivill belikely that heavier

ions will have a lower dpa threshold as the large number of the displacements they induce are
concentrated in the regions of densest damage in their cascades and thus may be considered as
SXVHIXO" IRU WKH DRR U@ eytbeVidnipisavbet@een the krypton and

the xenonrradiated samples in the current work seems to contradict this idea even though
figure 6.6 showsthat xenon ions induce larger defeich regions,V andV.. Accordingly,
consideration of neithasf thesecalculated volumes seems to provide a complete explanation

for thelower dpa threshold for krypton as their values are more elevated for the case of xenon.
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Another approach hdkereforebeen made based on the fact that in the heterogeneous model
the dpahreshold must be relatedttoe number ofecoils generated within these volumes (i.e.

V. andVu). Indeed, it must be recalled that whilst the dpa threshold for amorphisadon is
indicator commonly used to compare how different ion species amorphigesaal, it is only
indicative of the overall number of displacements induced when the material has been
amophised267]. Such indicatos do notsolely capturghe displacements generated witkin

and Vg, which might bethe displacements contributing to the amorphisation prooesse
heterogeneous modeComparing the displacements induced within these volumes with the
overall number of displacements for each ion species should give a representative idea of how
the dpa threhold for amorphisation should compare. Indeed, knowingt fractions ofdpa

can beconsider& DV 3XVHOHVV®™ GLVSODFHPHQWYV LV WKXV WKH V

that will only contributeto increaseof thethresholddpa.

As shown in figure 6.7 o each ion species the percentage of recoils induced within the volume

V. has been calculated which, as stated above, is the volume where dynamic annealing has
been disregarded in the model being discussed here. Such calculations have shown that whilst
the trend iggenerallythat the calculated percentage of recoils insdes higher when the ion

mass ishigher, an exception is observed when comparing the results relative to the krypton

conditions which shows the highest value.
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Figure 6.7: The percentage of recoils induced (a¥irand in (b)V as function of the ion mass
for each irradiation contion. In (c) is shown 1/dpa as a function of the ion mass for each case.
The iors labelledn (a) and are also applicable for (b) and (c). The lines ir{l{aand (c) are

included agyuides for the eye.
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As displacements are not induced onlyirbut in the whole volum¥/, the same calculation

has been repeatdor VV with the results shown in figure 6.7(b). Understandably, in this case,
as the calculation is not basedn recombination of the defectarmot be disregarded and

the calculation is thus only qualitative. However, it must be recalled that the calculation
considers regions whiattemonstrat@ high density of defect€onsequently aagccording to

MD simulations reported ifil16] and agdiscussedn the literature review, clusters of defects

in semiconductors have been shown to be more likely to survive dynamic annealing than
isolated pint defectsthe volumes/ which include the defect rich volumé&é andVa may be
approximated as being relatively staldleereforeit is notable that when comparing the curves

in figure 67(a) and (b) with the evolution of the dpa shown in figure 6,#@re is a
resemblance regarding tegolutionof the threshold dpas a function of the ion mass. These
results indicate that whilst both krypton and xenon ions have induced relatively dense cascades,
xenon (which generates more displacements per iorkityaton) tends to induce more of them
outside the highly damaged region thus resulting in a higher threshold dpa than krypton. Thus,
this countetintuitive result regarding the dpa threshold of the krypton and the xenon irradiated
sampleis an additionaindication of the major role played bys andV. and thus of the
heterogeneous process in the buifdof the amorphous layer. This also demonstrates that the
dpa threshold for amorphisation (as it does not consider the mechanisms involved in the
amorphisition process) can be a misleading indicator of the propensity of an ion to induce
amorphisation. In fact, it must be specified that even though the threshold dpa is higher for
xenon irradiatedample the xenon ion was still better able to amorphiseyrenanium target
material as amorphisatiamill be reached with a number of ions per unit voludg \hich is

more than 45% lower than for the krypton case.
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4.3.Influence on the stochastic nature of the collision cascade induce by helium
ilons on the dpa thrghold for amorphisation

As stated above, it hgseviouslybeen reported that lighter ions induneredilute cascades
[116], [266] For the case of a very light ion such as helium, the production of regions with a
high density of defects might at first seem unlikely as the MC calculations have indicated that
each helium ion induces on average only three recoils isdhgle However as will be
discussed below, the irradiation performed with helium ions is a classic example of how an
average value can be misleading when analysing stochastic events. Indeed, after examination
of 1000 collision cascades it was shown that whilst 949ir@hsce fewer than ten recoils in a
23 nm target, four ions were able to induce more than 100 recoils and even valuess of

large as 65 nf

Amorphisation buileup can occur even if only a small fraction of the ions contribute to the
formation of volums V. Obviously, therarer theseollision cascades, the higher will be the

number of ions (i.e. the fluence) required to inducelimagedolumesV. In the helium case,

as only 1% of the helium ions generate more than 50 recoils, it can be concludeis tihet

stochastic nature of the collisicascades thatuses the buitldp of an amorphous layer via a
KHWHURJHQHRXV SURFHVV &RQVHTXHQWO\ fluem¢e BAIQ EH V\
induces amorphisation whilst most of the other ions induce isolated point defects and therefore
SXVHOHVV" DWRPLF GLVSODFHPHQWYV 7KLV H[SODLQ WKH U]
for amorphisation for heliurareorders of magnitudgreater tharthose ofthe otherinert gas

ions. Furthermore, the fact that the whole fluence is considered in equation 6.4 instead of the
useful fluencé is the reason why the calculated volumeés excessively small (0.17 fjn

Indeed, by not taking into account thanly a fraction of the fluence contributes to the
amorphisation build up, the results of equation 6.4 are biasedasulates onlyhe value of

V if each of the helium ions were inducing a (small) volin&his approacttan reasonably
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be applied foother materials and more particularly other semiconductors. For instance, it is
interesting that using similar in situ methods to monitor the evolutida adring 60 keV
helium irradiation of silicon ifi25], a similarly small volum& (0.13 nnf) has been determined

via equation 6.3 ani likely also due tdhe indirect consequence of the stochastic nature of

the collision cascade

5. Conclusion and remarks

Via the use of SADPs, the fluence and the dpa threshotdamorphisation of germanium
sanples irradiated with xenon, krypton, argon, neon and helium ions at RT have been
determined. As the ions used during the experiments have masses ranging from 4 to 132 amu,
the resultgpresentd herewill provide a useful set of data for material sciestisishing to

either amorphise germanium or to avoid such effects.

Using in situ ion irradiation, the evolution of the SADP has been monitored to determine the
amorphous fractiorfa during irradiation by the inert gases. A correlation between the
amorphisation rate characterised by the amorphous frafgti@guation6.4 and a modified
version of IDRAGON allowing the analysis of the 3D collision cascades calculated using
SRIM has shown that amorphisation occurs (mainly) via a heterogeneous mechanism in all
cases. It was demonstrated that amorphisation is the resultoofidex mechanism which
involves the accumulation of a singt-strike amorphous region within a shell of heavily

damaged crystalline material requiringpverlaps to become amorphous.

The observation that the dpa threshold for amorphisation can be fowar lighter ion
(krypton) than for a heavier one (xenon) was inconsistent with an amorphisation process based
on a homogeneous mechanism whilst being in better agreement with the heterogeneous
mechanism. Indeed, unlike the homogeneous mechanism, heteoogenechanisms do not
solely depend on the overall nuclear energy deposited in the target material as only the

262



collisions induced within the volumé are responsible for participating in the amorphisation
process. In agreement with this, it was showhn ttia dpa threshold for amorphisation and the
percentage of displacements generated within the volumes responsible for amorphisation could
be correlated, thus, providing further evidence regarding the crucial role played by these

volumes in the buildip ofthe amorphous layer.

The sampleirradiated by helium ions became amorphous after a fluence and a threshold dpa
for amorphisation orders of magnitude above that for all other ions. It was ghohve case
thatthe stochastic nature of the collision cascadekey$o understandg this. Indeed, whilst

on average each ion induced only three recoils, the analy$300 collision cascades via the
MATLAB code showedthat rare collision cascades where ions induce more than 100 recoils
(up to 230 recoilper ion could induce highly damaged volumes and possibly even amorphous

regions.

Lastly, it is worth noting thag¢ven if the experimental results have shown that amorphisation
may have occurred mainly via a heterogeneous model, other contributions cannot be
completely dismissed. Indeed, the influence of stable point defects generated\utsidet

be totally negkected Such defectsnay, for instance, interact with clusgeof defects or
amorphous pockets leading eithierthe growth or the shrinking of their initial volume, as
suggested iM143] and described in the literature review. Thus, during irradiatibe
amorphisatia rate of the material might be altered depending on the retdtbe shape of

the collision cascade (i.e. the distribution of the point defects within
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Chapter 7: Conclusion

1. lon induced bending of nanowires at elevated temperatures

Germanium and silicon nanowires were irradiated by xenos imrsitu in a TEM. By
performing irradiationat elevated temperatigé was showrthat both silicon and germanium
nanowires could be bentilst still remairing crystalline. Suclamethoalogywill potentially

be beneficial if 11B is to bgerformedon nanowires for electronic applications which require
them to be crystalline. Indeedhikst 11B has been patented tine hope that it might be useful
for tomorrow  ®lectronic devicese(g.the paent belongingto a company which is closely
related to the electronic indust§amsung185]), the effect of annealing on the bent nanowires
indicates that performing the irradiation at elevated temperatures beglaluableindeed,
withoutirradiation at elevated temperaturenight be impossible to use IIB and obtained bent
single crystalline nanowires as these either become fully amorphous or suffer shape
deformation during postirradiation annealing [80], [177], [184] Furthermore, these
experiments have cast doshin the necessity of the accumulation of point defects and

amorphous materidbr the bending of nanowirassing an ion beam

As the nanowire bent vian irradiation at elevated temperatug® singlecrystals, itwould
be of interest to investigate thetailed atomic arrangementlattice of the nanowires having
a curved shapéo do so,collaboration with other laboratories nanowires bentisingthe

MIAMI facilities will enable further studysing scanning TEMSTEM) in future works

Thefeasibility of using EELS for band gap examination is currealp beinginvestigated.
Using EELS mighenablethe analysiof the nanowire/ § E D Qa@d deeBnine whetheit

variesacrosghe curvednanowires. The motive of this procedure is the fttatthe presence
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of internal compressive and tensiigesgswithin suchnanowiresmight affectthe electronic

band structure.

Furthermore, instead of using inert gases, it might be of interestcais® dopantons to
simultaneously dope and bend tiowire As explained in the literature review, two main
outcomes are likely to be observes:better activatio of the dopan{as reported irthe
experiments byukata et al[33]) and a possibilityfor the nanowire under stress to become
optically active due to the combination of stress also facilitated by théeavy dopingas

reportedn [242]).

2. 1. loninduced bending of nanowires at RT and subsequent
annealing

Germanium nanowires welieradiated at room temperatusnd subsequently annealed at
440 C. Using MCcalculationsjt was shown that the bending direction coulctbeelated to
the ratio between the damagetteand the nanowire diameter. Apartfrthe applied interest
of showinga way to control the bending directiothie resultsin chapter5 also have
fundamentalmportanceasthe experiments havstudiedthe bending directionn the context
of the mehanisms proposed in the literatutedeed, it washown that severadf these
mechanisms compete and that the bending dire¢tiatetermined by the outcomef a

conpetitionbetween some or all of these

Subsequent annealing showed that the shape ofjghmaniumnanowires change during

SPEG Interestingly the shape deformation during SPEG was dependent on the initial bending
direction as an increase of the curvature was observed in nanowires which weosvhenfs

the ion beam, whilst tle® bent away tended tmnbend The shape deformation during
annealng wasproposedas beingassociatedvith the main mechanism which initialauses

the bending during irradiation at room temperature.
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These experimentshowed thaannealingcouldbe used t@reventthe bending (when it ian
undesired effect of ion irdaation) butconverselycould be problematic when the bendisg

desired

Futureexperimentshouldbe performedto verify how the threshold ratiof damage deptto
nanowire diameter change&vith energyion species and temperature. Indeed, such paraneter
should influence both the damage and the dynamical rearrangement of the defects within the
nanowires, and thuthe bending behaviou(By influencing the outcome of the competition

between mechanisms).

As with the nanowires irradiated at elevated tentpeeafor the RFirradiated nanowiret is
alsoplanned to analyse them usin@EM to determinethe distributionand the arrangement

of defectsn nanowires bent away and towards the ion bed@ating these nanowires in situ

in a STEM would allowmonitoring of the evolution of defects during the subsequent shape
transformationLastly, it is of interest to evaluatehetherthe shape of fully amorphous bent
nanowires could evolve if the annealitgmperature is elevated enough to induce RNG.
However, it is worth noting thaxperiments currentlgerformed in the MIAMI2 facility are
showing that RNG in germanium nanowires typically osatia much higher temperature than

in thebulk.

3. Amorphisation

Irradiations wereperformed using inert gases on germangample within the MIAMI-2
facility. The samples prepared via PIP®ecame fully amorphouas a result of the ion
bombardment. Téevolution of the amorphous fraction during irradiation was midtosing
diffraction patterns. Furthermore, the collision cascéfiiesn MC calculationsjvereanalysed

in 3D.
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From thecomparison othe experimental data and the analysis of the 3D collision cascades,
the mechanism for amorphisation was deduced t@ lheeterogeneous mechanisuhere
amorphisation occurs via the overlap dénsedefect regions as well as accumulations of

amorphougockds induced by single ion impacts

It was also shown that su@éhmechanism means that the trend for the dpa threshold for
amorphisatiordoesnot alwaysfollow what is normally acceptedhat isthatthe heavier the

ion, the lowerthe thresholdipa The reaon for this observation was shown to be the result of
the dissimilarity between the overall number of atomic displacements (given by the dpa) and
the actual atomic displacemeidisectly involved in the heterogeneous mechanism. Indeed,

was demonstratetiat if an ion specg&nduces dargenumber of atomic displacements outside

the regions participating in the builp of the amorphous fraction, the dpa threshold might be
particularly high due to a large numbeof 33XV HforHamérphisation GLVS@B®FHPH
Converselyif a large proportion oatomicdisplacements are involgen the amorphisation
process, the threshold dpa will be relatively low as observed in the case sénipde

bombarded by krypton ions.

The case of theampleirradiated with helium ions showed that the stochastic nature of the
collision cascades was of utmost importance as amorphisation could not be predicted using the
average collision cascade induced by such light ions. Instead, the amorphisation wa® shown t
be dependent on the more exceptional instances where a helium ioesinduch more

damage that in aaveragecascade

In future work,similaranalyse®f collisioncascadeshould reveabtherirradiation conditions
wherethe dpathreshold for amorphéion does not follow the typical trend descdlaove
This may arise in germanium wiitbns ofdifferent energiesr massut alsan other materia

such as silicon. Consequently, after preliminary MC calculations, a set of such sitoatitohs
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be revealed andexperimens could subsequentlpe performed to confirm the conclusion

suggestedby the MC calculations.

Furthermore, it will be interesting to perform experiments ateldiux in order to induce
isolated damage clusgeand/or amorphous pocketsa single impact The samplethen
irradiatedcould be studiedusing X-TEM as a way ofjiving an insightinto the real damage
induced in thesample(as opposed as the damage calculated via models and MC calculations).
This should ultimately lead to a more accurate way of describing amorphisation as well as

betterways of interpreting the MC calculations.
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Appendix

As with the germanium nanowires, single crystalline silicon nanowires were irradiated at
elevated temperatures to induce bending whilst preserving their single crystalline characters.
Thenanowires, which, were also deposited onto a molybdenum grid viadtied described

in chapter 3had lengtk ranging from 300 nm to fm and diametarfrom 30 nm to 70 nm.

For these experiments the irradiation condition were slightly different as the nanowires were
irradiated with 40 keV xenon ions, with a flux of 4.8ions.cm?.s? at a temperature of
500°C. Figure A.1showsa superimposition dfnages ofa silicon nanowire during irradiation

and the SADP of the nanowire before and after irradiati@s, thus observed that the nanowire

has bent and remained sieglrystalline as evidenced by the inset SADP.
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Figure A.1: Superimposition of BHEM images captured from a video durdi@keV xenon
ion irradiation in situn the TEM inducing théending of the silicon nanowires 500C. The
SADPs before irradiation and after irradiation sskhownto illustrate the single crystalline

character of the nanowiedter bending
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