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Preface

Ion beam is a well-known versatile tool, which is being used frequently across the world in
various applications. This book is aimed to provide a brief introduction of different ap-
proaches and recent development in ion beam application.

The first section provides a brief introduction into the topic.

The review in the second part of the book covers the ion beam with the MeV energy range.
Furthermore, this book contains the popular research interests regarding the interaction of
nanoparticles with MeV-ranged ion beam. Coalescence of nanoparticles to form nanowires
with swift heavy ions is discussed in this section. Ion beam in MeV energy range is helping
the material scientists to perform material characterization from the last 60 years. Unique
and advanced ion beam analysis techniques are also presented in this section. The effects of
space radiation on spacecraft body and shielding materials are very severe, sometimes caus-
ing the operation failure. To overcome these issues, shielding materials are being developed,
and ground-based radiation testing of these shielding materials using MeV ion beams is ad-
dressed in this book.

The third part of the book defines the recent achievements on focused ion beam generation
and its applications. The focused ion beam techniques have been discussed as a novel ap-
proach for property modification and optimization of wide-bandgap materials for high-den-
sity data storage application. This section covers focused ion beam application in new
digital memory as a data-writing tool in bits of nanometer diameter into new-generation
storage materials and photon near-field technology was discussed. Additionally, advance-
ment in focused ion beam with molecular nitrogen source gas instead of atomic source gases
is also discussed here. This new nitrogen focused ion beam source is very useful for imaging
and patterning.

The final segment of the book addressed the most important applications of ion implanter.
Ion implantation is one of the key technologies for the fabrication of electronic devices in a
controlled manner. Hereby, the modifications of the photoelectrical properties of n-Si and
silicon-on-insulator structures due to B* ion implantation are explained concisely. On the
same line, the ion implantation of group V dopants, such as P, As and Sb, in HgCdTe and
the computer simulations on the collision of incident ions and lattice atoms are also tried to
be incorporated in this book. This approach will help to understand the distributions of ions
and recoil atoms numerically.

The authors are very thankful and want to acknowledge all those who potentially contribute
in this book, namely, Prof. Dr. E.A. Dawi, Prof. Dr. V.K. Egorov, Prof. Dr. E.V. Egorov, Prof.
Dr. S.I. Tadadjeu, Prof. Dr. B.D. Ngom, Prof. Dr. Shane Martin, Prof. Dr. R.R Van Zyl, Prof.
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oshi Mizuta, Prof. Dr. Nina Khuchua, Prof. Dr. Marina Tigishvili, Prof. Dr. Nugzar Dolidze,
Prof. Dr. Zurab Jibuti, Prof. Dr. Revaz Melkadze, Prof. Dr. Roland Diehl, Prof. Dr. Changzhi
Shi and Mr. Julian Virag, Publishing Process Manager.
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Chapter 1

Introductory Chapter: lon Beam Applications

Ishag Ahmad and Fabian |. Ezema

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.78966

1. Overview

Ion beam instruments such as particle accelerators, focused ion beams (FIB), and ion implant-
ers are versatile instruments which are broadly applied almost in all field of physics from
nuclear physics to particle physics, condense matter physics, and atomic physics. These are
also an important tool in other areas of science and technologies such as chemistry, envi-
ronment sciences, biology, space science and engineering, and semiconductor technology.
Its applications are substantially being extended for generating cluster ions, synchrotron
radiations, focused ion beams with molecular nitrogen source gas, and proton-proton col-
liders. Progress in nuclear and particle physics originated from studies with ion beam is
playing now a determining role in astrophysics and cosmology. Similarly, low energy ion
beam, such as ion implanters and FIB, are also useful instruments for device fabrication and
microscopy.

This chapter aimed to present a brief review of a broad range of applications of the ion
beam in diversified fields which will be useful for the common reader to understand ion
beam science and technology. Finally, the latest research using MeV ion beam, focused
ion beam, and ion implanter is compiled in this book in three respective sections. For a
further concise review of ion beam applications, electron beams are excluded from this
review chapter and book, even though electron microscopes and other useful applications
are being emerged in different areas of fields. For example, focused electron beam was used
in patterning and cutting of nanowires [1]. Figure 1 shows the patterning of ZnO nanowires
using focused electron beams at transmission electron microscopy (TEM).

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) ExgNN



4

lon Beam Applications

N

nanohole

Figure 1. Focused electron beam to create nanoholes in ZnO nanowires [1].

2. Applications

2.1. Materials science

This section introduces to the materials scientists, chemists, and physicists about the ion beam
techniques for materials analysis, modification of materials, and development of new materi-
als using ion beam. MeV ion beams for materials analysis techniques are being used as com-
plementary techniques in materials analysis. These are the group of non-destructive analytical
techniques such as particle induced X-ray emission (PIXE), particle-induced gamma-ray emis-
sion (PIGE), nuclear reaction analysis (NRA), Rutherford backscattering (RBS), and ion chan-
neling, which are being used to analyze composition and depth profiling of solids. Almost all
elements from hydrogen onward can be probed by ion beam analysis (IBA). IBA techniques
are discussed in detail in Section 2. Focused or collimated beam into micron and submicron
(Microprobe) is now developed, which is useful for mapping of lateral elemental distribu-
tion over a specimen. These microbeams are useful for high-resolution imaging by measuring
density variations through scanning transmission ion microscopy (STIM) technique.

Ion beam modification of materials is an important application of ion beam. Recently, boron
carbonitride nanotubes were synthesized from boron nitride nanotubes using C ion beam
irradiation [2]. Similarly, phase transformation of thin film and nanostructured materials by
ion beams is another important application. Ion beam-induced controlled modification of
physical properties is possible in thin film and nanostructured materials [2-8]. Phase segrega-
tion and separation is another unique application of ion beam [9].

Ion implantation is an exceptional surface treatment method to implant N-type and P-type
dopants into semiconductors to make solid-state electronics. Moreover, dilute magnetic semi-
conductor devices could be synthesized through direct implantation of magnetic elements
into nonmagnetic semiconductors [10, 11]. After developed FIB, now it is also possible to
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implant required elements into required depth to make semiconductor devices. Section 3
describes the advantages of ion implantation process with emerging new applications.

Focused ion beam in keV energies is also used for microscopy of materials [12]. FIB instru-
ment can be utilized for microstructure tomography in the range from ~100 nm to 10 pm.
Advanced FIB microscopy has been described in detail in Section 3.

2.2. Environmental sciences

IBA techniques such as PIXE are widely used for environmental studies. Trace element mea-
surement in aerosol samples is an important application of MeV ion beam. After developed
microprobe, now it is possible to measure or mapping of heavy metals in various samples
like trees, fish, deposit mining dust on trees leaf, glacial melting study, etc., which give valu-
able seasonal and historical information of pollution to the particular area of study. Many
authors have proven the diagnostic usefulness of hair analysis in assessing pathological
elemental concentrations in the body. Hair has been shown to reflect environmental and occu-
pational exposure to lead, mercury, aluminum [13], and a combination of multiple metals.
Microanalysis of hair to assess the toxic metals in scalp hair of artisanal miners are important
environmental studies using micro PIXE. The PIXE technique has been proven as a high accu-
rate, sensitive, and nondestructive method to determine concentration and composition of
chemical elements. Beside these, PIXE technique has been successfully used in many other
environmental studies like elemental mapping, source appointment, and chemical character-
ization of various pollutants.

2.3. Device fabrications

Focused ion beam either in MeV or keV energies is a considerable tool in science and technol-
ogy for micro and nanodevice fabrications using both bottom-up and top-down approaches.
In the bottom-up approach, individual nano-objects such as nanowires and nanotubes can be
assembled directly together in form of functional welded networks using ion beam induced
nano-welding technique. Ion beam-induced nanowelding is another option to make nanow-
ire/nanotube-welded junctions and to make nanodevices or integrate nanodevices. Recently,
researchers used ion beam as a tool to weld carbon nanotubes, silver nanowires, Ni nanowires,
and SiC nanowires to make junctions and large-scale welded networks [14-21] (Figure 2).

In top-down device fabrication approach, 3D MeV proton beam writing is an important tech-
nique to make micro and nanodevices [22]. Whereas, keV energy FIB is now an essential tool
to use for TEM sample preparation and device fabrication and to fabricate complex nanoscale
structures/patterns. It is a tool that directly makes a 3D and 2D pattern without masks from a
few nanometers to hundreds of micrometers in size. Compact FIB instruments are developed
and being used to fabricate microelectromechanical systems (MEMS)-based devices, micro-
fluidic chips, photonic devices, and DNA sequencing nanopore membranes [23, 24]. More
detail FIB applications are described in Section 3.

5
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Figure 2. Jon beam-induced welding of (a) multiwalled carbon nanotubes [21], (b) SiC nanowires [14], (c) Cu nanowires,
and (d) silver nanowires [18].

2.4. Atomic physics

Excitation and ionization of atoms by ion beam is another application of ion beam technology
to study atomic structure. Jon beam-induced X-ray emission is a rich phenomenon to study
the complicated process during ion beam interaction with matter. The fundamental param-
eter such as ionization cross section is a pure quantum mechanical phenomenon. When an ion
passes through the target atom, the target atom becomes ionized due to columbic interaction
of ions with target atom. The target atom is ionized by absorbing ion beam energy and rest of
the energy is utilized in ejaculation of auger electron in case of atomic collision and heating.

When an atom deionized, it released the absorbed energy in the form of photon, and its excess
energy ejaculates the auger electron and rest of the energy loss goes in the heating of sample.
The probability of emission of x-rays or photon from particular due to electron transition from
upper shell to lower shell is called the fluorescence of particular shell. We can measure the
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X-ray production cross section of particular shell using fluorescence yield of shell of target
element. For K-shell, X-ray production cross-section data are available so far to support PIXE
technique for materials analysis, whereas a lot of discrepancies exist in L-shell and M-shell of
X-ray production cross section measurement. As it had become complicated due to fluores-
cence and auger electron transition between levels and sublevels.

The fine and hyperfine lines originating from s, p, d and f orbitals and its suborbitals (from
levels and sublevel) can be studied and explore the fluorescence and auger electron transition
and Coster-Kronig transition for L- and M-shell X-ray production cross section. The relative
intensity ratios of K-shell, L-shell, and M-shell transition lines can be explored from light and
heavy ion in advanced studies. Decreasing and increasing trend of intensity ratio of transi-
tions lines Kat/K3 and LB3/La can also be explored as a function of ascending order of elements
Z, respectively.

The stopping power or energy loss of projectile in the matter is another research area. Due
to lack of correct knowledge of stopping power, error in cross-section measurement is large.
Bethe formalism and Ziegler, the founder of TRIM/SRIM software for heavy ions stopping
power, may deviate from the experimental results at different energy ranges. The study
reveals that there are many discrepancies exist in the theoretical models. Using heavy ion for
cross section and stopping power studies can improve the theoretical models.

The multi-ionization effect by heavy ion is an open research field and a once need to explore
the complicated physics exit behind it. PIXE using heavy ion lead us to find the fact for cor-
rections of theoretical Models.

2.5. Nuclear physics

Study of nuclear structure and nuclear reaction using ion beam is another application of ion
beam technology. As the diameter of the nucleus is less than 10* m, the nuclear structure
study with microscopy technique is hard to investigate. Therefore, high energy ions which
have a size comparable to a nucleus are another option to investigate the structure of the
nucleus. Scattering cross section could be measured by energetic ions interacting with target
nucleus. Ion-induced nuclear reaction could be possible to emit secondary particles such as
neutrons, alpha particle, gamma-rays, and beta particles. Once energies and angular distribu-
tion of secondary particle emission observe, then size and shape of the nucleus and the forces
existing inside the nucleus could be deduced. Large range of ion beam-induced nuclear reac-
tions is possible.

Proton beams with different energies are very useful for various aspects of research, such as
proton beams with energies between 1 MeV and 1 GeV are almost always used for nuclear
structure studies. Proton beam with energy between 1 and 100 MeV could be made to interact
with whole nuclei or with several nucleons, while proton beam with energy between 100 and
1000 MeV could be interacted with individual nucleons in the nucleus which giving more
precise information about each nucleon. Ion beam energies greater than 1 GeV are useful to
produce short-lived particles such as mesons [25].
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2.6. Biology

Ion beam could be applied in biology for probing, damaging and modifying the biological
samples. Ion beam accelerators have advanced further by the introduction of nuclear micro-
probes. These microprobes have opened up new areas of research in biological science by
allowing elemental microanalysis, with imaging capabilities, particularly suitable for the
measurement of trace elements in biological tissues. Whereas ion beam-induced mutation
of crops, vegetables and fruits are matured method. Micro PIXE is continuously applied in
life science for comprehensive food crops analysis to determine traces of toxic heavy metals.

2.7. Particle physics

High-energy ion beams produced by particle accelerators also have vast applications in par-
ticle physics as it is a tool to study extreme states of matter. In high energy physics, particle
colliders have taken part in a key role in scientific discoveries for last many decades. Particle
colliders are basically ion beam accelerators where particles are accelerated up to relativistic
speed to collide with a stationary target or head-on collision with each other like proton-
proton colliders. At sufficiently high energy, relativistic particles smash into other high
energy particles. Energies of the colliders continuously increase over time for exploring new
physics/particles. Moreover, advanced high energy particle detectors are being developed for
understanding the properties of high energy particles such as mass, energy, charge, spin, and
isospin, which are being created during collision of relativistic particles.

Large Hadron Collider (LHC) is the world’s largest accelerator built at Swiss-French border
in Geneva, Switzerland. It is also used to accelerate the heavy ion beams. It is capable of
accelerating Pb ions with the beam energy of 2.76 TeV/nucleon, which yield to 1.15 PeV in
total, with the luminosity of 1.0 x 10 cm™ s™. Heavy ion beam focuses on study of quantum-
chromo-dynamics (QCD), the strong interaction sector of Standard Model (SM). It allows to
study physics of strongly interacting matter and the quark-gluon plasma at extreme values of
energy density and temperature in nucleus-nucleus collision.

2.8. Medical application

Medical radioisotopes for medical applications are well established for diagnostic and ther-
apy. lon beams are also being used to produce radioisotopes that are used for the mentioned
uses. Further research is also going on to produce high-quality radioisotopes through the
series of investigation into production of radioisotopes and its decay characteristics in medi-
cal applications such as cross-section measurement of ion beam with target atom to monitor
nuclear reactions, compilation of nuclear reaction data for therapeutic radionuclides pro-
duction, and Beta decay nuclear reaction cross-section measurement for positron emission
tomography.

Ion beam therapy is another unique application of ion beam, which provides cutting-edge
cancer treatment. Jon beam therapy is a newly emerging treatment for cancer, which is more
effective than any other old techniques. In ion beam therapy, ion beam is offering the possibility
of excellent dose localization and thus maximizing cell killing within the tumor. Proton therapy
for cancer treatment is a matured technology to damage cancer cells while producing the least
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damage to the surrounding uninfected tissues. Radiotherapy with carbon ion beam is also
developed and is popular in the world, while heavy ion therapy research is going on by under-
standing fundamental damage mechanisms of cancer cells under heavy ion irradiation [26].

2.9. Nuclear astrophysics

The production of radioactive ion beam and studying its properties are currently a hot
research area in accelerator scientific community and for nuclear astrophysicists. Energetic
radioactive ion beam, a beam of short-lived nuclei, opens up a new research direction
to study nuclear reactions and nuclear structures. Nuclear reaction with radioactive ion
beam provides information on reactions that occur at our sun and other stars in our uni-
verse. For astrophysics point of view, scientists have produced short-lived halo nuclei in
radioactive ion beam facilities to study nuclear astrophysics. Further research is going
on for a generation of short-lived neutron-enriched nuclei in next-generation radioactive
ion beam facilities, which are required to understand the existence of heavy elements in
the universe by the astrophysics rapid neutron-capture process. Through this short-lived
radioactive ion beam, it may be possible to explore the secrets of the universe as these
nuclei beams play a vital role in understanding the origin of the elements and the dynam-
ics of stellar objects. Moreover, short-lived nuclei (radioactive ion beam) are essential for
useful studies of astrophysical objects such as neutron stars, super novae, X-ray bursters,
and supernovae. In conclusion, short-lived halo nuclei in radioactive ion beam facilities
will provide us with the information that how the chemical elements had formed our
world in the cosmos [27].

3. Conclusion

Recent researches in ion beam applications that are mentioned in this introductory chapter
are so detailed that it is not possible to cover them in this book. Therefore, this book only has
selected special chapters from distinguished authors that cover various aspects of:

1. MeV ion beam applications

2. Focused ion beam applications

3. Ion implantation
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Abstract

Irradiation of spherical gold (Au) nanoparticles confined within a silica matrix with swift
heavy ions induces their shaping into prolate nanorods along the beam direction. In this
review, spherical colloidal Au nanoparticles with a diameter in the range of 15-30 nm
(#3 nm) are irradiated at normal incidence with Ag ions with a kinetic energy in the
range of 18-54 MeV to fluences between 10" and 10" ions/cm? at 300 K. For example,
under irradiation with 18 MeV Ag™ ions to a fluence of 6.4 x 10" ions/cm?, the origi-
nally spherical nanoparticles of 15 nm diameter are shaped into prolate nanorods with
a length of 40 nm and a width of 8 nm. An aspect ratio of the major to the minor axis of
the nanorods of about 5.0 + 0.4 at constant volume is achieved. Saturation of the varia-
tion of the aspect ratio is reached at a fluence of 8.7 x 10" ions/cm? Irradiation of samples
containing 15 nm Au particles with 25 and 54 MeV Ag ions has shown further lengthen-
ing of the Au nanorods, increasing with the increasing ion energy. Similar ion-shaping
behavior is reported for 30 nm Au particles under irradiation with 18, 25, and 54 MeV Ag
ion energies, respectively. By systematically monitoring the experimental data, we put in
evidence the existence of a threshold fluence of Au nanoparticle elongation. The value of
the threshold fluence is found to depend on both the ion energy and nanoparticle size.

Keywords: ion beam, electronic stopping, Au nanoparticles, ion track, nanorods,
nanowires

1. Introduction

The use of ion beams as effective tools for changing the material properties has gained increas-
ing interest during the past few decades. In particular, emphasis is given to ion implantation
[1] and focused ion beam [2] processes which have received an enormous amount of attention
in semiconductor technology applications.

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) ExgIN
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When an ion penetrates a solid, it dissipates its kinetic energy in collisions with the target
atoms. Ion implantation is performed in the energy regime where electronic stopping domi-
nates the minimal sputtering mechanism. Implanted ion profile and the concentration of
impurity atom are affected by sputtering. As the target material is being bombarded with
energetic ions, some of the incident beam ions are implanted and retained in the target, while
the surface that is exposed to the ion beam is simultaneously receding due to sputtering.
Schematic diagram of the ion-solid interaction is illustrated in Figure 1 (adopted from Nastasi
et al. [3]). The basic mechanisms characterizing the interactions of ions with solids can be
summarized as follows:

1. Nuclear energy loss. This is the main mechanism of energy losses at low ion velocities
(kinetic energy, corresponding to ~1 keV/a.m.u.). The bombarding particle transfers its
energy to the nucleus of the target atom in elastic collisions, which causes the atoms to be
displaced from their equilibrium positions.

2. Electronic energy loss. This is the predominant mechanism of energy loss for fast ions
(=1 MeV/a.m.u.). In this regime the ions lose their kinetic energy by electronic excitation
and ionization of target atoms.

3. Photon radiation. Stopping through photon generation becomes significant only at relativ-
istic velocities (bremsstrahlung, transitional Vavilov-Cherenkov radiation).

4. Nuclear reactions. Nuclear reactions of the projectile ion and target atoms occur when the two
collision partners have sufficient kinetic energy that the Coulomb barrier can be overcome

Taking into account the fact that most attention is paid to ion-induced structural changes of
materials within nuclear and electronic energy loss regimes, we shall only discuss the two first
mentioned mechanisms of the ion-matter interactions. A good approximation is the assump-
tion that nuclear and electron energy losses are uncorrelated and can therefore be discussed
separately and independently.

Primary ion @)
Secondary electrons
e e A;ut‘leu-d particle
Vacuum e -
Solid
b
v ; Re
Q“
Implanted ion

Figure 1. Schematic diagram of the ion solid interactions (adopted from Nastasi et al. [3]).
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In the case of nuclear stopping, elastic collisions cause the ions to change their velocity, but
the total kinetic energy of the colliding atoms remains constant. On the other hand, inelastic
collisions involving electrons are not accompanied by large changes in the direction of the
ion, and here several processes are possible: excitation and ionization of atoms with electron
exchange in the colliding atoms. A typical evolution of the energy loss as a function of the ion
kinetic energy is presented in Figure 2 for a beam of xenon ions (Xe ions) in amorphous SiO,.
From the figure, one can, for instance, infer that the electronic stopping power for an energy
of 370 MeV is more than two orders of magnitude larger than the nuclear stopping power.

1.1. Ion beam-induced deformation

i. Anisotropic plastic deformation of colloidal silica particles

Heavy ions with ~MeV/a.m.u. kinetic energy predominantly lose their energy in a solid tar-
get material by electronic excitation and ionization of the target atoms. It is now well estab-
lished that during irradiation with such ions, amorphous materials are subject to irreversible
anisotropic changes of their specimen dimensions [4, 5]. Detailed description of the mecha-
nism governing the anisotropic deformation is reported by the viscoelastic model. The latter
presumes the deposition of energy by the incident ion into the electronic subsystem of the
material. Through electron-phonon coupling, this energy is transformed in a cylindrical mol-
ten-like transient heating around the path of the particles. In a very short time interval (few
femtoseconds), and as a result of the cylindrical molten expansion, shear stress relaxation
induces freezing anisotropic stress as cooling of the heated regions is taking place. In this way,

Energy Loss (keV/nm)

107 10" 10" 10" 100 10° 10
Beam energy (MeV)

Figure 2. Nuclear, electronic, and total energy loss versus the ion energy for typical ion energy of 370 MeV Xe in
amorphous SiO,. The figure is reproduced with permission from M. Toulemonde [8].
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the deformation mechanism is governed by electronic energy loss and most efficiently with
ions in the MeV/a.m.u. energy range. Extrapolation of experimental high-energy to lower-
energy data has suggested that the deformation is not expected to occur below a minimum
irradiation energy of 1 MeV [6, 7]. The concept of the thermal spike is generally invoked to
interpret the damage induced in amorphous materials such as metallic or silica glasses when
they are traversed by ions with a kinetic energy in the electronic stopping regime.

ii. Anisotropic plastic deformation of embedded metal nanoparticles

Metal nanoparticles (NPs) are subject of large scientific and technological interest because of
their specific properties which are different from those of the corresponding bulk material [9, 10].
When light impinges on (nano)-metal, the free conduction electron clouds respond collectively
by oscillating in resonance, which excitation is known as a surface plasmon (SP). For a number
of (noble) metals, the resonance behavior is noticeable in a single band in the visible range of
the electromagnetic spectrum. One of the interesting aspects is the possibility to shift the surface
plasmon resonance (SPR) peak of metal NPs into the infrared region by modifying their aspect
ratio [11]. The SPR peak characteristics depend on the size, the shape, and the chemical environ-
ment of the metal NP; thus, modification of one of these parameters represents a way to control
the optical properties of the material containing the NPs. In this respect, the ion beam-shaping
technique is becoming a powerful tool to manipulate matter at the nanometer scale, allowing
spherical dielectric particles to be transformed into prolate nanostructures, i.e., to elongate in
direction perpendicular to the incident beam direction. Meanwhile, metal NPs embedded within
a dielectric matrix are transformed into nanorods and/or nanowires that are aligned along the
direction of the incident ion beam [12]. The latter is becoming an increasing scientific interest
specially in tailoring the optical properties of plasmonic-active materials which could be widely
used in applications within nanophotonics and nanoplasmonics [13].

2. Method

Compared to conventional surface science techniques, such as gas-phase synthesis and
deposition of NPs under ultrahigh-vacuum condition, the self-assembly of NPs by means of
electrostatic coupling is a scientifically and economically interesting alternative [14]. In the
following, charge-stabilized spherical colloidal gold NPs, which have been derivatized with
(3-aminopropyl)triethoxysilane (APTES), are deposited on the surface of thermally grown
silicon oxide substrates. The thickness of the thermal oxide amounts to 200 nm. Two sets of
samples with the different NP size of 15 and 30 nm diameter are prepared. Dispersion in
size is deduced from atomic force microscopy (AFM) technique. AFM analysis of the particle
heights is measured and found to amount to about +3 nm. Each set consists of a number of
identically prepared samples for each NP size.

At present AFM is one of the important techniques for analysis of surface morphology [15, 16].
The size and shape of Au NPs have been inspected by a Nanoscope® Illa tapping mode atomic
force microscope (TM-AFM) operating in air. Figure 3 shows AFM images of Au NPs, distrib-
uted on the sample surface after immersion for 5 minutes into a solution containing Au NPs
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Figure 3. AFM images of 15 and 30 nm Au particles deposited on the SiO, surface after immersion into Au solution for
5 minutes, (a) and (b), respectively, and 40 minutes, (c) and (d), respectively.

with 15 and 30 nm diameter (a) and (b), respectively, and after immersion for 40 minutes into
Au solution containing 15 and 30 nm diameter NPs, (c) and (d), respectively. These AFM images
which were taken before sputter deposition of the second oxide layer show the uniformity of
the Au NP distribution over the surface of the samples.

A silicon dioxide layer with thickness of about 150 nm is reactively sputtered to cover the Au
NPs. Subsequently, the layer structure is annealed at 900°C in an open furnace. To provide a
good thermal contact during the irradiation treatment, the samples are mounted on a massive
copper holder using conductive paste. For better understanding of ion energy and NP initial
size dependence, irradiations with 18, 25, and 54 MeV Ag ions are performed on the first set
of the samples. This first set is composed of three identically prepared NPs of 15 and 30 nm
diameter each. The additional set of samples composed of the same NP size is prepared at
higher NP areal density as to investigate the role of NP density within the resulting deforma-
tion characteristics of embedded NPs. The variation in Au NP areal density is established by
variation of the immersion time of the samples into the Au-containing solution, between 5 and
40 minutes. The resulting density of the 15 and 30 nm Au NP samples obtained following the
deposition scheme between 5 and 40 minutes is estimated in Table 1. The average interparti-
cle distance is calculated based on a square array of particles. The ion beam is electrostatically
scanned to homogeneously irradiate the entire sample area of 2 x 2 cm. Irradiations are per-
formed at room temperature (300 K) for fluences ranging from 10" to 10" ions/cm? applying
normal incidence. Beam currents are sufficiently stable during irradiations as measured on a
spot of 1 mm? using a micro-Faraday cup. The beams are delivered by the Utrecht 6.5 MV EN
tandem accelerator. The values for the electronic stopping powers in SiO, and the projected
range of the silver ions in 5iO, at the energies applied are deduced from the SRIM program
[17] and shown in Table 2.
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Deposition time (+1 min) 5 minutes 10 minutes 20 minutes 30 minutes 40 minutes
15 nm Au NP concentration 2.5x10° 7.5 x10° 1.4 x 10" 1.7 x 101 4 %101
(particles/cm?) (+10%)

Interparticle distance (+10 nm) 200 115 85 76 50

30 nm Au NP concentration — 9 x 108 2.3 x10° 2.8 x10° 3.2x10°
(particles/cm?) (10%)

Interparticle distance (+10 nm) — 333 208 188 176

Table 1. NP concentration and the corresponding interparticle distance of Au NPs with average size of 15 and 30 nm
diameter deposited on SiO, substrate by immersion of the substrate into colloidal Au-containing solution for time
intervals of 5, 10, 20, 30, and 40 minutes.

These ranges are far beyond the thickness of the oxide layers containing the metal nanopar-
ticles. Hence, the irradiation is only used to deposit energy into the SiO,-Au layers. The Au
nanoparticle size and shape before and after irradiation are studied by using (tapping mode)
atomic force microscopy (AFM), Rutherford backscattering spectrometry (RBS), and trans-
mission electron microscopy (TEM).

Analysis of the samples has been carried out by different techniques. Rutherford backscattering
spectrometry (RBS) is used to measure the density of Au species as it penetrates into the SiO,
matrix. With respect to the latter, RBS is regarded as a faster tool to bring information about Au
NP depth distribution before and after irradiation with heavy ion beams. The depth distribution
of the Au NPs is estimated from the corresponding full width at half maximum (FWHM) of the
Au peak in the RBS spectra. It is worth mentioning that under swift heavy ion (SHI) irradiation,
the vast majority of the Au species will not be confined to their NPs due to melting; therefore, the
FWHM of the Au peak cannot bring qualitative estimation of the exact NP size. However, a quali-
tative trend of the NP elongation can be followed. RBS analysis was carried out applying an inci-
dent ‘He" ion beam with energy of 2 MeV at normal incidence geometry. The backscattered ions
were analyzed in situ using two detectors at angles of 120° and 170°, respectively. In the “Results”
section, we will only discuss the data analysis obtained from one detector of our selection (120°
detector), assuming that the data obtained from the 170° are essentially identical. After RBS anal-
ysis, samples containing the metal NPs are analyzed by transmission electron microscope (TEM)
for cross-sectional imaging of the size and shape of Au NPs before and after irradiation. For that
purpose, a 300 keV Philips/CM30 microscope is used. The micrographs obtained from X-TEM
analysis are processed with a slow scanning camera applying digital micrograph program.

S, (8i0,) (keV/nm) S, (Si0,) (keV/nm) S, (Au) (keV/nm) S (Au) (keV/nm) R, (um)

18 MeV* 54 0.23 11 0.9 5.8
25 MeV* 6.7 0.18 14 0.7 6.9
54 MeV+*® 9.7 0.10 24 0.4 10.3

Table 2. Values for electronic (S,) and nuclear (S, ) stopping power for S5iO, and gold and projected range (R ) obtained for
the applied ion beams (18, 25, and 54 MeV Ag ions). All the values are obtained using the code SRIM 2008 [17].
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3. Results

Au NPs with average size of 15 and 30 nm diameter are prepared with different NP concentra-
tions and/or areal densities (10°-10'° particles/cm?) embedded within a single plane parallel
to the surface of a SiO, matrix. In this section, we will report a detailed investigation of swift
heavy ion irradiation effects on these NPs. A selective range on incident ion energy of 18, 25,
and 54 MeV Ag ions is applied. Influence of the ion energy, NP size, and areal density on the
process of ion-induced elongation of spherical Au NPs will be discussed. For clarity of pre-
sentation, the “Results” section is divided into two subsections. The first subsection discusses
the role played by embedded NP size and ion energy within the deformation characteristics
at almost constant NP areal density and/or concentration. For that purpose, NP size range
between 15 and 30 nm diameter is selected of which its samples are identically prepared and
successively irradiated with ion beam energies in the range of 18-54 MeV Ag ions. In the sec-
ond subsection, for the two NP sizes, the ion beam-induced deformation is investigated con-
sidering two extreme regions of NP areal density (low concentration and high concentration)
applying single ion energy of 54 MeV Ag™ ions.

3.1. Elongation as a function of the initial NP size and the ion beam energy

3.1.1. Evolution of 15 nm Au NPs

The first set consisting of three identically prepared samples, containing 15 nm Au NPs with
an average areal density amounting to 1.7x10' particles/cm?, is irradiated with 18, 25, and
54 MeV Ag ions, respectively. Figure 4a—c shows the Au RBS peak as obtained from the 120°
detector for several fluence values for the three energies. The relatively sharp peak of the
unirradiated regions corresponds to 15 nm particles which are embedded in a SiO, matrix in
a plane at a depth of approximately 150 nm below the surface. RBS analysis in Figure 4a—c
shows broadening in Au NP peak with increasing the irradiation fluence. The broadening in
the Au RBS peak indicates that the depth distribution of the Au is penetrating into the hosting
SiO, matrix. The latter indicates that the pristine Au NP is transformed into aligned nanorods
parallel to the ion beam direction. The evolution of the FWHM with fluence from the 120° and
170° detectors is shown in Figures 5(a) and 5(b), respectively.

From inspection of the data in both figures, two facts are deduced for irradiations of 15 nm Au
NPs with 18 and 25 MeV Ag ions, as follows:

i. No elongation appears for fluences lower than ~5.0 x 10" and 3.0 x 10" ions/cm?
respectively.

ii. The RBS peak width reaches saturation for fluences larger than ~6-8 x 10 and 4.5 x 10™
ions/cm?, respectively.

The X-TEM micrographs in Figure 6a, b correspond to the highest 18 MeV irradiation fluence
(8.7 x 10" ions/cm?). Clearly, under 18 MeV Ag* ions, the originally spherical NPs of 15 nm
diameter are all shaped into prolate nanorods with a length of ~40 nm and a width of ~8 nm,
thus, with an aspect ratio of about 5. The volume of each nanorod corresponds approximately
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Figure 4. Normalized RBS spectra of three identically prepared samples containing Au NPs with 15 nm diameter with an
average areal density of 1.7x10" particles/cm? after being irradiated with energies of 18 MeV Ag* ions, 25 MeV Ag* ions,
and 54 MeV Ag*ions, (a), (b), and (c), respectively. The inset shows total normalized spectra for all samples. The Au surface
channel is indicated. The scale is (a), and (b) is the same; however, for (c), the experimental condition is slightly different.

—0— 54 MeV Ag™
(b) | =0 25 Mev g™
- S |8 MeV Ag™

—m—54 ,HEVAE" 1104
—o— 25 MeV Ag” 100
- A 18 MeV Ag" 90,
80.
70,
60
50,
404
20 30

FWHM (KeV)

FWHM (KeV)

. |

- Ll - L L - L - L - Ll . y N N N
00 20 48 60 &0 100 0.0 2.0 4.0 6.0 » 8.0 10.0
Irradiation Fluence xm“(inngkm?} Irradiation Fluence x10° (ions/em”)

Figure 5. The FWHM of the Au peak as function of irradiation fluence determined simultaneously for the 120° and 170°
scattering angles, (a) and (b), respectively. The figures are for 15 nm Au NPs irradiated with 18 MeV Ag™ ion energy
(triangles and dot line), 25 MeV Ag* ion energy (circles and dash line), and 54 MeV Ag* ion energy (squares and solid
line). A magnified view of the region identified by the black square and the black rectangle is included in the inset of
figure (a) and (b), respectively.

to that of the pristine spherical NP (V,~V ). This indicates that the ion-shaping process
for these irradiation conditions is an individual process, i.e., each NP deforms into a similar
prolate nanorod.

The broadening of the Au RBS peak for the sample irradiated with 54 MeV Ag™ ions is also
represented in Figure 5a, b. At this energy the elongation of 15 nm Au particles starts without
detectable threshold fluence in these measurements. After irradiation to a fluence of 1.0 x 10
ions/cm?, the broadening of the Au RBS peak has already reached the value attained under irra-
diation with 18 MeV Ag™ ions to the maximum fluence of 8.7 x 10" ions/cm? The latter obser-
vation confirms the influence of the ion energy on the elongation characteristics of Au NPs.
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Figure 6. High-resolution X-TEM images of (i) 15 nm Au NPs under 18 MeV Ag* ions to a fluence of 8.7x10™ ions/cm?
(a) and (b). (ii) 15 nm NPs under 54 MeV Ag* ions to a fluence of 1.0 x 10" ions/cm? (c) and (d). The direction of the ion
beam is indicated by the black arrows.

Strikingly, X-TEM micrographs corresponding to the irradiation with 54 MeV Ag*® ions to
a fluence of 1.0 x 10" ions/cm? reveal almost similar nanorod morphology as those given
in Figure 6a, b. These micrographs are given in Figure 6¢, d showing aligned Au nanorods
of approximately 40 nm length and ~8 nm width parallel to the ion beam direction. With
increasing the irradiation fluence above 1.0 x 10" ions/cm? the Au RBS peak continues to
broaden until its width becomes constant for fluences larger than 5.0 x 10" ions/cm?.

3.1.2. Evolution of 30 nm Au NPs

A second set of three identically prepared samples containing 30 nm Au NPs with a areal
density of about 2.8 x 10° particles/cm? are irradiated with 18, 25, and 54 MeV Ag swift heavy
ions. The series (a—c) in Figure 7 represents the evolution of the Au RBS peak with irradiation
fluence at these energies. Figure 8 shows the change in FWHM with fluence derived from
the RBS spectra for the three energies using the 120° detector. From the figure, two facts are
deduced similar to the case for 15 nm Au NPs under irradiations with 18 and 25 MeV Ag ions,
as follows:

i. Elongation threshold fluences are observed, amounting to about 7.0x10" and 5.0x10"
ions/cm? respectively.

ii. Saturation in FWHM of the Au RBS peak is reached at fluences 6.0x10™ and 5.0x10" ions/
cm?, respectively.

For irradiation with 54 MeV Ag' ions, the ion-shaping effect starts again without detectable
threshold fluence. At the same time, no saturation is visible up to a fluence 2.0 x 10 ions/cm?.
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Figure 7. Normalized RBS spectra of 30 nm Au particles under (a) 18 MeV Ag*™ ions, (b) 25 MeV Ag*™ ions, and (c) 54 MeV
Ag" ions for samples prepared with an average areal density of 2.8 x 10? particles/cm?.

AFM analysis in Figure 3 points to a good uniformity of Au NP distribution over the surface and
the absence of agglomeration, i.e., clustering of individual NPs. This allows us to investigate the
role of interparticle distance on the ion-shaping mechanism. Thus, in the following subsection,
we will focus on the elongation phenomenon by varying the initial areal density of the Au NPs.

3.2. Elongation as a function of the initial NP size and initial NP concentration
3.2.1. Evolution of 15 nm Au NPs

Samples containing spherical Au NPs with diameter of 15 nm prepared with areal density
between 0.25 and 4 x 10" particles/cm? were irradiated with 54 MeV Ag" jons. The series
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Figure 8. The relative change of Au peak width determined for the 120° scattering angle as a function of fluence for 30 nm

Au particles under irradiation with 18 MeV Ag* ions (triangles and dot line), 25 MeV Ag* ions (circles and dash line),
and 54 MeV Ag* ions (squares and solid line).
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Figure 9. The Au RBS peak of 15 Au NPs for various irradiation fluences of 54 MeV Ag* ions for different areal densities
of 2.5 x 10°, 1.4 x 10", and 4 x 10" particles/cm? (a), (b), and (c), respectively. Normalized RBS spectra are presented in
the inset of plot (c).

(a—c) in Figure 9 show the 15 nm Au RBS peak for various fluences for NP at areal density
of 2.5 x 10°, 1.4 x 10", and 4 x 10'° particles/cm?, respectively. Figure 10 shows the evolution
of the FWHM of the RBS Au peak as a function of the fluence, for various values of the areal
density. From the inspection of the figure, two regions clearly appear as follows: (i) For low
irradiation fluences, the relative broadening of the RBS peak is almost the same for all samples
irrespective of their areal density. We define this region as A. (ii) Above a critical fluence of
about 1-2 x 10" ions/cm?, the broadening of the RBS peak becomes significantly a function of
the NP areal density. This region is denoted as region B. Apparently, all the curves tend to
evolve toward a saturation value. The larger the initial NP areal density, the larger the satura-
tion value of the FWHM appears to be.

We presume that in region A, Au NPs elongate into nanorods conserving their original volume
(Viz~Vyp)- This is confirmed by X-TEM analysis as is shown in Figure 11a-d. To understand
correlations between NP areal density and/or concentration and the broadening within the
Au RBS peak observed in region B in Figure 10, we have selected two X-TEM micrographs of
extreme NP densities (lower/higher) for comparison. As for the lowest NP density of 2.5 x 10°
particles/cm?, TEM micrographs in Figure 11a, b which correspond to irradiation fluence of
8.0x10™ ions/cm? is shown. The X-TEM micrograph in this figure shows aligned Au nanorods
with major to minor axes of 100.8 nm. Calculation of the corresponding volume of these
nanorods indicates that the volume for each nanorod is about twice the volume of the original
pristine NP (V.~2V,,). Then, we consider the TEM micrographs corresponding to the high-
est areal density (4 x 10'° particles/cm?) at a fluence of 5.0 x 10" ions/cm? (see Figure 11). These
micrographs are given in Figure 11c-e and show long nanowires with their major axis varying
from 150 to 180 nm and minor axis of 8 nm. It is obvious that these wires are not the result of the
deformation of a single particle because their Au content exceeds that of the initial NPs by at
least a factor of 5 to 6, i.e., V,~ (5-6) V. We attribute that multiple Au NPs must have contrib-
uted to the growth of such nanowires. Seemingly, under swift heavy ion irradiation, some NPs
deliver their species by disintegration, and through lateral transport, the disintegrated particles
contribute to the growth of other particles. In this way, further lengthened nanostructures will
appear in account of shorter ones. The latter hypothesis has been confirmed by X-TEM analysis
where we observed smaller aligned particles, likely resulting from the fragmentation of some
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Figure 10. The FWHM of Au RBS peak obtained from the 120° detector as a function of 54 MeV Ag* irradiation fluence
for different areal densities of 15 nm Au particles.

Figure 11. HR-XTEM images of (i) 15 nm Au particles with initial areal density of about 2.5 x 10° particles/cm? after
irradiation with 54 MeV Ag* ions to a fluence of 8.1 x 10" ions/cm?, (a) and (b), respectively. (ii) 15 nm Au particles with
an initial areal density of 4.0 x 10" particles/cm? irradiated with 54 MeV Ag* ions to a fluence of 5.0 x 10" ions/cm?, (c),
(d), and (e), respectively. The direction of the ion beam is indicated by the black arrows.

ion-deformed nanorods or nanowires. It emerges that the variation of NP areal density, and the
concomitant variation of the interparticle distance, results in a strong variation in the shaping
characteristics of the spherical Au NPs. For the areal density larger than 2.5 x 10° particles/cm?
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and above the critical fluence of 1.0 x 10" ions/cm?, Au NPs start to disintegrate, while others
continue to grow by accumulation of atoms and/or fragments from the disintegrating particles.
The latter is assumed to occur by means of a process that is well known as Ostwald ripening.
Interestingly, in some regions of TEM micrographs, tiny satellite particles surrounding shorter
particles were seen (inset of Figure 11c). These satellite particles were not visible before irradia-
tion. It is clear that the relative increase in Au peak width of the lowest areal density sample has
already attained its maximum value just above the critical fluence. This might imply that there
exists a threshold areal density for nanowire formation for 15 nm diameter Au particles, at an
areal density of ~5.0 x 10° particles/cm?, under 54 MeV Ag* jon irradiation. This corresponds to
an interparticle distance of about 150 nm. Presumably, the mass transport process is effectively
limited by a too large distance between the Au NPs.

3.2.2. Evolution of 30 nm Au NPs

Au NPs having an average diameter of about 30 nm and areal density ranging between 0.9
and 3.2 x 10° particles/cm? were irradiated with 54 MeV Ag*® ions up to a fluence of 5.0 x 10
ions/cm? The Au RBS peaks and the evolution of the FWHM of Au peak with the fluence for
each NP areal density are shown in Figure 12a—c and Figure 13, respectively.

Again, we report the existence of two separated regions as in Figure 10. At lower irradiation
fluences, the Au NP broadening evolves the NP size (region A). However, for fluences larger
than a certain value (estimated for this NP size of about 1.0 x 10™ ions/cm?), the broadening
in Au NPs in region B evolves the NP areal density. As can be seen in Figure 14a, b, X-TEM
micrographs show Au nanowires of a length of about 150~200 nm and a width of 8 nm align-
ing as a result from irradiation of the 30 nm Au NPs with areal density of 3.2 x 10° particles/cm?
with 54 MeV Ag*® ions to a fluence of 5.0 x 10 ions/cm? (see Figure 3.5). From the data in this
figure, we deduce a threshold interparticle distance near 250 nm for nanowire formation, i.e.,
at an areal density of approximately 9.0 x 10® particles/cm?.
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Figure 12. The Au RBS peak of 30 Au NPs for various irradiation fluences of 54 MeV Ag*® ions for different areal densities
of 9.0 x 10%, 2.8 x 10°, and 3.2 x 107 particles/cm?, (a), (b), and (c), respectively. Normalized RBS spectra are presented in
the inset of plot (c).
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Figure 13. The FWHM of Au RBS peak obtained from only the 120° detector as a function of 54 MeV Ag* irradiation
fluence for different areal densities of 30 nm Au particles.

L

Figure 14. HR-XTEM images of 30 nm Au particles with initial areal density of 3.2 x 10° particles/cm? irradiated with
54 MeV Ag* ions to a fluence of 5.0 x 10" ions/cm?, (a) and (b), respectively. The direction of the ion beam is indicated
by the black arrows.

4. Discussion

As pointed out in the experimental section, the projected ranges of the ions at the applied
energies are far beyond the location of the spherical Au NPs. Thus, the elongation of such
metal NPs must be a result of the ion passage through the SiO,-Au-containing layer.

Systematic investigations of the deformation of NPs in response to swift heavy ion (SHI) irra-
diation have allowed us to evidence experimentally the existence of a threshold fluence for
elongation, @ . The threshold fluence for elongation as a function of ion energy and NP size
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for 15-80 nm Au particles is estimated in Table 3. The value of ®_has been observed to depend
on both ion energy and pristine NP size. In particular, ®_decreases with increasing electronic
stopping power and increases with the NP diameter. However, as suggested by Klaumiinzer
[18, 19] and successively experimentally shown by Penninkhof et al. [20, 21], irradiation-
induced NP elongation is a complicated issue where both the matrix and the characteristics
of the confined NPs play an active role. Here, we put forward three possible mechanisms that
could be the origin of the existence of a threshold fluence and its variation with NP size and
incident ion energy. These mechanisms are listed as followed:

i
ii.

iii.

iv.

Preparation methodology of the samples.
The compaction of the hosting silica matrix under irradiation.

Occurrence of the irradiation-induced stresses within the silica matrix constrained by a
substrate.

Following the process at which our samples are prepared, Au NPs are first assembled on
top of a thermally grown SiO, film and subsequently confined by sputtering of a second-
ary layer of SiO, that is reactively sputtered on top of the first layer. The final configura-
tion of the active region of the samples indicates that Au NPs are embedded in a single
plane 200 nm far from the surface of the sample. Chemically, gold is known to have a
fairly poor wetting affinity with the 5iO, Consequently, the mechanism of how precisely
the oxide layer is formed around the Au NP during the deposition process is basically
unknown. Following the process, our SiO, top film is grown at zone 1 at the low adatom
mobility growth mode [22] and relatively low ion bombardment energy [23]. Within this
sputtering scheme, most likely voids will form near the lower half of the NP in the grow-
ing oxide. The latter is attributed due to shadowing effects. On the other hand, during
X-TEM analysis, none of the aforementioned voids were imaged. Therefore, it is plausible
that a certain compaction of the SiO, surrounding the NP is required before the deforma-
tion process is activated.

It has been mentioned in literature that under irradiation with swift heavy ions at low fluenc-
es, the 5iO, matrix exhibits a compaction of about 3%. At higher irradiation fluences, an ani-
sotropic growth dominates the compaction phase [24-27]. Rearrangement of the 5iO, ringlike
material into smaller compact ring volume leads to densification of the silica matrix [28, 29].
For swift heavy ion irradiation, within each individual cylindrical ion track, the virgin ma-
terial density is irreversibly modified. Subsequent ion impact within the same region does
not produce any further density changes [24]. In this view, the fluence required to achieve

Ion energy Nanoparticle size (nm) Threshold fluence (ions/cm?)

18 MeV Ag*™ 15 5x 10"
25MeV Ag® 3x10
18 MeV Ag* 30 7 x 10"
25 MeV Ag* 5x 10

Table 3. The threshold fluence for elongation as a function of ion energy and NP size for 15-80 nm Au particles.
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the compaction corresponds slightly to a compromise where all incident neighboring tracks
exhibit mutual overlap in such way that the perturbed area covers the overall sample surface.

vi. As mentioned in our experimental part, our grown silica film is not free standing films
but constrained by underneath silicon substrate. The stress state of a constrained silica
film as an effect of the ion irradiation has been intensively studied in literature [25-27].
Two extremely opposite stress situations depending on the irradiation fluence have been
reported as follows: (1) under irradiation at low ion fluences, the initially compressive
stress turns into a tensile stress. The latter, which is related to the mechanism of compac-
tion, leads to the structure to a higher equilibrium density state. The maximum value for
this equilibrium is reached at the end of the matrix densification for fluences up to few
10" ions/cm? (2) Under irradiation with fluences larger than 10" ions/cm? anisotropic
material deformation becomes quiet prominent in the further evolution of the system.
The latter effect is associated with the tensile stress reduction and the buildup of a com-
pressive stress for the constrained film.

Considering mechanisms (i) and (ii), we presume that the NP elongation is limited to the accom-
plishment of the structural transformation of the silica matrix. With the latter in mind, we try to
correlate the threshold deformation evolution with the energy of the incident ions. As the end
of 5iO, matrix compaction implies the situation whereas the sample surface becomes entirely
covered by the mutually overlapping ion tracks, it is conceivable that the resulting deformation
threshold depends on the incident ion track diameter. In that sense, the larger the track radius
is, the lower the deformation threshold fluence will be. In literature, a number of experimental
and theoretical publications have already reported on the ion track cross sections in SiO, matrix
[30-33]. In these publications, the track size is calculated from the thermal spike model and
already found to correspond to the region that melted in the wake of the passing heavy projectile
[34]. In our current results, the applied ion energies of 18, 25, and 54 MeV Ag, the corresponding
electronic stopping powers in 5iO, amount to 5.4, 6.7 and 9.7 keV/nm). The corresponding track
diameters for these energies in the silica are approximately 3, 4, and ~5 nm, respectively. The
calculated corresponding complete overlap of the ion tracks at the surface of the sample is found
at fluences of 2.0 x 10%, 1.0 x 10", 0.7 x 10*%, and 0.5 x 10" ions/cm?, respectively.

Putting on mind that (i) the swift heavy ion irradiation follows random statistics and that (ii)
the compaction fluence for a silica matrix containing partially wetted metallic NP can be dif-
ferent from that of pure silica film, our calculations account pretty well for the reported reduc-
tion of the deformation threshold when the incident ion energy is increased.

In our results, we show that the inertia against NP elongation increases with size. In other
words, NPs with larger diameters require higher electronic stopping powers to be deformed.
Since the macroscopic stress induced by heavy ion irradiation in planar constrained films can
reach larger values (several hundreds of MPa) [26], we presume that that mechanism (iii) can
actively participate in deformation process of the embedded Au NPs. The aforementioned sce-
nario of (iii) has already been introduced by Roorda et al. [12] for verification of the shape
change of Au NPs confined within a silica shell and suggested to remain solid during the
irradiation. However, this indirect mechanism alone is not enough to correlate the observed
deformation of embedded solid NPs [18]. The metallic NP must have an active participation
in the elongation process. In other words, the elongation process will only take place when
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the temperatures of both the metallic NP and the surrounding dielectric matrix exceed their
individual melting temperatures [18, 19]. In literature, it has been argued that the melting of
metallic NPs with diameters in the range of nearly similar range to our NPs of the current
study (6 and 20 nm) cannot be invoked with energy deposition corresponding to the electronic
stopping powers in the current work [35]. Particles with relatively larger diameters are not
expected to completely melt and virtually are not observed to deform under SHI irradiation,
[18, 35, 36]. Awazu et al. [35] report that Au NPs with diameter of about 50 nm are not subject
to deform under irradiation with 110 MeV Br ions to a fluence of about 1.0 x 10" jons/cm?. For
this class of NP size, it is conceivable that a minimum compressive stress is needed to activate
the NP deformation. On the other hand, it is necessary to mention that the threshold fluence
cannot be directly regarded to the individual track-generated stress [37-39]. This is because the
deformation threshold would be only dependable on the electronic stopping. Consequently,
macroscopic stress should be invoked to clarify the observations. In this sense, direct correla-
tion between minimum compressive stress and NP size could be established. The larger NP
size requires larger (minimum) compressive stress to activate the NP elongation process lead-
ing to larger fluence necessary to reach it. The latter hypothesis accounts quiet well for our
results for the deformation dependence on initial NP size, ion energy, and irradiation fluence.
Furthermore, the variation of the embedded NP areal density has led to identification of two
distinct fluence regimes for the NP elongation under swift heavy ion irradiations as follows:

i. For low irradiation fluences, Au NPs deform into ion beam-aligned nanorods. This mor-
phology transformation occurs under volume conservation. In other words, the ion-shaping
mechanism is an individual mechanism, where each pristine NP deforms into a single oblate
nanorod. As this behavior is observed for all values of the NP areal density, in this first stage
which is represented by the region A, the ion-shaping process can be seen as an individual
process as far as the nanoparticles are concerned.

ii. For irradiation fluences above —somewhat critical threshold —of 1.0 x10™ ions/cm? RBS
analysis indicates that the deformation rate is sensitive to the initial NP areal density.
With increasing the NP areal density, the deformation rate increases. In this deforma-
tion’s secondary stage, high-resolution TEM images show long Au nanowires aligned
in direction of the ion beam accompanied by strong signs of Au disintegration and/or
fragmentation. As the volume of the longer nanowires visualized is about five to six times
the volume of the originally spherical NP, the NP elongation process in this fluence-
dependent region necessitates the contribution of several individual nanostructures.
Within this fluence region, the elongation process might be identified in terms of a collec-
tive process where some of already-deformed NPs, or even some of the aligned nanowires,
dissolve under the irradiation, while other nanowires continue to grow by integration of
the atoms from the dissolving particles. The mechanism behind the driving force identi-
fies which nanowire should dissolve and which nanowire should grow remain unknown.
Consequently, there is a need for more detailed experimental and theoretical approach
to verify it.

The mechanism governing the growth of Au nanowires most likely involves the diffusion through
the silica matrix of the gold solute from the dissolved/fragmented nanoparticles toward the grow-
ing ones. The task to identify the physical origin of the driving force for preferred Au diffusion
from shorter Au nanorods to longer ones, which causes a kind of Ostwald ripening, is difficult.
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Some insights can be obtained from Figure 11(c) (the inset) and Figure 14a, b where small frag-
ments are clearly visualized. In fact, those small fragments were not imaged before irradiation;
thus, they must be a product of the ion beam irradiation. The energy deposited within the NP
subsystem may have allowed the Au atoms and/or species to dissolve in silica. Upon local fluc-
tuation of the solute concentration, the supersaturation of the solid solution then evolves toward
the precipitation of the satellite particle phase. Under swift heavy ion irradiation, these small
precipitates become unstable [40], and thus they dissolve by subsequent impinging ions (track
by track) through the silica matrix. In other words, the diffusion of such nanostructures is driven
by the transient melted region formed in the wake of the impinging ions. Dais et al. [41] report
on direct observation of the gold diffusion within the ion track. As this process depends on the
amount of the available solute sources, i.e., the NP concentration, the lower their relative dis-
tance the shorter the diffusion time and the longer the nanowires, as shown in Figure 13¢, d and
Figure 14a, b. On the other hand, when the NP areal density is low, the particle growth is limited
by the too long distance between the metal particles. This effect accounts for the relatively low
saturation length observed in the samples having the lowest NP areal density. If metal solute
may diffuse only within the thermal spike region, for each ion impact, the lateral diffusion dis-
tance will be of the order of magnitude of the track size. In the current study, the calculated ion
track radius corresponding to the applied ion energies ranges between 3 and 5 nm. Considering
the minimum calculated interparticle distance of NPs of about 50 nm, and assuming that the
minimum fluence needed for the sample surface overlap is about 1.0 x 10" ions/cm?, approxi-
mately ten ion impacts within the region are necessary to diffuse over 50 nm. Therefore, the
minimum fluence required for solute metal atoms to diffuse from one particle to the nearest one
is about 1.0 x 10" ions/cm? The latter accounts quiet well with the fluence necessary to pass from
the individual deformation region (denoted as A) to the collective deformation process region
(denoted B) in our results.

Thus, the possibility to grow Au nanowires under swift heavy ion irradiation requires basically
the possibility for original NPs to deform and the availability of short-distance solute sources
to achieve an effective mass transport. It seems further required that the particles have a certain
nanorod shape before the nanowire region is entered or that, alternatively, a certain fluence is
applied to enter this region. For Au NPs larger than 30 nm diameter, the mechanism governing
nanowire creation requires greater total energy deposition than the value applied here. We note a
tendency that the elongation rate diminishes at a higher nanorod length for a higher areal density.
For Au NPs of 15 and 30 nm diameter and with increasing irradiation fluence, the minor axis of the
elongated nanorods reaches a saturated width at 8 nm. Much in standing with, Giulian et al. [36]
report on the elongation process of Pt NPs with size of about 7 nm diameter in a S5iO, matrix. In this
study, the minor axis of the elongated Pt NPs is found to reach a saturation at an increasing flu-
ence, while the saturation value of the minor axis increases with increasing the incident in energy.
The latter is attributed due to the NP confinement within a well-defined molten track radius in the
amorphous SiO, matrix. On the other hand, Pt NPs with size smaller than 7 nm diameter did not
show any sign of deformation but mostly indicate a decrease in size as a result of dissolution. In
addition, Au nanocrystals (NCs) [42] with size between 1 and 6 nm diameters further grow in size
under SHI irradiation with 100 MeV Au*® ions to fluences of 5 x 10'> and 2 x 10 ions/cm? These Au
NCs were produced by implantation of 4 x 10¢ jons/cm? of the 32 keV Au ion into silica glass. With
increasing the irradiation fluence to 1 x 10 ions/cm?, the amount of Au nanocrystals retained in the
silica matrix dropped to about 20% of its initial value as a result of dissolution. These observations
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suggest that smaller NPs have the tendency to fragmentation and/or disintegration. With the latter
in minds, a hypothesis could be that when the minor axis of the aligned nanostructures (nanorods
and/or nanowires) is reaching a critical value (maybe in the order of about 8 nm), such nano-
structures will disintegrate under subsequent direct ion impact. Due to the parallelism of such
nanostructures with the ion beam direction, such ion impact does immediately affect the entire
nanowire. Besides, a minimum value for the minor axis of the nanorods and/or nanowires implies
that these aligned nanostructures can only be further elongated when atoms from the matrix are
collected. In additions, the mutual ion impacts determine which nanowires disintegrate and which
grow. In this frame, the NP disintegration and growth are treated as a continuous process, extend-
ing also in the region of the collective growth (region B). Eventually, and in view of the decreasing
density of the nanowires, the rate of disintegration with fluence decreases and so does the rate of
elongation until ultimately a saturation length is reached.

5. Conclusion

In this chapter, we have shown that the shape of originally spherical Au NPs embedded in a
single plane within a SiO, matrix can be modified by swift heavy ion irradiations. Under Ag
swift heavy ion irradiation, spherical Au NPs undergo anisotropic deformation into single
prolate nanorod with their long axis parallel to the ion beam direction. Systematic experimen-
tal investigation has led to the existence of the so-called threshold fluence for deformation.
The extent of the latter has been carried out by variation of both NP size and ion energy. In
addition, we have shown that the NP size and areal density have a substantial influence on the
characteristics of the ion-induced elongation of confined NPs. In that respect, a well-defined
size-dependent NP elongation below a certain irradiation fluence (region A) is identified. In
this region, all the NPs elongate following individual elongation process depending only on NP
size. Under irradiation with fluence above a certain critical value of 1.00 x 10" ions/cm? region
B at which the deformation is regarded as collective mechanism is defined. In this region, lon-
ger nanowires are created as a product of several metallic NP contribution to the nanowire
growth. Furthermore, in region B, the NP deformation increases with increasing initial NP
areal density, i.e., the higher the initial NP areal density is, the longer the nanowires are grown.
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Abstract

Ion beam material diagnostic possibilities are discussed. Experimental data of H" and He"
ion beams interaction with material for the energy range 0.8-1.6 MeV are presented. There
are described the conventional ion beam analytical complex facility and some peculiarities
featured for Sokol-3 IMT RAS one. Common characteristics of ion beam analytical
methods are described. Specific attention is focused on the ion beam methods use for real
objects investigations. It is shown that these methods are very effective for the light
element diagnostics. New technology for the element surface analysis on base of the PIXE
method modification by the planar X-ray waveguide-resonator application is elaborated.
Attention is drowning to facts that all ion beam experimental methods are nondestructive
and the Rutherford backscattering spectrometry is real quantitative analytical procedure.

Keywords: ion beam, ion beam scattering, Rutherford backscattering, RBS, ions stopping,
ion acceleration, ion beam channeling, nuclear reactions, particle-induced X-ray emission,
PIXE, ion beam-induced luminescence, depth elements profiles, nuclear elastic recoil
spectrometry, vacuum systems, target chamber, X-ray fluorescence yield, X-ray detector

1. Introduction

It is well known that the interaction of ion beams—high energy charged particles fluxes with
material is accompanied by the complex of specific effects [1]. The interaction with the solid
material electron subsystem leads to uniform stopping of high energy charged particles. This
interaction is not elastic owing to the atomic ionization effect initiation. Ion collisions with the
atomic nuclei can have the elastic as well as inelastic character. Main channels of the interaction
are presented in Figure 1. These channels can be used for the nondestructive quantitative
analysis of studied target element composition and some features of its structure [2]. In result
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Figure 1. Products of the high energy charged particles interaction with atoms flux.

of the ion beam stopping the material, electron subsystem comes into the excited state. The
excited state relaxation can happen by the radiation mechanism through luminescence. The
optical luminescence spectra analysis allows to characterize some features of the studied
material band structure [3-5]. More high energy relaxation leads to the X-ray characteristic
fluorescence irradiation. Collection of X-ray fluorescence spectra is the subject of the particle-
induced X-ray emission (PIXE) spectrometry [6-8].

The elastic interaction of high energy ion with atomic nucleus is described by the Rutherford
expression, which presents fundamental basis for the Rutherford backscattering (RBS) spec-
trometry [8-14]. This type of ion-nucleus collision allows to create the nucleus elastic recoil
spectrometry [15, 16]. The inelastic ion-nucleus collision leads to the nucleus excitation and the
nuclear reaction provoking [17, 18]. Specific peculiarity of the ion-nucleus interaction is the
nonRutherford scattering effect [19]. This effect is connected with the increase in time interac-
tion and change in scattering conditions. It must be taken into account to use the proton beam
scattering on nuclear of light elements at energy range 0.5-2.0 MeV. In such cases, this effect
can be used for the increase in analytical efficiency for the light element diagnostics.

The above enumerated techniques based on interaction of chargedparticles beams with sub-
stance are indifferent to the material structure peculiarities. At the same time, experimental
investigations showed that the monocrystalline and epitaxial targets study by ion beam ana-
lytical methods demonstrate specific deviations from results characteristic for polycrystalline
and amorphous ones. The monocrystalline structure is characterized by long-range open
spaces through the ionsthat can propagate without significant scattering and diminished
stopping. Ions can spread to these open channels by glancing collisions with the atoms rows
or planes, hereby extending the final ion distribution deeper into target. This effect was called
the ion beam channeling, which can be the axial or planar one [20, 21]. The axial channeling of
ion beam is visualized inFigure 2. The channeling effect can be used to the trace impurities
diagnostics in single crystal and epitaxial targets, the structure defects analysis and for the
position determination of impurity atom in the structure. Moreover, this method can allow to
define the relative angular orientation of the unit cells axis within the layers of multilayer
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Figure 2. The model of He" ions flux axial channeling through Si monocrystal along [100] crystallographic axis (a) and
RBS spectra He" ions flux for Si crystal in random position about the ion beam propagation direction and in conditions of
the ion beam channeling along [100] its axis (b).

heterostructures [22]. The ion beam channeling is accompanied by the excitation processes
efficiency reduction connected with inner atomic electrons of the target. X-ray fluorescence
yield intensity excited by high energy beams comes down. At the same time, the intensity of
ionoluminescence increases. In the ion beam channeling conditions, the nuclear reaction effi-
ciency and probability of the nuclear recoil effect reduce to a minimum.

Ion beam experimental methods of the material diagnostics are realized by use of ion beams
analytical complexes Sokol-3. This complex is in our disposal and will be shortly described in the
next section.

2. Experimental setup for ion beam measurements

Common arrangement of the Sokol-3 units is presented in Figure 3. The Van de Graaff electro-
static generator, which can generate H" and He" ion fluxes in the energy range 0.05-2.0 MeV
with energy dispersion AE =0.1/0.3 keV, is the most important device of the ion beam analytical
complex. The generator allows to vary of the ion beam current magnitude from 0.1 to 50,000 nA
(from 6-x 10® to 3-x 10" ions/s) in the beam spot on studied target with diameter 0.1-5 mm.
The ion beam current magnitude stability is 3-5%. The analytical complex is equipped by
the vacuum system with total volume near 1 m>. The clean vacuum environment in ion guides
and experimental chambers is provided by turbomolecular and magnetic-discharge pumps
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1600 850
R O

Figure 3. Units arrangement of Sokol-3 ion beam analytical complex facility. 1. Van de Graaff accelerator ESU-2; 2.
Vaccum ion guide; 3.Analytical electromagnet; 4.RBS chamber; 5.Chamber for nuclear recoil spectrometry; 6.Chamber
for PIXE and ionoluminiscence measurements.

working in a pair with additional use the liquid nitrogen freezing out. In the result, the medium
residual pressure in the vacuum system is usually near 1 x 10~ torr (7 x 10~ * Pa). At the same
time, experimental investigations in the complex chambers are accompanied by C-H film
appearing in the ion beam spot. It is connected with great number of the vacuum joints with
rubber-like gaskets. Any ion beam analytical complex must be provided by the analytical
magnet for the ion beams turning into experimental chambers. Our analytical complex is
equipped by three experimental chambers for the RBS, nuclear reaction, and channeling mea-
surements, for the registration of the nuclear recoil effects and for the PIXE and ionolumi-
nescence spectrometry. The Rutherford backscattering is characterized by the original system
of the studied target scattered ions registration. It has two detectors for the ions fluxes parallel
registration on angles 6, = 167° and 0, = 125° to the initial direction of ion beam propagation as
shown in Figure 4. Furthermore, the figure presents experimental and theoretical RBS spectra
of He'"ions for Nb/Si target obtained for the angles pointed above. It is very important that two
independent RBS spectra represent the target element distribution. The spectra approximation
carried out by RUMPP computer program built on base of the RUMP software modification
[23] allowed to obtained the target depth element concentration profile. The depth element
profile of this target is very simple and the double detector registration system application in
this case has an excessive character. But the approximation of two RBS spectra allowed to
increase precision of the Nb thin film thickness. Application of two detector systems for RBS
investigations and for registration of the nuclear reaction products allows to avoid possible
errors at the experimental data interpretation.

We used the original construction for the PIXE measurements modification. Figure 5a
presents chamber for conventional PIXE measurements execution. The conventional PIXE
spectrometry allows to characterize the volume element composition of studied target. The
method modification by application of the planar X-ray waveguide-resonator (PXWR) pre-
sents possibilities of the target surface element composition study [24]. Figure 5b shows the
measurement scheme dedicated for the surface element study. PXWR can transport X-ray
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Figure 4. Schematic design of RBS chamber of Sokol-3 analytical complex equipped by two charge particle detectors (a)
and pattern of application for study of Nb thin film with thickness t=135.20.7 nm on Si substrate (b).

quasimonochromatic radiation according to the waveguide-resonance mechanism of radia-
tion flux propagation [25]. The waveguide-resonator showed in Figure 5b is formed by the
Be polished reflector and surface of the studied target. The distance between Be reflector
and target surface is equal 0.15 um. Be reflector has the hole for the exciting ion beam
propagation to the target. The extended slit clearance formed by Be reflector and target
surface captures radiation from the target X-ray fluorescence yield corresponding to the
surface atoms fluorescence yield and transports it into SDD X-ray detector. Similar mea-
surement geometry for the surface elements diagnostics at ion beam excitation presents
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Figure 5. Experimental chamber for the PIXE conventional measurements (a) and scheme of the modifies PIXE one
allowed to study of the surface element composition (b).
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beam excitation (a) and for the target parallel investigation by RBS and the elastic nuclear recoil methods (b).
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new experimental method, which was named as the total X-ray reflection fluorescence at
particle excitation (TXRF PE).

Figure 6 shows the experimental chamber arrangement for the ionoluminescence and the
nuclear recoil spectrometry. These investigation methods are realized in frame of the Sokol-3
facility in conventional arrangement.

Experimental investigations of the ion beam channeling can be executed in any chambers of the
analytical complex. But most part of these experiments is carried out by using the RBS chamber.

3. Rutherford backscattering spectrometry as the basic method of material
ion beam diagnostics
3.1. Common principles of the method

The Rutherford backscattering conception is based on possibility of the energy losses direct
calculation for ion beams interacting with electron and atomic nuclear material subsystems.
The energy redistribution in the ion-nucleus collision is defined by the kinematical factor

expression [10]:
\/M3 — Misin?0 + M cos6
E1 = E

M; + M,

1)

where Ej and E; are energies of ion pre- and post-collision, M; and M,are masses of ion and
nucleus accordingly and 0 is the angle of ion deviation from its initial propagation direction.
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There is discussed the “backscattering” situation because the kinematical factor maximum
magnitude is obtained for 0 near 180°. In this case, we have the best mass resolution.

Probability of the ion-nucleus collision is defined by the Rutherford famous formula in form of
the scattering average differential cross-section o, which can be presented in the laboratory
coordinates system by the next expression [8]:

. 717,62 V1 — x2sin?0 + cosO @
2E  sin*6V1 — x2sin%6

where x is M;/M, relation, Z; and Z, are changes of ion and nucleus, e is the electron charge
and E is the ion pre-collision energy. The charge particle detector registers the total particles
quantity A;, which defines by the collision cross-section, the total quantity of charged particles
interacted with the studied target g, the detector spatial angle €, the volume atomic concen-
tration N; and the layer thickness t connected with the RBS spectrum discreteness degree and
can be presented by the expression [8]:

A = qQoNit 6)
Total Rutherford backscattering spectrum presents aggregate of similar magnitudes outlined
in the diagrammatic form. Sample of this similar diagram is shown in Figure 7. RBS spectra of
He" and H" ion beams obtained for the SrTiO; stoichiometric target are presented. These
spectra are diagrams reflecting dependences of the ion beams scattering yield on the energy

of scattering particles. Every channel of the diagrams reflects the ions number scattering on
nuclei the target atoms (Eq. (3)). An energy scales of the spectra are connected with the depth
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Figure 7. RBS spectra of He" (a) and H'(b)ion beams obtained for the SrTiO; stoichiometric target. Experimental spectra
are approximated by RUMPP program and the theoretical spectra are superposed with experimental ones. The arrows
designate the scattering energies corresponding to atoms on the target surface. The measurement geometry is shown on
the inserts. The energy step is 1.9 keV/channel.
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elements distribution profile for the studied target. The scattering energy for surface atoms is
defined by the kinematical factor, only. These energies are connected to steps edges of the
diagrams. The scattering description of ion beams on nuclei of the internal atoms demands
taking into account the ions stopping as pre- and post-scattering act. The stopping energy
losses AE on the distance Ax are usually described by the Bohr formula:

_AE 4nZie*n In 2mov? 7
Ax mo? I

where Z; and v are the charge and velocity of the stopping ion, e and m are the charge and
mass of electron and n is the studied material electron density. I is the ion average energy loss
for the electron excitation (near 30 eV). I and n parameters are not constants and depend from
very much factors. As a result, the decision was made to present the stopping losses in the
tabular form [26]. This approach allowed to calculate the energy losses by introduction of the
[€] effective stopping cross-section accordingly to the expression [27].

AE = [e]Nt 6)

where N is the atomic density (atoms/cm®). In case of the multielement material, the stopping
cross-section is defined accordingly to the Bragg rule:

gAmBn _ m&A + 7’[83 (6)

Accuracy of tabular magnitudes for the material stopping cross-section is limited by value near
1%. In the result, the material parameters determination accuracy cannot be better of this
value. In the practical work, the stopping cross-section data are fed into a computer program
providing the RBS spectra approximation [23, 27]. As a result, we have that every channel of
the spectrum is connected with a planar layer of the target with thickness t and average
element concentration N. The rise steepness of steps in the RBS spectrum is defined by the
detector energy resolution used for the spectrum registration. The resolution of He" ions
scattering fluxes is near 10 keV thatcorresponds to the depth resolution 10-12 nm at the ion
beam vertical incidence on the studied target and up to 2 nm at the sliding incidence.

The Rutherford backscattering spectrometry is very effective method of the thin film structure
analysis. Figure 8 demonstrates experimental and theoretical spectra of RBS He" ion beam for
SrTiO; thin film on the silicon substrate with oxidizing layer. The experimental spectrum
theoretical approximation showed that the film is characterized by the stoichiometric compo-
sition with thickness t = 230 nm. Theoretical approximation of the spectrum did not involve
some difficulties, because the film material contained elements with high atomic masses, and
substrate, on the contrary, contained light elements. Similar situation can be observed in
Figure 9. It demonstrates experimental and theoretical RBS of He" and H' ion beams spectra
for the Hf/Cr/Al multilayer target. Theoretical approximation of these spectra showed that the
Hf film had thickness t = 120 £ 5 nm and contained 11% of Sr atoms and 14% of Ti atoms. Cr
film had not admixture. It was characterized by the thickness t =40 £ 7 nm. Interdiffusion zone
between these films had the thickness near 25 nm. The surface roughness of the coating was
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Figure 8. Experimental and theoretical RBS He" ions (E, = 1.24 MeV) spectra for the SrTiO3/SiO,/Si thin film structure.
Arrows show the ion scattering energies on nuclei of atoms located on the target surface. Measurement geometry is
shown on insert. Energy step 1.9 keV/channel.
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Figure 9. Experimental and theoretical RBS He" and H" ions spectra for the Hf/Cr/Al multilayer target. Arrows show the
ion scattering energy on nuclei of atoms located on the target surface. Measurement geometry is shown on inserts. Energy
step 1.9 keV/channel.

near 20 nm. Last parameter was evaluated on base of the steepness evaluation of step increas-
ing for Hf(Sr, Ti) partial spectrum in comparison with this parameter for the Nb/Si standard
target with roughness smaller 5 nm. The surface roughness Ar can be evaluated by the next
expression [10]:
2 2
AE., — AE;

A =R 7

where AEc,, is the half width of the curve obtained as a result of the step rise steepness
differentiation, AE4 is the detector energy resolution, N, is the target atomic density and [€] is
the average value of the target atomic cross-section. Comparison of the RBS spectra obtained
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for the same object shows that the He" ion beam application allows to have the better resolu-
tion and the H" ion beam use takes possibilities to test object on the more depth.

3.2. Possibilities of the RBS elements diagnostics

The RBS investigations of target with the heavy elements high content have evident problems.
Figure 10 presents RBS H" and He" ions beam spectra for the Wy 45Co 45Co 12 target character-
ized by the tungsten atoms high concentration. The scattering cross-section of ions on the W
nuclei is higher in comparison with these parameters for C and Co atomic nuclei. The alloy
target composition had been gained in the result of the four spectra joint approximation
obtained for He" and H" ion scattering beams collected for 0; = 167° and 0, = 125°. The
nonRutherford scattering effect was taken into account in the calculation. Owing to the neces-
sity of this effect inclusion, specific investigation were executed [18, 19]. Sample of similar
investigations of ?C® nucleus nonRutherford scattering factor is presented in Figure 11. Com-
parison of the Rutherford scattering cross-section and magnitudes of this parameter obtained
in the experiments shows a great difference especially for the energy E = 1735 keV. The
nonRutherford scattering factor value depends on the registration angle, and it is a need to
get the factor experimental data for the selected measurement conditions. Similar work of the
nonRutherford factor determination for carbon and boron atoms was executed preparatory to
approximate RBS spectrum presented in Figure 12. The approximation of this spectrum is not
simple procedure. Chief problem of the approximation is connected with the nonRutherford
factors energy variation for carbon and boron atoms. The approximation result is presented in
the table. Total thickness of the coating is 1.75 pm. Including the second RBS spectrum into
approximation procedure does not improve the final result because this procedure demands
additional investigations for receiving the nonRutherford factors energy dependences for the
additional scattering angle. At the same time, the nonRutherford factor can be very useful for the
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Figure 10. Experimental and theoretical RBS He" and H" ions spectra for the Wy 45Cg43C00 12 high temperature alloy.
Arrows show the ion scattering energies on nuclei of atoms located on the target surface. Measurement geometry is
shown on inserts. Energy step 1.9 keV/channel.
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Figure 12. Experimental and theoretical RBS H' ions (Eq = 1.085 MeV) spectra for Ti-B-C film deposited on Si substrate in
result of the Ti,CB;, sample magnetron sputtering (a) and table with the approximation results. Arrows show the ion
scattering energies on nuclei of atoms located on the target surface. Measurement geometry is shown on insert. Energy
step 1.9 keV/channel.

targets study containing light element. As the sample, RBS spectra of the polished beryllium disk
are presented in Figure 13. The spectrum of the He" ions scattering in selected energy range does
not distort by the nonRutherford factor. It shows that the target possesses the surface oxide film
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Figure 13. Experimental and theoretical RBS He" and H" ions for the polished Be disk. Arrows show the ion scattering
energies on nuclei of atoms located on the target surface. Measurement geometry is shown on inserts. Energy step 3.8
keV/channel.

with thickness near 10 nm and the carbon hydrogen snuff with similar thickness appearing in
result of the ion bombardment. The beryllium material contains 5% of the oxygen atoms, 0.1% of
the iron atoms and 0.002% of the tungsten atoms. RBS spectrum of H ions confirms these results.
But its approximation is more difficult and it does not show the oxide film on the disk surface. At
the same time, its registration time is more short in comparison with the He" spectrum collection.

Be polished disks can serve beautiful substrates for study of the solution dry residues and
structures prepared by the specific procedure. Sample of the similar investigation is presented
in Figure 14. This target is studied by RBS method and by application of the elastic nuclear recoil
spectrometry. The main element composition of the petroleum film is Hy 07Co.90S0.028No.002- The
film admixture composition defined by PIXE method will be discussed below. RBS spectrometry
can be used for the medical preparation element diagnostics. Figure 15 shows experimental and
theoretical of RBS spectra for the solution dry residue of pantocrine in form of the film on Be
substrate. The element composition knowledge is not chief problem for the pharmacology, but
RBS, PIXE and nuclear reaction analysis can help for the specific element diagnostics of medical
preparations.

Figure 16 shows experimental and theoretical RBS spectra for the graphene oxide film depos-
ited on the Be substrate in the hydrothermal conditions. The technology of the grapheme oxide
preparation is not perfect. As a result, the film contains Na and Ca atoms in the macro
concentration. At the same time, RBS measurements allow to control the admixtures macro
concentration presence and the film constitution. RBS method is useful for the target study
containing other light element. Figure 17 presents experimental and theoretical RBS He" and
H'" ions spectra for the hexagonal BN target. Mathematical approximation of the spectra shows
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Figure 14. Experimental and theoretical RBS H" ions (Eq= 0.953 MeV) spectra characterizing the petroleum film on Be
substrate. Film composition is Hy 07Co 6S0.028No.002 (0n mains elements). Arrows show the ion scattering energies on nuclei
of atoms located on the film surface. Measurement geometry is shown on insert. Energy step 1.9 keV/channel.
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Figure 15. Experimental and theoretical RBS He" (E, = 1.52 MeV) ions spectra for the dry residue of pantocrine (DRP)
aqueous solution on Be substrate. Arrows show the ion scattering energies on nuclei of atoms located on the dry residue
film surface. Measurement geometrics and the pantocrine element compositions are presented on inserts. Energy step
3.8 keV/channel.

that the surface layer of the target has the boron increasing concentration. The spectrum of H"
ions scattering showed that the scattering process is accompanied by the ''B(p,a)*Be nuclear
reaction course. The approximation has some problem in the context of '°B> and ''B” boron
two isotopes existence in comparison concentrations. Every isotope is characterized by its own
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Figure 16. Experimental and theoretical RBS H' (E, = 1.005 MeV) spectra for the graphene oxide film deposited on the
beryllium substrate in hydrothermal conditions. Arrows show the ion scattering energies on nuclei of atoms located on
the film surface. Measurement geometries and the film parameters are presented on insert. Energy step 1.9 keV/channel.
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Figure 17. Experimental and theoretical RBS He" and H" ions (E, = 1.5 MeV) spectra for the Boron-Nitrogen target
prepared by chemical exfoliation method in form of the free plate. Arrows show the ion scattering energies on nuclei of
atoms located on the plate surface. Measurement geometry is shown on insert. Energy step 3.8 keV/channel.
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Figure 18. Experimental and theoretical RBS H'ions spectra for the LiF natural specimen. Surface carbon film with
thickness t = 12 nm appeared during of the measurements process. Arrows show the ion scattering energies on nuclei of
atoms located on the target surface. Measurement geometry is shown on insert. Energy step 1.9 keV/channel.

nonRutherford factors for the proton beam scattering. The nuclear reaction existence can be
used for the boron concentration diagnostics in materials.

The Rutherford spectrometry can help to analyze the lithium atoms presence in materials.
Figure 18 shows RBS spectrum for the LiF stoichiometric target. This approximation required
the nonRutherford data collection in the selected energy range for the H" ion beam scattering
on Li and F atomic nuclei. But owing to the nonRutherford factor for Li, N, O and F atomic
nuclei is not great the diagnostic of its atoms in targets with high concentration of heavy atoms
presents some difficulties (see Figure 10). PIXE and ion beam channeling methods can help in
this problem solution.

3.3. Atomic diffusion study by RBS method

Study of atomic diffusion peculiarities in solid material is the main branch of the solid state
physics [28]. The wide use of thin material films has direct relation to study the material
transport in thin films and coatings, since the density of short-circuit diffusion paths, especially
grain boundaries (GBs) in its compositions is higher as compared with massive materials [29].
In our work, we used RBS spectrometry possibilities for the interdiffusion study in the Au/Cu
bimetallic structure. Figure 19 presents RBS He" spectra of the bimetallic structure pre and
post treatment used different thermal actions [30]. At the long thermo treatment, the main
interdiffusion mechanism was connected with the bulk diffusion (Figure 19a). In this case, the
Au/Cu interface disappears and the intermediate layer arises. In case of the short high temper-
ature treatment, we can see the copper atoms on the target surface, and Au atom from the
initial interface dissolves in the Cu film. As a result, it is possible to obtain bulk and GB
diffusion factors for different bimetallic combinations and to evaluate magnitudes of the
possible segregation effect [31]. Particular significance for the diffusion practice can have the
element isotopic investigation with the nuclear reaction application.
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Figure 19. Experimental and theoretical RBS Heions spectra for the Au/Cu bimetallic structure pre and post-treatment of
the thermal action. The long time treatment at T = 493 K during 2400 sec of Au (44 nm)/Cu (190 nm) led to bulk
interatomic diffusion (a). The short time treatment at T = 523 K during 300 sec showed the grain boundary diffusion, only.
Second case is illustrated the table of the depth element distribution. Energy step 3.8 keV/channel.

3.4. Special features of the material density analysis

The material atomic density is a principle parameter of the substance condenses state. This
parameter magnitude is usually defined by direct measurement of the subject mass and
volume. But this method is not suitable for the material density determination of thin film
structures. The Rutherford backscattering method can help to solve this problem. The atomic
density distinction must lead to variation of the RBS yield intensity. Figure 20 shows that the
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Figure 20. Experimental RBS H' ions (Eo = 1.557 MeV) spectra for diamond (p = 3.52 g/cm) and glassy carbon (p = 2.21
g/cm®) sample. Measurement geometry is shown on insert. Energy step 1.9 keV/channel.
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expected effect takes place, really. RBS H' ions spectra for the diamond crystal and for the glass
carbon sample are not equivalent. The diamond structure is characterized by a more compact
atomic packing and demonstrated the enhanced scattering yield in the RBS spectrum. Its effect
can be used for study of the porous structures. Figure 21 shows the sample of the Rutherford
backscattering study of the Al film in conditions after its preparation and in the result of
thermal treatment [32]. Initial spectrum demonstrates the smaller scattering intensity yield in
comparison with the theoretical spectrum (a). It is connected with the structure vacancy
concentration near 6%. The thermal treatment let to the Al film, thickness decreasing from
300 to 284 nm (see the diagram (c)). The comparison of initial and finishing experimental
spectra demonstrates the thickness decreasing and the atomic density increasing up to the
normal structure value. Similar investigations is very important because the thin film prepara-
tion is no the equilibrium thermodynamic process.

The material atomic density variation can be connected with not only the structural vacancy
appearing. Material in the nanostructure state is characterized by the increase in interatomic
distance [33]. Figure 22 demonstrates the Rutherford backscattering yield decreasing for the Ag
thin films deposited on the silicon substrate. There are presented two RBS He" (Ep = 1.27 MeV)
ions spectra collected by our double detector system (0, = 160°, 0, = 120°). Theoretical approx-
imation of these spectra showed that the Ag film thickness is equal 48 nm but the evident
discrepancy between Ag theoretical and experimental partial spectra was discovered. In this
case, it was nearly equal to 6%. Moreover, the discrepancy increases as the Ag film became
more slender and disappears when it will be large 100 nm. Our diffraction measurements
confirmed supposition about the atomic density decreasing as aresult of the interatomic dis-
tance growth. Similar RBS investigations can be very useful for the material atomic density
evaluation in multilayer structures.
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Figure 21. Experimental and theoretical RBS He" (E, = 1.5 MeV) ions for Al/SiO, structure pre (a) and post-thermal
treatment (b) and the experimental diagram of the Al thin film thickness variation in result of the thermal treatment
influence. Scattering angle is 160°. Energy step 1.9 keV/channel.
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Figure 22. Experimental, theoretical and subtraction RBS He" (E, = 1.27 MeV) ions spectra for the Ag thin film deposited
on Si substrate. Spectra were collected by the double detector system (0, =160° and 6, = 120°). Measurement geometries is
presented on inserts. Energy step 1.9 keV/channel.

4. Particle-induced X-ray emission

4.1. Common principles of the method

Particle-induced X-ray emission is an ion analytical method, which utilizes the X-ray characteris-
tic yield induced by ion beam interacting with the electron subsystem of target atoms. X-ray
characteristic energy depends on Z atomic number of the target atom. PIXE method similar to
other X-ray fluorescence diagnostic technologies collects the characteristic lines yield
corresponding to K, L and M radiation series. At the same time, the main distinguishing of the
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Figure 23. Cross-section of the X-ray fluorescence excitation by proton beam [34] (a) and MoKa radiation flux (b).
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ion beam excitation method from X-ray, electron beams and gamma radiation ones is the very
high efficiency of the low energy characteristic radiation excitation. In this plane, it is very
interesting to compare the X-ray fluorescence yield excitation cross-section at use the X-ray high
energy flux (MoKa, E = 17.4 keV) and the proton high energy beam. These data arepresented in
Figure 23 [34]. Cross-sections of X-ray low energy lines excitation by the MoKa radiation flux use
are characterized by very small magnitudes. At the same time, these parameters in conditions of
the proton beam use demonstrate high values, especially for the low energy lines excitation.
Comparison of YKa and AlKa fluorescence excitation cross-section in case of the MoKa radia-
tion flux application shows that the yttrium fluorescence excitation efficiency is higher as the
aluminum one on three orders. Similar comparison of these elements fluorescence excitation
cross-sections at the proton beam excitation with energy E, =1 MeV shows that the situation will
be changed on the reverse one. So, it is evident that the light element diagnostic difficulties at the
X-ray beam fluorescence application can be compensate by use the PIXE method [35, 36]. The X-
ray fluorescence excitation by ion beams is more effective not only in comparison with the X-ray
hard radiation flux application. PIXE bears some similarity to the fluorescence yield electron
beam excitation but it characterizes by smaller values of the bremsstrahlung photon intensity
yield. As a result, PIXE measurements are distinguished by the background lower level in
comparison with the electron excitation. This fact is illustrated in Figure 24 [7]. The spectra
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Figure 24. X-ray fluorescence spectra of the human brain tissue collected in conditions of the electron beam (Eq = 20 keV)
excitation (a) and the proton beam (E, = 2.5keV)application (b) [36].
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comparison shows that the ion beam excitation leads to the background intensity decreasing in
result of the bremsstrahlung photon yield reduction. In the presented data, the ion beam excita-
tion application allows to registrate Fe, Cu and Zn atoms presence in the studied target. In the
result, one can establish that the PIXE method is characterized by very low magnitudes of
detection levels. At the same time, it should be emphasized that the PIXE spectrometry is not
the quantitative analytical method. PIXE measurement results are controlled by the matrix effect
[37] and by the specific factor connected with the absorption cross-section distinction for different
characteristic lines. The last factor is defined by the material layer thickness responsible for the
line X-ray fluorescence yield. (This factor can be eliminatedby usingthe planar X-ray waveguide-
resonator, see Figure 5.)

PIXE element diagnostics, in addition to the matrix and absorption effects, must take into
account specific peculiarities of the X-ray fluorescence yield registration by the energy disper-
sion detector. Any X-ray detector is equipped by the input window, which absorbs the col-
lected radiation. Moreover, X-ray detector is characterized by the reduced efficiency at the high
energy photon registration. Figure 25 presents the experimental diagram reflectingthe X-ray
radiation efficiency registration for the wide range of photon energy. Best results of the light
element diagnostics can be obtained with X-ray detectors equipped by C; and C, superfine
windows because it allow to collect PIXE spectra up to the photon energy E = 0.1 keV. As a
whole, the PIXE spectrometry is very beautiful supplement to the RBS spectrometry.

4.2. PIXE for the material element analysis

Distinction in the X-ray fluorescence yield excitation cross-section demonstrated in Figure 23
can be illustrated by the direct experimental measurements. Figure 26 shows spectra of the
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Figure 25. X-ray radiation energy efficiency of the SDD detector equippedby different input windows. Insert shows the
efficiency dependence on the detector working plate thickness.
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Figure 26. Comparison of X-ray fluorescence yield for SijgsGeg15/Si epitaxial structure collected in conditions of the
proton beam (a) and the MoKa radiation flux excitation (b). Arrows shows the energy position of X-ray characteristic lines
collected by X-ray pin detector. Insertions show the measurements geometry and RBS He" (E, = 1.525 MeV) ions spectrum
for the target. Energy steps for ones 1.9 keV/channel.

X-ray fluorescence yield excited by the proton beam and the MoKa radiation flux. For the
reference, the figure presents experimental and theoretical RBS spectra of the target. The target
is the silicon-germanium epitaxial film with thickness 112 nm on the silicon monocrystal
substrate. Experimental spectrum was collected in the target random position. Comparison of
X-ray fluorescence spectra collected in conditions of the different excitation methods use
shows that the PIXE approach is more effective for the light element diagnostics in materials,
but the X-ray fluorescence excitation is more preferable in case of the heavy element analysis. It
is very important to notice that the ion beam excitation provokes the X-ray characteristic
fluorescence yield by very high intensity. The spectrum excited by the proton beam with
current I = 2 nA (1.2 x 10' jon/sec) was registeredfor 5 seconds, at the same time, the time
registration of spectrum excited by the MoKa radiation flux (N = 4 x 10° photon/sec) was
equal 300 s. High intensity of the X-ray fluorescence yield characteristic for the first spectrum is
borne out by the double imposition peak appearance. So, in the last experiments, we use SDD
silicon detector in frame of the Sokol-3 ion beam analytical complex facility, which can work at
the enhanced pulse loading without double imposition peaks.

High efficiency of the PIXE light element diagnostics was used in our investigations of the
geological object. Figure 27 shows the proton-induced X-ray emission spectrum of the
(Mgo.03Feq 07)25104 natural olivine. Host composition of the mineral was defined by RBS
method. Experimental and theoretical spectra of the object are presented in the figure, too.
PIXE measurements allow to fix in the target structure the Ca, Cl, S, Al and Na elements set
existence. Quantitative analysis of the target contamination can be carried out by the TXRF
spectrometric method [38].

PIXE spectrometry can be used for petroleum contamination analysis. Figure 28 shows TXRF
and PIXE spectra demonstrating the contamination set existence in the petroleum film depos-
ited on Be substrate. RBS spectrum of the film is shown in Figure 14. TXRF spectrum allows to
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Figure 27. PIXE spectrum of the olivine natural crystal collected in result of H" ion beam excitation. Arrows shows the
energy position of X-ray characteristical lines collected by SDD silicon detector. Rutherford backscattering spectrum of the
target is presented on insert. Energy step for PIXE spectrum 10.9 eV/channel, for RBS 1.9 keV/channel.

produce the quantitative analysis of the contamination concentration that used the sulfur
atomic content as the internal standard. TXRF and PIXE spectra confirm the vanadium atoms
presence in the petroleum sample. At the same time, the La atoms concentration diagnostics is
inaccessible for the total X-ray external fluorescence spectrometry. PIXE analysis is able to fix
the La atoms presence in the petroleum sample. The lanthanum atomic content was evaluated
by usingthe comparison method with data for Ca and V atom concentration. It is 0.0005 if the
sulfur concentration is elected as a one. PIXE diagnostics of the solution dry residue is the very
perspective application for this specific target.

PIXE measurements can be used for the nonstandard element analysis. Figure 29 shows RBS
and PIXE spectra collected for the leather processing material by usingthe proton beam excita-
tion. RBS spectrum allows to evaluate the host elements concentration (except hydrogen
atom), at the same time, the PIXE investigation takes possibilities to fix the contamination
element presence in the leather processing material. How showed experience of the leather
goods manufacturing the chromium and contamination concentrations defines quality of
different products manufactured from the leather. The quantitative contamination analysis
can be executed by TXRF method application. But if the TXRF spectrometry sensitivity is not
enough, it is possible to use the planar X-ray waveguide-resonator for the trace surface element
diagnostics in frame of the PIXE excitation of the X-ray fluorescence yield. The experimental
scheme for such measurement execution is presented in Figure 5b, and the diagnostic method
has name — TXRF PE.

Figure 30 presents the experimental data characterizing the method possibilities on base of
the old coin study. PIXE spectrum shows X-ray fluorescence lines initiated by surface and
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Figure 28. X-ray fluorescence spectra collected for the petroleum film deposited on Be substrate by use the TXRF and the
PIXE spectrometry. Energy step for TXRF spectrum 20 eV/channel, and 10 eV/channel for PIXE spectrum. TXRF fluores-
cence yield was excited by the MoKa flux, PIXE - by the proton beam with energy Eq = 0.953 MeV. Arrows show the
energy position of X-ray characteristic lines collected by SDD silicon detector.
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Figure 29. Experimental and theoretical RBS H' (E, = 1.3 MeV) ions for the sample of thin leather — processing material
and PIXE spectrum of the one collected in the same experiment. Arrows on the RBS spectrum show the ion scattering
energies on nuclei of atoms located on the sample surface, and on the PIXE spectrum show the energy position of X-ray
characteristical lines collected by SDD silicon detector. Energy step for RBS spectrum 1.9 keV/channel, for PIXE one 10 eV/
channel. Insert shows the measurement geometry.
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Figure 30. TXRF PE (a) and PIXE (b) spectra of the half copeek old coin fabricated from copper with the surface Ag
coating (t= 170 nm) collected by SDD silicon detector in conditions of the X-ray fluorescence excitation by the proton beam
(Eo = 1.25 MeV). Inserts show measurements geometry and RBS H' ions spectrum of the target. Arrows on fluorescence
spectra show of the energy position of X-ray characteristical lines and on RBS one ion scattering energies on nuclei located
on the coin surface. Energy step for fluorescence spectra 10.5 eV/channel for RBS one 1.9 keV/channel.

volume atoms of the target. In its turn, TXRF PE spectrum reflects X-ray fluorescence lines
characteristic for the coin surface. (Carbon peak on the Rutherford backscattering diagram
is connected with the C-H film appearing in process of the proton beam scattering in
the measurement period.) The X-ray fluorescence spectra comparison allows to conclude
that the Mg, Al and Fe atoms contamination are typical for the Ag coating. This conclusion
was confirmed by the TXRF direct study. So, new experimental method can be recomm-
ended for the trace light elements diagnostic in addition to the standard TXRF experimental
measurements.

5. Nuclear elastic recoil for the hydrogen diagnostics

It is known, that the hydrogen atoms diagnostic can be carried out by using the direct reso-
nance nuclear reaction, for example,lH(wN; a,y)lzC and 1H(wF; om/)léO, or by the nuclear
elastic recoil (NER) method [16]. The resonance method has a limited spearing because its
application demands ion beams with the enhanced energy. For example, the low energy
resonance of 1H(lSN; a,y)lzC reaction has value 3.35 MeV. So, the nuclear recoil spectrometry
is more accessible while less informative. The experimental scheme for the nuclear recoil
method is presented in Figure 6b. The measurement scheme assumes the surface target instal-
lation on the 8;/2 small angle about of the helium ion beam propagation line and the recoil and
scattering ion detector placing under the 8, angle. The detector must have a collimator and the
thin film absorber. The absorber thickness must provide a total absorption of the helium ions
scattering flux. In these conditions, the recoil hydrogen atoms undergo the noticeable strag-
gling [10-16]. The straggling effect is characterized by the ion beam average energy decreasing
attended by increasing of the AE energy dispersion. Moreover, it is a need to take into account
the adsorbed layer existence on the any material surface, which contains some hydrogen
quantity. As a rule, the hydrogen surface concentration is higher in comparison of the hydro-
gen target volume content.
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Figure 31. Nuclei elastic recoil spectra of the TiH, 95 weighting etalon (a) and some perovskite structures (b) collected in
the specific geometry allowed to fix the hydrogen atoms recoil. Hydrogen recoil spectrum for SrTiOsmonocrystal (®), for
BSTO film on MgO substrate (A), for BSTO film Si substrate (4). Measurement geometry is presented on insert. Energy
step 3.8 keV/channel.

The nuclei recoil spectrometry, similar to the RBS method allows to produce the absolute
analysis. At the same time, it is possible to use standard samples attested by the precision
weighting. We used TiH og as the similar etalon. Figure 31 shows NER spectra of the etalon
and some perovskite structures. Data obtained from the etalon spectrum allows to evaluate the
hydrogen content in studied perovskite structures. It is very strange but the hydrogen atoms
concentration in the SrTiO; monocrystalline structure was near 4% at. Similar hydrogen
content was detected in the BSTO film deposited on MgO substrate. The BSTO film deposited
on the silicon substrate had smaller hydrogen atoms in its structure (near 1% at.). Evaluation of
the hydrogen atoms in surface absorbed layers shows that the film has the C;H; composition.
NER measurements are characterized by specific conditions. The helium ion beam energy
must be higher as 1.5 MeV. At smaller energy of the beam some experimental and interpreting
difficulties appear.

6. Nuclear reaction analysis application for the material study

Nuclear reactions excited by high energy ion beams can have the resonance nature and can
demonstrate the threshold characteristics[39]. It is the isotopically sensitive methods. Some
nuclear reactions have the practical significance. It is the *Al(p,y)*®Si famous resonance
reaction, which uses for the ion beam accelerator calibration [40]. Nuclear reaction analysis
(NRA) is mostly used for the light element diagnostics in material. In our work we applied the
"B(p,a)®Be nuclear reaction for study of the electro-rocket engine function peculiarities [41].
The main investigation task of the study was the elements spatial distribution determination in
the engine output jet. The engine discharge chamber was manufactured from the material
elaborated on the BN base composition. So, it is expected that the main admixture element in
the xenon jet will be boron. For the boron spatial distribution in the engine jet, we used the Be
plates set arranged on different angles about the jet propagation line. The deposit on the Be
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Figure 32. Cross-section energy dependence of the ''B(p, a)®Be nuclear reaction (a) [43], and the reaction yields for the
Bo.4No.45Xo.15 engine ceramic, for the Be plate with deposited film, which was arrangement on angle 59 about the jet
propagation line and for the Be clean plate.

Isotope Content  Nuclear Energy of Cross-section  Width of Emission Limits
in nature, reaction proton, of reaction, resonance, keV  product E,, E,, detection, at.%
% keV mb/sr MeV
oL 7.62 - - - - - -
Li 92.58 "Li(p.y)Be® 441 6 12 17.65; 14.75 ~100 ppm
Be 100 Be(p,a)°Li 330 4 15 8.5;14.2 ~50 ppm
1o 19.61 °B(p,y) 1146 0.01 570 ~10 ppm
g 80.39 B(p,a)*Be 650 90 10 537 ~10 ppm
2c 98.89 2C(p,v)*N 459 0.13 40 2.36; — ~120 ppm
B3¢ 1.11 BCpy)*N 550 1.44 32 8.6; — ~100 ppm
1N 99.64 “Npy)Po 278 ~0.01 1.6 6.8 ~100 ppm
B\ 0.36 PN(p,v)'*C 898 800 22 4.43 ~10 ppm
10 99.8 - - - - - -
%0 0.2 ®Op,)°N 730 15 10 34 ~10 ppm
el 100 YF(p,y,0)'°0 872 661 45 6.13 ~1 ppm
PNa 100 PNa(p,a)*Ne 592 4 45 2.238 ~20 ppm
Mg 786 Mg (p,Y)AI® 1200 ~0.01 <10 3.44;1.83;1.61 ~200 ppm
BMg 102 BMg(p,Y)AP 317 ~0.01 12 6.19; 4.86; 0.82  ~500 ppm
Mg 112 Mg (p,Y)A® 661 ~0.01 <10 7.88;6.68;5.9  ~500 ppm
Al 100 TAllpy)si 992 0.1 0.05 1.77,7.93; ~10 ppm
10.78

Table 1. Resonant nuclear reaction parameters for light element isotopes initiated by proton beams.
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plates was analyzed by the boron resonance reaction. Cross-section energy dependence of the
reaction is presented in Figure 32a [42]. Figure 32b shows the pattern of our measurements,
which allowed to evaluate the boron spatial distribution in the jet of electro-rocket engine.
Similar investigations are very effective but are very expensive. At the same time, it is useful to
have a grasp about possibilities of NRA methods application and atomic detection limits
determination on base of the real nuclear reaction use. Table 1 presents the information about
the most useful reaction applied for the light element diagnostics.

7. Some peculiarities of the ion beam optical luminescence excitation

Our active investigations in the optical scintillation field at ion beam excitation were connected
with the PbWO, and LaF; luminescence response study [43-45]. Interest to the PbWO, lumi-
nescence characteristic study was initiated by the fast component existence in the luminescence
response at the proton beam excitation. There was the specific interest to fix the luminescence
distinction between yields in the random and the channeling orientation of the crystal and to
study kinetic of the luminescence yield dependence on the absorbed radiation doze. Results of
these investigations are shown partially of Figure 33. The luminescence spectrum obtained in
the channeling proton beam condition demonstrates some integral intensity yield increasing
[43] and is characterized by some spectrum variation. Dosimetric data showed that lumines-
cence yield intensity reduces as the radiation doze increases up to some critical value J... After
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Figure 33. Luminescence yield optical spectra for random (a) and channeling along [001] axis (b) of PbWO,monocrystal
target executed by H' ions beam (E, = 0.9 MeV), and the kinetic function of random spectrum blue component (A, = 412
nm) on the absorbed radiation dose.
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warning at t = 100°C during =600 s, the PbWO, target had got the critical radiation doze
returned into the initial state. Total interpretation of the experimental data is very difficult, but
some results of our investigations were found useful for the elaboration of the PbWO, mono-
crystal great size preparation technology. The experimental arrangement used for our lumi-
nescence study in conditions of the ion beam excitation is presented in Figure 6. The ion
luminescence investigations does not have wide spread use owing to the interpretation prob-
lems existence. At the same time, it is a need to understand that the ion beam luminescence
excitation mechanism is different from the X-ray, gamma ray and electron beam excitation one.
In case of the PbWO, excitation by the proton beam, we can observe the L; luminescence line
being absent at any other excitation types.

8. Monocrystalline and epitaxial structures study by the ion beam
channeling method

How it was discussed early peculiarities of the ion beams interaction with materials is defined
by the material structure features. Experimental investigations of very much crystals con-
firmed the Starks assumption about possibility for high energy ions to propagate through the
crystal almost without scattering in case of its movement along ordered atomic chains [46].
This effect was called the ion beam channeling in crystals. Fundamental features of the effect
and its possible practical application were discussed in details in the specific monograph [20].
Some features of the effect were studied in our investigation. Figure 34 shows this effect
observation for the monocrystalline synthetic diamond target prepared by the temperature
gradient method realized at the high hydrostatic pressure conditions. Ion beams axial channel-
ing along [100] axis of the target demonstrates the high perfection structure (Xexp = 0.23 at
Xtcor = 0.09). W atoms are the main admixture of the target. The hydrogen ion channeling
allows to evaluate the channeling effect depth for the diamond. SiO, thin film presents on the
diamond surface. It is the result of polishing procedure. The studied diamond target has
noticeable sizes (0.5 x 5 x 5 mm?®). It can be used as the substrate for the power integral circuits
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Figure 34. Experimental RBS He" and H" ions spectra for the random position (a) and the channeling orientation through
[100] axis (b) of the diamond monocrystal. Arrows show the ion scattering energies on nuclei of atoms located on the
target surface. Measurement geometries are shown on inserts. Energy step 1.9 keV/channel. (1) Random orientation. (2)
Channeling.
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Figure 35. Experimental RBS He"(a) and H'(b) ions spectra for theSiCmonocrystal in the random position and the
channeling condition along [001] axis. Arrows show the ion scattering energies on nuclei of atoms located on the target
surface. Experimental geometries is shown on inserts. Energy step 1.9 keV/channel.

preparation and the X-ray tube windows manufacturing owing to its high thermal conductiv-
ity. Other sample of the ion beams axial channeling is shown in Figure 35. It demonstrates
patterns of He" and H" ion beams channeling along [001] axis of SiC monocrystal prepared by
the Lely method [47]. RBS measurements executed for the random and oriented conditions
showed that the silicon carbide crystalline structure has high perfection (x = 0.36). The target
structure is characterized by the 6H hexagonal polytype with crystallographic parameters of
the cell a = 0.308 nm, ¢ = 1.512 nm. Because the preparation method is connected with molten
metals, Fe atoms are a chief contamination of the target. The technology preparation of SiC
monocrystalline boules is very important for the nanophotonics because the silicon carbide
material is very suitable for manufacture of light emitting diodes (LED) on base of the high
energy-gap semiconductors. In the context of this, very interesting works of Prof. Kukushkin
are connected with combination of the silicon and the silicon carbide technologies [48]. He
elaborated the technology of SiC/Si epitaxial heterostructure preparation. The ion beam anal-
ysis application showed that the SiC/Si heterostructure is characterized by low perfection but
the crystallographic epitaxy existence [49]. Moreover, on base of the SiC/Si substrate,they were
able to prepare the effective light emission structure. So, the ion beam analysis application to
the compositions diagnostics having the SiC structure has the direct practical application.

The living practical interest is connected with perovkite crystals and its heterostructures investi-
gations. It is well known, that multielement oxide films fabricated on base of the doped barium
titanate (BaTiOj3) are assumed to be promising material structures for the development of micro
and nanoelectronic and electro-optical devices. Such coatings are potentially applicable as
electro-optical modulators and phase shifter, switching devices, optical microprocessors, surface
waveguide-acoustic transducers and capacitive elements in dynamic memory. Experimental
investigations showed that the epitaxial coatings on single crystals substrates with appropriate
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Figure 36. Experimental RBS He"ions spectra for Bag sSro,TiO3/MgO epitaxial structure in the random position and the
channeling condition along [100] structure axis (a) and the rocking resette near the channeling axis (b). Arrows show the
ion scattering energies on nuclei of atoms located on the target surface. Measurement geometry is presented on the insert.
Energy step 1.9 keV/channel.

crystallographic parameters exhibit the best electro-optical properties. So, the BSTO films study
deposited on different substrates were one of our priority films study deposited on research
direction. Figure 36 shows experimental RBS spectra of the BaggSro,TiOs/MgO epitaxial
heterostructure collected for the target random position and in conditions of He" ion beam
channeling along [100] direction. Comparison of He" ion scattering spectra collected in the
random and channeling target disposition shows that the scattering yield proportional decreas-
ing for the film and substrate atoms takes place. Moreover, rocking rosettes obtained for film and
substrate atoms showed the identical form. At the same time, it is a need to notice that the x
experimental factor for the target is twice as much as the theoretical magnitude Xmi = 0.18. It is
showed that the target structure is characterized by some nonperfection. But the ion beam
channeling along the sole crystallographic axis does not always reflect real degree of the target
structure perfection. Similar information can be accessible at the channeling data use for some
crystallographic axis. Sample of such situation is presented in Figure 37. It shows experimental
and theoretical RBS He" ions spectra for the Sig sGey »/Si epitaxial structure obtained for random
target positions and oriented states and the rocking rosettes of the ion beam channeling near
[100] and [110] axis [50]. The minimum yield for the He" ion beam channeling along [100] axis is
near this parameter theoretical magnitude (Xmin = 0.03). One can expect on base of the RBS
channeling spectrum that the thin film epitaxial structure is characterized by the almost ideal
perfection. But the ion beam channeling spectrum along [110] crystallographic axis does not
confirm the similar expectation. Experimental magnitude of the minimum yield parameter for
the [110] silicon crystallographic axis is higher as the theoretical one on two times. This discrep-
ancy is connected with the elastic stress owing to the magnitudes difference of film and substrate
unit cells. In this case, the structure distortions have an anisotropic character. The stress value is
dependent on the film composition and its thickness. Thick films demonstrate the exfoliation
trend. The channeling method can be used with success for the light element diagnostic
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Figure 37. Experimental RBS He'ions spectra for Sig sGey/Si epitaxial structure in the random positions and the channel-
ing conditions along [100] axis, [110] axis and the rocking rosettes near the channeling axis. Arrows show the ion
scattering energies on nuclei of atoms located on the target surface. Measurement geometries is shown on inserts. Energy
step 1.9 keV/channel.

implanted into the monocrystalline objects. It has possibilities to study the structure defects types
and its distribution [22]. But it is a need to notice that the channeling method is very expencive.

9. Conclusion

Short review of the ion beam spectrometry and analytical method built on base of the ion
beams interaction with material shows that the methods application is very useful and in some
cases unique. All ion beam analytical methods are the nondestructive technique. RBS spec-
trometry is the only instrumental method being not demanded analytical standards and
etalons. Complex application of the material ion beam analysis allows to present the total
description of the material properties. But the cost of its use is very high.
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Abstract

This chapter uses an active space mission as well as current and ongoing research work
to showcase the role of ion beams in the advancement of space science and technology.
It uses the mission objectives of the ZACUBE-2 space mission developed at the Cape
Peninsula University of Technology in Cape Town, South Africa, to predict the space
environment it will encounter when in orbit. These predictions are then used to show
how ion beam parameters for single event effect testing are selected, and how trade-offs
are made to achieve a cost effective use of beam time. An experiment is detailed, show-
casing the role of ion beams in the investigation of the shielding capabilities of coatings
obtained from the pulsed laser ablation of W,B,/B,C for solar panel applications in space.
The results of this experiment show that indeed this is a potential shield capable of reduc-
ing solar panel degradation due to low energy protons. By using ZACUBE-2 and coatings
made from W ,B,/B,C, this chapter takes a practical and current approach to demonstrate
the central role played by ion beams in advancing space technology. More importantly, it
eases the conversation between the satellite and the ion beam communities.

Keywords: ion beams, space applications, ZACUBE-2, W B,/B,C, radiation damage

1. Introduction

The objective of this chapter is to ease the conversation between satellite engineers, ion beam
operators and contributors to fundamental science for whom ion beams are either a research
tool or the very subject of their work.

Space is a very hostile environment for technology. Before sending any piece of technology to
space, one must consider its likelihood to survive this environment made up of high energy

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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ionising and non-ionising radiation. Spacecraft engineers consistently turn to ion beams to
create environments similar to those in which their spacecraft are designed to dwell. The
main reason for this is to ascertain the functionality of their technology in space. This can
either mean testing existing/established technology for use under specific space conditions,
or determining whether new technology can be space applicable.

Using a rather practical approach, this chapter brings to light the main aspects that are taken
into account from a space science and technology point of view, when it comes to using ion
beams to ensure the success of space missions and the advancement of space-related technol-
ogy. It utilises an ongoing university space mission and related research and development to
describe the role of ion beams in a typical space program.

The first step towards using ion beams for space related testing, is clarifying the space mission
objectives. To describe this, the ZACUBE-2 satellite currently being tested prior to its launch
scheduled for a June 2018 launch window, is used. This mission is designed by the French
South African Institute of Technology (F'SATI) Space Program, which is housed at the Cape
Peninsula University of Technology (CPUT) in Cape Town, South Africa [1].

The primary objective of ZACUBE-2 is the tracking of vessels within the South African conti-
nental shelf. The secondary objective is imaging applications such as ocean colour monitoring
and fire tracking [1]. In order to meet these objectives, the satellite will have to be in a 550 km
sun synchronous orbit with a 98° inclination for an estimated 2—4 years. ZACUBE-2 has an
extremely important indirect objective, which is to demonstrate technology and serve as a
precursor to a constellation of low earth orbit satellites whose mission will be continuous
maritime vessel tracking and fire detection/monitoring. It is important to predict the space
environment in which ZACUBE-2 will dwell in order to define appropriate test/experimental
conditions for the future constellation satellites. This is because they will have similar orbit
parameters, and each satellite is foreseen to carry at least one experimental/scientific payload.
As will be mentioned further in this chapter, one of the future experimental payloads will
be the in-orbit testing/measurement of the performance of novel and smart nanomaterials
which have shown the potential to significantly increase functionality per unit mass in space.
Knowing the space environment of ZACUBE-2 therefore informs the earth-based experiments
carried out prior to the constellation design, one of which will be described in this chapter.

In space, a satellite is exposed to radiation from the Van Allen radiation belts (trapped par-
ticles), the sun (solar particles), and the galaxy (galactic cosmic radiation (GCR)). Thanks
to in-orbit measured data it is now possible to model and predict the space environments
that satellites are likely to encounter with relatively high levels of confidence. This can be
done using software packages such as SPENVIS [2] or OMERE [3]. These models provide
the individual contributions from each of the 3 main radiation sources for specified orbits.
GCR are made up of particles ranging from protons to Uranium nuclei, with about 83.3%
protons, 13.72% alpha particles, 2% electrons and 0.98% heavier nuclei. Their energies can
vary from a few MeV/nucleon to a few GeV/nucleon [4, 5]. The sun emits mainly protons
and electrons with energies ranging between about 100 eV to about 3.5 keV for protons [4].
Trapped particles consist of electrons of up to about 7 MeV, protons of up to about
600 MeV and heavier ions of less than about 50 MeV/nucleon [4]. It should be mentioned
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Figure 1. Expected proton, carbon, oxygen, neon and silicon total fluences as a function of energy for the ZACUBE-2
space mission for 4 years in orbit.

that sometimes considerable amounts of neutrons can be encountered in Low Earth Orbit
(less than 1000 km altitude). When they occur, they are albedo neutrons coming from earth
as a result of the interaction of GCR with the earth atmosphere [6].

In the case of ZACUBE-2, the predicted total fluence of protons, Carbon, Oxygen, Neon and
Silicon from all radiation sources is shown in Figure 1. Although the range of ions present in
the predicted environment for ZACUBE-2 includes more than only these ions, these are very
likely to be used for testing purposes. Indeed, protons are the principal source of degrada-
tion in space due to ionising particle. This is either directly at low energies (direct ionisation
of SRAM memory cells, or solar cell degradation for instance), or indirectly at high energies
(by generating secondary heavier ions within devices, which in turn degrade the device func-
tionality). A curve similar to Figure 1 can be generated for any ion predicted to be present in
the intended space mission. This can help define test conditions based on the capabilities of
specific ion beam facilities.

2. Ion beams towards space radiation testing

With a clear prediction of the total fluence of protons and heavy ions of various energies that
ZACUBE-2 will encounter during an estimated 4 years in orbit, one would seek out test facilities
capable of providing protons and other test ions of the appropriate energy ranges. It is indeed
after similar simulations and predictions that satellite engineers typically seek out and book
time at selected ion beam (accelerator) facilities among the many that are available around the
world. The radiation tests, which are in fact single event effect (SEE) tests when they involve
damaging electronic devices, are then planned and prepared as a collaborative effort between
ion beam operators and mission engineers (typically the radiation engineer or space radiation
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subject matter expert). This planning ensures the test hardware, software, and ion beam con-
figuration are optimal to ensure the most cost effective use of the booked beam time.

While the dosimetry is generally carried out by the party providing the ion beam, engineers
may or may not need to double check the dosimetry. A quick way to do this can be seen in [7].
That being said, for ions, a simple calculation can be performed to determine the particle flux
as a function of the beam diameter and the beam current.

Flux(particles/s/cm?) = % @)
n(3)

where I is the beam current in Ampere (Coulomb/s), N = 1/|particle charge| is the number of par-
ticles per Coulomb (ions/Coulomb) of charge in the beam, and d is the beam diameter in cm.
If, for instance, the beam is a proton beam, then N o = 1/16x10™ = 6.25x 10" protons/ Coulomb.

protons

Such an analytical particle flux can always be validated by using a thermoluminescent dosim-
eter (TLD) to measure the particle fluence (in particles/cm?) for a specified duration.

Mission engineers can use Eq. (1) to work out specific requirements to be sent to beam opera-
tors in terms of determining the best trade-off between the flux and the time it takes to achieve
the desired fluence, given the beam time available and the nature of the test to be carried out.
To test for single event latch-up (SEL), for instance, it is important that the flux be low enough
to characterise the SEL cross section, yet high enough to complete the experiments (achieve
the desired total fluence) within a reasonable time frame [7].

Before 2013, SEE testing was mainly done at energies higher than 60 MeV, be it for protons or
heavy ions. It was in October 2013 that standards for proton testing at energies below 5 MeV
were first published in JEDEC's JESD234 release. At the time this chapter is written, there is
no commonly accepted standard for heavy ion SEE testing at energies in the 5 MeV range.
Be that as it may, when it comes to testing with heavy ions or with low energy protons, it is
very important to know as much as possible about the materials that constitute the device
being tested. This is because the devices to be tested must be delided (either by wet or dry
etching), and this requires knowledge of the materials that constitute the device lid and over-
layers. Furthermore, Monte Carlo based simulation packages such as SRIM [8] can be used to
calculate the linear energy transfer (LET) of ions as they traverse different layers of materials.
This is because even after etching, it is highly likely that there will still be a certain thickness
of material left. In order to estimate the energy at which incident ions reach the actual device
die, such simulation packages require prior knowledge of the stoichiometry of the traversed
materials. Relatively precise knowledge of the chemistry of the layers of materials that are in
the device can be acquired by the use of a combination of certain ion beam characterisation
methods. This would require sacrificing a device by carefully cutting it in two to expose a ver-
tical cross-section of the interior. A combination of micro-scale particle induced x-ray emis-
sion (micro-PIXE) and Rutherford backscattering (RBS), for instance, can provide a detailed
knowledge of the elements present within each layer of material and their relative atomic
percentages. This should be enough to run a meaningful SRIM simulation. Should there be
a need for more precision, further material characterisation such as x-ray diffraction (XRD)
and/or x-ray photoelectron spectroscopy (XPS) can be performed on the device cross-section.
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3. Space applicability of innovative technology solutions

CPUT, through F'SATI and the African space innovation (ASI), has a very strong innovation
agenda when it comes to space science and technology. The research activities that result from
this drive appropriately illustrate the role ion beams can play when it comes to advancing
satellite technology.

With a focus on the space applicability of innovative technology solutions, there are ongoing
collaborative research projects being carried out between CPUT/F'SATI/ASI and the National
Research Foundation iThemba Laboratory for Accelerator Based Sciences (NRF/iThemba
LABS). One of the experiments from this collaboration is detailed in this section to give a
practical illustration of how central ion beams have been so far.

Scientific payloads are being designed to investigate the in-orbit performance of two
coatings. These are vanadium dioxide (VO,) coatings and coatings made from W,B,/B,C
ceramic composite. While VO, smart coatings can provide entirely passive thermal regu-
lation (no power or circuitry is required), coatings made from W, B./B,C are promising
potential nanoscale space radiation shields. Both materials will most likely be part of the
scientific payloads in the constellation for which ZACUBE-2 is a precursor. It is therefore
necessary to investigate how they are affected by radiation. This is done by irradiating
the coatings with particles that are predicted to be encountered, and at the energies at
which they are predicted to be encountered. The results of similar experiments can be
seen in [9-14].

For this chapter, an experiment is described in which a coating obtained from the pulsed
laser ablation of W B,/B,C was irradiated with 1 MeV protons. This energy is justified by
its relatively large proton population predicted in Figure 1. Indeed, Figure 1 indicates that
ZACUBE-2 will be exposed to about 8 x 10° protons/cm? 1 MeV protons (differential fluence
over 4 years), and about 9 x 10" protons/cm? of energies greater than 1 MeV (integral fluence
over 4 years). One as-deposited sample was used as control sample and three were irradi-
ated at fluences of 1 x 10" protons/cm?, 3 x 10" protons/cm? and 5 x 10" protons/cm?. While
these fluences are higher than those predicted in Figure 1, they are large enough to have a
deeper understanding of the coating. The structural effects of the incident protons, and the
optical transmission measurements in the Ultraviolet, Visible and near Infrared range were
investigated. This was to find out whether this coating showed any indication that it could
potentially shield solar panels from 1 MeV protons in space.

3.1. Experiment material and methods

The coating was synthesised using a technique called pulsed laser deposition (PLD). With
PLD, a target material is ablated with a laser into a plasma plume which then grows as a film/
coating onto a substrate. The target used for this deposition was the same B,C/W,B, pellet
used in previous related experiments [9, 10]. The composition of this target was confirmed
using XRD [9, 10], and its purity was investigated using yet another ion beam technique called
heavy ion elastic recoil detection analysis (ERDA) [15]. The heavy ion ERDA revealed an oxy-
gen contamination of about 10% in the target [9, 10].
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The substrates were cut from soda lime corning glass and were approximately 1 x 1 cm in
dimension. They were cleaned using a BRANSONIC ultrasonic cleaner (70 W, 42 kHz, +6%).
They were immersed in methanol, acetone, trichloroethylene, distilled water and methanol
again for 5 minutes each in an ultrasound water bath. Although for the targeted applications
the coatings are to be deposited directly on solar panels, glass was used as substrate for coat-
ing characterisation purposes.

The PLD was done using a Q-switched 3rd harmonic Nd - Y AG (Spectra Physics) laser with
a wavelength of 355 nm and a frequency of 10 Hz. The laser fluence was 3.265]/cm?. The deposi-
tion time was 5 minutes for four identical samples. The target was 3.7 cm away from the sub-
strate in a vacuum chamber at 4 x 10° mbar. The deposition was carried out at room temperature.

The samples were irradiated with a focused proton beam emanating from the standard Van De
Graaf accelerator based at the materials research department of iThemba LABS (this has been
upgraded to a tandetron accelerator). The proton energy was set to 1 MeV, the beam diameter was
6 mm and the beam current was maintained at 10 nA. The proton flux was 2 x 10" protons/cm?/s and
three samples were irradiated at fluences of 1 x 10" protons/cm?, 3 x 10" protons/cm?, and 5 x 10%
protons/cm? at room temperature in a vacuum chamber at 5 x 10 mbar. The fourth sample was
not irradiated and was used as control sample.

Scanning electron microscopy (SEM) was used to study the structural effects of the proton
irradiation on the coatings. This was done with a Zeiss Auriga field emission gun SEM (FEG-
SEM) operated at 5 kV for secondary electron imaging, using an inlens detector and 20 kV
for energy dispersive spectroscopy (EDS) analysis. The EDS spectra were collected using an
Oxford Instruments X-Max solid-state silicon drift detector.

3.2. Results and discussion

The XRD characterisation of the synthesised coating was consistent with the coatings depos-
ited in [9], where a good understanding of the coating (which do not have the same stoichi-
ometry as the target) can be found.

Figure 2a-d shows the SEM images of the control sample and the samples irradiated at
1 x 10" protons/cm?, 3 x 10" protons/cm? and 5 x 10" protons/cm? respectively. One can notice
the absence of the droplets that characterise PLD in all the samples. This means that during
deposition, the laser beam energy was low enough that there was no sub-surface melting
when the laser interacted with the target. Also noticeable are the cracks on the surface of the
coatings. These cracks appear on all the samples, meaning they are not caused by irradiation.

Figure 2a shows a sample of the rods that are formed on the coating during deposition. These
rods are, on average, about 10 um long and about 1 pm wide, except for a few, like the rod
in Figure 2b. On average, there are only about 2 rods in every 100 um?. One can suggest that
the W content of the coating coupled with the high temperatures inherent to the PLD process
might have favoured the formation of these rods [16-20]. However, their formation mecha-
nism is not fully understood yet, mainly because of the way in which they melt under proton
irradiation. Indeed, after a fluence of 1 x 10"® protons/cm?as seen in Figure 2b, the surfaces
of the rods appear to weaken, revealing a rough pattern from underneath. This is the first of
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Figure 2. SEM images of non-irradiated and irradiated coatings. (a) as deposited, (b) at 1 x 10" protons/cm? (c) at 3 x 10"
protons/cm?, (d) at 5 x 10" protons/cm?.

three peculiar phenomena observed during the melting of these rods. Figure 2c shows the sec-
ond phenomenon, which occurs after a fluence of 3 x 10" protons/cm? The rod ‘skins’ break
open, exposing a very large amount of clustered nanospheres about 60 nm in diameter each.
This observation suggests that the rods were in fact sealed enclosures containing nanospheres,
analogous to coffee shop sugar sachets if they were completely full. It would be rather specula-
tive to plausibly propose how such rods may have formed a this stage. The third phenomenon
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is the melting of the exposed nanospheres into the floor of the coating, as shown in Figure 2d.
These nanospheres also appear to merge as they melt. As with a previous experiment involv-
ing 900 keV proton irradiation, these observations also show strong evidence of lateral diffu-
sion of the energy lost to the coating by the incident protons [10]. It is, however, difficult to
predict what would happen at higher proton fluences. Intuitively one may suggest that the
nanospheres would completely melt and disappear into the coating, but it is not impossible
that unexpected phenomena occur, similar to the rod growth described by Tadadjeu et al. [10].

The atomic percentages of, respectively, B, C, W and O, on top and beneath the cracked sur-
face are approximately the same. This observation strongly suggests a layer-by-layer growth
as proposed by Frank and Van der Merwe [21]. There is, however, an inconsistency in that
Frank-Van der Merwe growth generally occurs in homoepitaxy, which is not the case of this
coating since the substrate and the coating are made up of different materials. A Volmer-
Weber growth [22], however, is consistent with heteroepitaxy but does not account for the
observed layers. The latter observations and remarks are a very strong indication of a different
growth mechanism, the reversed Stranski-Krastanov growth mode. In this mode, unlike in
the Stranski-Krastanov growth mode [23], the early stages of the growth starts with nucle-
ation, island formation and coalescence (consistent with heteroepitaxy and with the work

l:i\-lJ & g pol irae 1 ¥ Carbon on eod nurfece
{ . * et et ar] = * Cort in i Mo
0.7 4 [ S —— ] i Earlan b gl
_ |
e . 0.6 :
P 051 & E a1
L =
8 04 a [ Rat
E 03] g ]
1) g 04 "
2 pgd * - | 1
0.1 (ST W
o8 ! ’ ]
; . axl ¢ .
L ix10™ Ewio™ I=i6" axid™ Swis™ L] ixie™ Zx10"™ Ini0™ 4wid"™ Sxio"™
a Proton Flusnce {Protens/cm”) b Praton Flusngs {Protans/cm’}

® Duygen on rod surlsse
™
& Ouygen i sphees 1 = Tangalen os sed slsc

:
:

2 . % 20010 ?
E o o - [
E . ' E Lsagts .
i | : . .
- LN &
.
L2 | 5.0x10 =
e —— L ——
L 1x10™  mio™ Sxi0”  4wi0™  Swio™ e iwio™ Iwie" 3x10™ awie™  sx10™
[« Proton Fluenoe [Ptuli-mjan!} d Proton Flusnoe {quﬁ:m!j

Figure 3. Atomic percentage distribution per element as a function of proton fluence. (a) B atomic percentage distribution,
(b) C atomic percentage distribution, (c) O atomic percentage distribution, (d) W atomic percentage distribution.



lon Beams for Space Applications
http://dx.doi.org/10.5772/intechopen.76993

published by Tadadjeu et al. on the same coating [9]). After coalescence, the film surface
becomes an apparent homoepitactic substrate, favouring a Frank-Van der Merwe growth.
Chen et al. reported this mode to grow GaN films on Si(111), but he had to induce it through
temperature ramping to 1050°C [24]. In this work, this growth mode occurs at room tempera-
ture under the specified deposition conditions.

Figure 3a-d shows the atomic percentages of B, C, O and W in the coatings as a function of
proton fluence. It is difficult to explain the trends in atomic percentages before the rods break
open. This is because the phenomenon in itself is not yet explained. Of particular interest,
however, is what happens after the rods break open (at 3 x 10" protons/cm?). In Figure 3a,
B is seen to steadily reduce in the rod surface and in the nanospheres, while at the same
time increasing in the floor as the proton fluence increases. O follows the same trend as seen
in Figure 3c. This trend is to be expected from melting nanostructures, and was previously
observed [10]. In Figure 3b, C increases steadily in the rod surface and in the nanospheres
as it decreases in the floor with an increase in proton fluence. W follows the same trend as
seen in Figure 3d. These trends suggest that it is possible that nanostructures start forming at
higher fluences, just like they did when the atomic percentage of W increased in the nanorods
in Tadadjeu et al.’s observations [10]. Indeed, protons lose energy to matter through ionising
processes, and non-ionising processes such as the thermal excitation of atoms [25]. Thermal
excitation has been reported to favour the growth of nanorods in the presence of Zinc [26]
and Tungsten [16] as catalysts. Furthermore, WC nanorods were reported to be synthesised in
processes where WO, nanorods and thermal treatment played a key role [17-20].

In a broader observation, the melting and the evidence of potential nanostructure formation
suggest that at least part of the energy lost by the protons to the coating is dissipated in its
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Figure 4. Percentage transmittance of the control sample relative to the glass substrate in the UV-visible and near-IR ranges.
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surface rather than being transferred across itself. This makes the coating a promising shield
against low energy protons in space.

Given that this experiment was geared towards solar panel shielding, it was necessary to
investigate the transparency of the coating. This is to verify that the coating does not com-
promise the power yield of the panel it is meant to protect. Figure 4 shows the percentage
transmittance of the control sample relative to the glass substrate used at room temperature.
While the substrate was about 90% transmitting across the near ultraviolet through the vis-
ible to the near infrared spectrum, the coating was about 73% transmitting in the same range.
This is promising for solar panel applications in space, as it shows that this coating can be
used as a shield to reduce the contribution of low energy protons to solar panel degradation,
if its transmittance is deemed acceptable. The implementation of this application, however,
would require further testing and optimisation, including the post-irradiation optical char-
acterisation of the coating.

4. Conclusion

This chapter used a space mission and related research work, both active and ongoing at the
time it was written, to showcase the role of ion beams in the advancement of space science and
technology. The thought process and the factors that guide the specificity of beam parameters
for space related testing were described using ZACUBE-2. An experiment that investigated
the shielding capability of coatings made from W,B,./B,C for solar panel applications in space
was described in details. This experiment showed how a novel space applicable material can
be investigated both at a fundamental level and at an application level with the help of ion
beams. With a very practical, fresh and current approach, this chapter provides information
that can help:

¢ Satellite engineers to better plan their SEE and related tests, and communicate their needs
to ion beam facilities

* Jon beam facilities to better understand and serve the needs of the space community

* Satellite subsystems and device designers to understand how ion beams can contribute to
the advancement of their technologies

* The satellite engineering and the ion beam communities to have a broader awareness of
each other, which can enhance collaborative and innovative work
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Abstract

The ion beam techniques have been investigated as a novel approach for properties
modification and optimization of wide-bandgap materials with view of their uses in
submicron lithography and high-density data storage for archival purposes. Focused
ion-implantation has been used to write nanoscale optical data into wide-bandgap amor-
phous materials (hydrogenated amorphous silicon carbide (a-SiC:H) and tetrahedral
amorphous carbon (ta-C) films). Scanning near-field optical microscopy is proposed as a
novel technique for characterizing the ion-implanted patterns fabricated in amorphous
silicon carbide (a-SiC:H). Although a considerable thickness change (thinning tendency)
has been observed in the ion-irradiated areas, the near-field measurements confirm
increases of optical absorption in these areas. The results are discussed in terms of the
competition between the effects of ion implantation and surface milling by the ion beam.
The observed effects are important for amorphous silicon carbide and tetrahedral amor-
phous carbon thin films as extremely stable materials in adverse environments to be used
for permanent data archiving. The observed values of the optical contrast modulation are
sufficient to justify the efficiency of the method for optical data recording using focused
ion nanobeam:s.

Keywords: focused ion beams, optical data storage, data archiving, ion beam
lithography, wide-bandgap amorphous materials

1. Introduction

The use of ion beam techniques is a very attractive method to modify and control material
properties [1]. A major aim of materials research has been to develop new solid media and
working tools. Joint efforts by industry and research institutions have advanced the use of
these developments in the important social area of information technology serving many

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgIEN
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fields of our social and cultural life. In these computer-related technologies, rapidly advanc-
ing progress has always demanded improved solutions for mass data storage.

Present-day digital memories are subject to lifetime limitations of the order of some 10 years
due to physico-chemical deterioration effects at ambient temperatures, so that an enormous
effort in continuously rewriting library archives onto freshly prepared media is anticipated.
This is true for both recording techniques presently in main use: magnetic and optical disks
are affected by thermal, mechanical and chemical events. In addition, magnetic information
can also be destroyed by electromagnetic fields. Thus, for cultural values of all kinds to be
preserved for future generations, other ways have to be found providing unlimited lifetimes.
Safe archival data storage has become an urgent issue. Electronic libraries already constitute
an important issue in this field. Foreseeable total storage volumes approach the order of 1 Eb,
or 10'®b. Thus, it is of paramount interest to find a truly permanent recording technology with
the additional condition of higher storage density. The steadily increasing amount of digital
data of global order of zetta bytes will require novel storage techniques of ultra-high density,
possibly in the nanoscale [2].

The main aim of this chapter is to present some novel approaches to this problem. The reading
of such digital data with nanometer dimensions is also subject to further technical progress.
In this chapter, how ion nanobeams are used to write data bits of nanometer diameter into
new generation storage materials is presented and photon near-field technology is employed
to read this novel kind of digital memory.

2. Optical contrast formation in wide-bandgap materials

During many years of development, ion beams have found important applications to the
modification of materials. While ion-implantation technology has revolutionized the indus-
trial production of electronic devices, optical applications have so far been scarce. This state
of affairs is quite astonishing, since optical changes in certain wide-bandgap materials, in
particular in semiconductors, are very pronounced and easily produced. Both physical pro-
cesses and applications to the optical modification of certain insulators have been reviewed in
a dedicated publication by Townsend et al. [3].

Recently, ion beam-induced optical modification of wide-bandgap materials has been suc-
cessfully employed for the development of novel methods for high-density data storage [4, 5].
There have been two markedly different kinds of approaches: a method based on ion beam-
induced amorphization of wide-bandgap crystalline materials [4] and a method based on
ion beam optical modification of wide-bandgap amorphous materials [5], both using highly
focused ion nanobeams.

2.1. Ion beam-induced amorphization of wide-bandgap crystalline materials

The optical properties of crystalline insulating materials can markedly be modified by irradia-
tion with energetic ions. Radiation damage causes dramatic changes of the optical absorption
in the bandgap energy regime of crystalline insulating materials. In particular, if the state of
amorphicity can be introduced, absorption changes will be strongest. The exposed areas of
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such materials absorb and reflect light more strongly than non-irradiated ones. In this way,
optical contrast is created between irradiated and non-irradiated areas, if suitable masks are
applied or alternatively, computer-controlled focused ion beam (FIB) equipment is used [6].

With modern equipment, ion beams of sufficient intensity can be focused to submicron
dimensions. Thus, both analog and digital information can be recorded with pixel densities
of Gbit/cm? to Tbit/cm?. Initially, focused ion beams of inert gas ions (Ar*, Ne*, Xe*), produced
by gas-field ion sources (GFIS), were employed to generate optical patterns of both kinds in
wide-bandgap crystalline materials. This is demonstrated in Figure 1, showing digital data
storage (ionographic process) in crystalline films of group-IV elements of the periodic system
and in Figure 2, where analog information storage in polycrystalline silicon carbide (pc-SiC)
by focused Ne* beam is presented. Usually, this type of optical data storage is read in light
transmission mode (Figure 3), hence highly transparent optical substrates are used, like Al,O,
(sapphire).

Crystalline films of group-IV elements of the periodic system, such as Si, 5iC and C (dia-
mond), are best suited for this novel data recording process, due to the marked differences in
their absorption coefficient in the two different phases —crystalline and amorphous (Figure 4).
As shown, due to their higher bandgap energies, the optical “contrast window” for SiC and
C, (diamond) is shifted toward the ultra-violet part of the spectrum.

2.2. Ion beam modification of wide-bandgap amorphous materials

Since the crystalline-amorphous contrast-based data storage in thin film crystalline materials
is usually read in light transmission mode, it requires the use of solid transparent substrates,
for example, quartz or sapphire that meet certain requirements. To produce analog patterns in
pc-Si on sapphire written by focused Ar* or Ne* beam (Figure 2) the procedure starts first with
plasma deposition of a-5iC:H film with moderate absorption. To achieve the needed initial
high film transparency for the aimed high optical contrast after irradiation, the next step is

lonographic data recording
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Figure 1. Crystalline-amorphous digital pattern obtainable by writing with a focused ion beam into a thin film of Si, SiC
or C, [5].

91



92

lon Beam Applications

Figure 2. Crystalline-amorphous analog pattern in poly-crystalline SiC on a sapphire substrate by using a 20 keV
focused Ne beam [5].

Crystalline/amorphous contrast

|
1

c Lo
|
! |
: -
|

| L

Figure 3. Principle of crystalline-amorphous contrast. Incident light of intensity I, traverses a thin layer 1 of material
consisting of crystalline and amorphous areas on a thick transparent substrate. The transmitted beams I_and I, have
different intensities [5].

to produce low absorption pc-SiC by crystallizing the a-SiC:H film in a special hot furnace
at temperatures as high as 1400°C. This high temperature requires the use of high-quality
expensive sapphire substrates. Only after this costly technological step the ion irradiation is
performed to achieve the aimed optical contrast (Figure 5) and generate optical information
patterning of the pc-SiC (Figure 2) [7].

On the other hand, although these investigations have shown the feasibility of this method
for achieving the initially stated goals for permanent safe archival dense data storage, it has
been stressed that the whole process requires also further high-technology processing steps,
for example, the use of Ar*, Ne* and Xe* nanobeams of nA intensity, the equipment systems
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Figure 4. Working range of different group-IV semiconductors for crystalline-amorphous contrast. Note that the
amorphous phases follow a common curve, whereas the crystalline phases are distinctly different [5].

1ﬂ5 T T T T T T T T T T T
T 105 -
E L -
=
= i ]
4l i
G 0r L
= i he-SiC o |
5 10% - o -
8 B £ _ff T
=z n Ir"r I .
2 12 i .
% i p-SiC;  u-SiC 1
L i I .
1L I ]
g L _
1nn 1 1 1 I 1 ] [l | 1 | 1
0 1 2 3 A 5 &

PHOTON ENERGY (gV)

Figure 5. Optical absorption coefficient of SiC films (full lines) as obtained after poly-crystallization (pc-SiC) and
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for which are rare to find. The authors have admitted that such equipment is not yet com-
mercially available even though, depending on the importance of the respective data, costs
nevertheless look affordable [8].

The above costly requirements have been later avoided with the development of yet another
optical data storage method, using the ion beam-induced optical contrast in wide-bandgap
amorphous materials by their structural-and chemical-based optical modification. Previous
investigations of Tsvetkova et al. [9] on the optical effects of Ar*, N* and O* bombardment
of thin chalcogenide films of the As-Se system at comparable implantation conditions, have
shown that the chemically active N* and O* species have a more pronounced effect on the
optical characteristics of the films, even though Ar* has a higher mass and hence would yield
higher amounts of radiation defects. The effect of the higher changes in the absorption coef-
ficient and refractive index, induced by the N* and O* implantation as compared to the Ar*
bombardment, has been attributed, apart from the increased amount of radiation defects,
also to their chemical modification by reacting with the As-Se host atoms and creating new
bonds, affecting the amorphous material electronic structure and hence modifying the optical
properties.

In the case of the a-5iC:H amorphous material, used as a source material for the crystallization
step to produce a highly transparent pc-SiC film and thus achieve maximum optical contrast
with the Ar" ion irradiated a-SiC, a new route has been suggested to avoid the crystallization
step and start with as transparent as possible initial a-SiC:H material even though it will be
somewhat less transparent than the pc-SiC. Indeed, the optical bandgap width of a-Si, C :H
is known to be easily controlled by controlling its stoichiometry (x) and may vary between
1.8 and 3.0 eV [10].

On the other hand, for the achieved optical contrast, it is not the absolute values of the optical
absorption of the initial material and the irradiated one but the relative difference between
the two absorption coefficients. Thus, even though this coefficient for the starting a-SiC:H
material is higher than the one for pc-SiC, if the ion irradiated a-S5iC:H can be rendered still
more absorbing by using instead of Ar* bombardment some more chemically effective ion
species, competing results can be easily achieved with the ones for the method based on
crystalline-amorphous contrast. Such chemically active dopants have been known to be Ge
and Sn, effectively reducing the optical bandgap of a-SiC:H, when added during the deposi-
tion process [11].

A considerably higher optical effect has been achieved in a-SiC:H films by ion implantation of
Ge and Sn as compared to the effect of Ar bombardment [12], as shown in Figure 6. (The sam-
ple preparation conditions of the a-SiC:H films for this study, together with the parameters
of the ion implantation processing of the samples employed, are described elsewhere [12, 13];
it is worth though to mention here that simple Corning glass was used for the transparent
substrates instead of sapphire.) This effect is manifested by an optical transmission edge shift
to the larger wavelengths, accompanied by a decrease in the transmission coefficient, as a
result of the ion implantation.

The registered difference in the optical effect for the three types of ions is attributed to the
different chemical nature of the implanted elements rather than to the radiation effect dif-
ference due to the varying parameters of the implanted species. This has been ensured by
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Figure 6. Transmission spectra of unimplanted (A) and implanted with Ar*, Ge* and Sn* at D = 10" cm™ (spectra B, D and
E, respectively) and with Sn *at D =10 cm™ (C) a-Si, ,, C,,H films [12].

0.82 ~0.18'

Ar Ge Sn
E (keV) 30 50 75
Rp (nm) 37.1 34.3 38.0
ARP (nm) 14.8 12.1 11.5

Table 1. Energies, normalized projected range R and standard deviation AR for the three types of implanted ions [12].

an appropriate choice of the film thickness (d = 100 nm) and ion energies, so as to match the
resulting projected ranges R and standard deviation AR for the three elements, as estimated
approximately using LSS theory and SRIM program [14]. (See Table 1 [12]).

Figure 7 demonstrates the changes of the absorption coefficient o« with the dose both for
Ge* and Sn* (Figure 7a and b, respectively) implantation in a-SiC:H films. It is easily noticed
that the ion implantation increases a and shifts the absorption edge to the lower energies
even for the lowest dose (D = 10" cm™). Saturation is reached gradually when increasing
the dose. Determination of the absorption coefficient a for the highest implantation dose of
Sn* (D = 10" cm™?) is hampered by the drastic decrease of transmission (Figure 6), related to
certain metallization in this case, and hence it is not presented in the figure.

The results for the dose dependence of the Tauc optical gap E_for the cases of ion implanta-
tion with Ge* and Sn* are shown in Table 2 [12].

The observed optical properties modification effects induced by the ion implantation of
a-SiC:H films signify a change in the energy spectrum of the electronic states. The observed
change could be related to breaking of bonds and increase of disorder due to ion bombard-
ment for the three elements (Ar, Ge and Sn), and for the case of Ge and Sn—also to some
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Figure 7. Absorption coefficient a of unimplanted (A) and implanted with Ge* (a) and Sn* (b) a-Si ,,C, :H films at doses
(in em™): 10%(B), 10'%(C), 5 x 10'(D) and 10'7(E) [12].

EgleV]
x=0.18 x=0.35

D [em™] Ge Sn Ge Sn
0 2.08 2.08 2.32 2.32
1x10"® 1.64 1.66 2.05 1.85
1x10% 1.58 1.53 1.99 1.77
5x 10 1.22 — 1.83 0.89
1x10v 1.22 - 1.68 0.23

Table 2. Tauc optical gap Eg of Ge* and Sn* implanted a-Si, C :H films with different carbon content (x=0.18 and x =0.35)
at different doses [12].

accompanying formation of additional bonds between the implanted ions and the atoms of
the alloy host material, as confirmed by vibrational spectroscopy (IR and Raman) [13], X-ray
photoelectron spectroscopy (XPS) [15] and Mossbauer spectroscopy analysis [16].
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Figure 8. Absorption coefficient a of a-Si, C :H (x = 0.15) films implanted with: (a) Ga* at a dose D, = 3 x 10 cm?,
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D,=6x10" cm™?and D, =1.2 x 10" cm™% (b) Ga* and Sn* at a dose D =5 x 10" cm™ [17].

As has been noted about the results presented in Figure 7, they clearly show that the ion implan-
tation of Ge and Sn in a-SiC:H films increases a and shifts the absorption edge to the lower
energies even for the lowest dose (D = 10" cm™) and saturation is reached gradually when
increasing the dose. Thus, the absorption coefficient change may reach ~ 2 orders of magnitude
in the visible light range of the spectrum even applying quite moderate ion doses, allowing for
a choice of lower ion doses aiming at a reduced cost. However, to proceed to optical pattern-
ing of a-SiC by focused Ge* or Sn* ion beams, some specially designed focused ion beam (FIB)
systems have to be used. And although such custom-built Ge* and Sn* FIB systems do exist and
are available at request, it appeared desirable to explore the possibility to use instead the much
more widely spread commercial FIB systems, using Ga* focused ion beams for patterning.

Hence, further experiments were focused on the achievable optical contrast in a-5iC:H films
by Ga* ion implantation, using a wide range of ion doses [17]. The results are presented in
Figure 8, which clearly shows that the optical effects for the Ga" implantation are comparable
with the ones for Ge* and Sn* for similar range of ion doses (Figure 8b). It is also demonstrated
that for the case of Ga* as well, lower doses of the order of 10" cm™ may be sufficient to justify
the requirements for optical patterning of a-SiC for optical data storage (Figure 8a). Possible
applications of these results in the area of submicron lithography and high-density optical
data archiving have been suggested with regard to the most widely spread focused micro-
beam systems based on Ga* liquid metal ion sources.

3. Optical patterning of wide-bandgap amorphous materials

The work on the optical patterning of wide-bandgap amorphous silicon carbide for nanoscale
archival data storage and submicron lithography constitutes a further step to extend the use
of optical crystalline materials, as data storage media, to the new class of wide-bandgap amor-
phous materials with their numerous technological and ecological advantages. It also extends
the use of the FIB systems based on gas-field ion sources (GFIS), implemented as a patterning
tool, to the use of the more versatile and widespread FIB systems based on liquid-metal ion
sources (LMIS), which are also preferred in many practical applications for some of their
superior features.
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3.1. Focused ion beam (FIB) systems used for nanoscale patterning

Nanoscale focused ion beams (FIBs) represent one of the most useful tools in nanotechnology,
enabling nanofabrication via milling and gas-assisted deposition, microscopy and microanal-
ysis and selective, spatially resolved doping of materials. These instrumentation develop-
ments, that have come to play a central role in nanotechnology, have made it possible to create
a beam of ions focused to a spot size on the order of just a few nanometers [18].

The ion source is a core part of a FIB system, and its function is to produce an ion beam. [19]
There are, indeed, various types of ion sources and a wealth of different ion species, some of
which are commercially available, and others that exist in custom-built research laboratory
setups only, to be used in niche applications or to be further developed. The state of the ion
source technology is historically an enabling factor for FIB instruments.

Beginning in the late 1970s, ion sources with the necessary characteristics began to appear,
and one type that soon came to dominate was the liquid metal ion source (LMIS).With an
extremely simple construction, high brightness and robust performance, the LMIS has become
a central driver in the widespread adaptation of focused ion beam techniques in nanotechnol-

ogy [20].

In the manufacturing process of the LMIS, a tungsten needle with the tip diameter of 5-10 um
can be made by electrochemical corrosion and then adhere molten liquid metal on the tip
of tungsten needle. An electric field is applied on the tip; then the liquid metal on the tip is
formed to Taylor cone under the strong electric field force. The electric field intensity of Taylor
cone can be as high as 10'°V/m, and the metal ions in the surface layer of liquid metal would
escape in the form of field evaporation, resulting in the ion beam. The schematic diagram
LMIS with a two-lens system is presented in Figure 9.

Another type of field-ionization sources (discovered earlier than LMIS) is based on ionizing
molecules adsorbed from their gas phase. These gas field ion sources (GFIS) are in use for pro-
ducing ion beams of hydrogen and noble gases by condensing them first, followed by electric
field ionization on an atomically sharp needle, this way creating very small (sub-nm) diameter

Ligquid metal reservoir — —— Shiclding
Capillary iube d
Neadle tip
Extraction clectrode

Ground electrode Lens electrode

ki

Figure 9. LMIS in a two-lens system.
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Figure 10. Schematic diagram of LMIS-based FIB.

and small current beams. Major drawback of GFIS though is that it produces very low current on
final focal spot [21]. For many practical applications, LMIS-based FIBs are the preferred choice.

The schematic diagram of the LMIS-based FIB is presented in Figure 10. The focusing and
scanning equipment is generally constituted by a double electricity lens system, beam blank-
ing assembly and quadruple deflection electrode. The sample station includes the sample
stage, the detector and the gas injection system. The sample can move along with x, y, z axis,
rotate around z axis and move obliquely in five degrees of freedom when it is placed on the
stage. In order to improve the controllability and the speed of the nanofabrication, a gas injec-
tion system is also introduced in the sample chamber. Further results presented in this work
are implemented using the LMIS-based FIB.

3.2. Amorphous silicon carbide and tetrahedral amorphous carbon materials

Hydrogenated amorphous silicon carbide (a-SiC:H) alloy films have great technological poten-
tial as structural materials for high-temperature electronics and for various optoelectronic
elements and devices designed to operate in aggressive environments (acid vapors, radiation,
open space, etc.) [22, 23]. An important feature underpinning the material’s environmental
robustness is the comparatively wide bandgap which may be tailored in the range 1.8-3.0 eV.

The material can be prepared in thin-film form on different substrates by chemical vapor
deposition [24] or by employing a radio-frequency reactive magnetron sputtering method [25].
Reactivesputteringisaconvenientmethod to prepare a-SiC:H films wherelow-density-of-states
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material is not required, as is very often the case. Mechanical, optical and electrical param-
eters of the material can be controllably varied by changing the relative composition of the
constituent elements. In addition, control of electronic and optical properties of such materi-
als can be achieved using ion implantation [26, 27].

Thin films of amorphous carbon (a-C) also referred to as diamond like carbon (DLC), have
received considerable attention due to their intrinsic highly attractive properties. Amorphous
carbon (a-C) is a disordered phase of carbon without long-range order, containing carbon
atoms mostly in graphite-like sp2 and diamond-like sp3 hybridization sites. Depending on
the relative concentrations of sp2- or sp3- hybridized carbon, a-C has shown excellent physi-
cal properties such as high hardness, low friction coefficient, chemical inertness, relatively
high thermal conductivity and optical transparency [28]. The term tetrahedral amorphous
carbon (ta-C) is used to describe amorphous carbon films with a large percentage of sp3 bond-
ing (up to 87%). The films are manufactured using a variety of techniques, including filtered
cathodic vacuum arc (FCVA), pulsed laser deposition (PLD) and mass selected ion beam
deposition (MSIBD) [28, 29]. The high sp3 content in the films results in unique properties that
include extreme hardness (~70 GPa), chemical inertness, high electrical resistivity and wide
optical bandgap. These properties also offer some advantages as compared to another wide
optical bandgap material —silicon carbide (SiC)—for uses in nanoscale optical data recording
for archival information storage using focused ion beams (FIB) techniques.

3.3. FIB optical patterning of a-SiC and ta-C films

The use of ion implantation as a method of introducing additional elements to modify the
material chemically and hence its electronic characteristics (the bandgap and the related opti-
cal and electrical properties) is an attractive means to control these properties. It is particularly
of interest in connection with the emerging techniques of easily operated ion microbeams and
the possibilities they reveal for fabricating various sophisticated planar structures [30].

Recently, using the fast developing technology of ion microbeams, promising results have
been obtained for the possible application of thin polycrystalline silicon carbide films in high-
density optical data storage and submicron lithography [6-8]. This approach has been further
developed by implementing ion doping of amorphous silicon carbide films with focused ion
beam (FIB) systems that use Ga* or other chemically active ion species as implants [12, 17].

The widespread use of FIB systems based on Ga® LMIS has prompted special attention to the
choice of Ga* as the implant species in further experiments. Investigations on Ga* broad-beam
implanted a-SiC:H films have shown various structural and chemical modification changes,
resulting in an effective optical bandgap decrease and considerable optical absorption coef-
ficient increase [17]. The underlying mechanism, as studied by IR and Raman measurements,
involves breaking of Si-H and C-H bonds and apparent loss of H. An increased Si—-C bond
breaking is revealed and formation of Si-Ga bonds, implying that Ga substitutes for the C
atom in the C-Si-H bond due its lower electronegativity [31, 32]. Yet, due to the low melting
point of Ga (Tm =29.8°C), some part of the implanted Ga ions are apparently incorporated as
Ga-clusters rather than directly bonded to host atoms [33].

The computer-controlled focused ion-beam system IMSA-100 [34] working with a Ga*
LMIS was used to create a preliminary chosen optical pattern in a-SiC:H films [17]. The
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computer-generated pattern, shown in Figure 11, consists of several line series and chess-
board-type fields with different sizes and doses of implanted Ga*. The shorter line series LS1
(size 2.5/2.5/20 mm) and the longer ones LS2 (size 5/5/40 mm) were obtained with Ga* ion
doses in the range D =5 x 10"°-2 x 107 cm™ The big chess-board-type field (BCF) (size 20 mm)
and the smaller chess-board-type fields SCF1 and SCF2 (size 10 mm) were obtained with doses
d,=2.5x10" cm™ (BCF and SCF1) and d, =4 x 10" cm™ (SCF2). The figure shows the potential
of this method for different applications as diverse as high-density optical data storage and
direct writing of submicron lithographic masks for microelectronics and optoelectronics.

Similarly, programmable computer-controlled focused ion-beam system, working with a Ga*
LMIS, was used to create a preliminary chosen optical pattern in ta-C films [35]. Samples of

Figure 11. Micron-scale pattern on an a-5iC:H film written with the FIB using a 15 pA Ga* - ion beam. The size of the big
chess field is 20 x 20 mm? [17].

Figure 12. Contrast images in ta-C film, written with the FIB using a 15 pA Ga* - ion beam, and dependence of absorbance
of implanted areas on Ga* fluences (squares 10 x 10 pm?): 1e14, 5e14, 1e15, 5e15, 1e16, 516 cm™ [35].
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{a)

Figure 13. Secondary ion image of (a) triplet lines pattern (100 nm width, 300 nm separation between adjacent lines in
each triplet and 1000 nm separation between triplets) and (b) low-density set of single lines (100 nm width and 900 nm
separation), in an Al-coated a-SiC:H thin film, written with FIB system using focused Ga* ion beam [36].

thin ta-C films (d~40 nm) were deposited on Corning glass substrates using a commercial
FCVA system (Commonwealth Scientific Corporation). The Ga* focused ion beam (FIB) pat-
terning was performed with NVision 40 Crossbeam System (Zeiss) using 1, 10, 80 pA Ga?,
30 keV and a range of Ga*ion doses (Figure 12).

Some further results of the experiments at the nanoscale by patterning a-SiC:H samples with
Ga* FIB are demonstrated in Figure 13 [36]. The secondary ion images recorded immediately
after the FIB implantation in the vacuum chamber are shown in the figure. Each pattern con-
sists of a set of lines with 100 nm width separated differently. The secondary ion images show
that a line thickness as small as 100 nm has been realized.

4. Near-field technique uses for reading nanoscale optical data

The optical properties of nanoscale structures need to be characterized with a “super-resolution”
technique, for example, near-field techniques. Additionally, the ion irradiation induced sputter-
ing may cause ablation of the a-SiC:H film, resulting in changes in the surface topographic
features. Hence, a technique mapping the topographic features of the patterns, such as atomic
force microscopy (AFM) [37, 38], is also needed to characterize the modified surfaces. From
these points of view, scanning near-field optical microscopy (SNOM), supplied with shear force
technique providing also topographic data, is a promising method that can simultaneously
obtain optical and topographic images of the samples [38—41].

Atomic force microscope (AFM) (Dimension 3000 Digital Instruments) was used to analyze
the topography of the fabricated patterned samples in these studies [39]. Scanning near-field
optical microscope (SNOM) was used to study the changes in local optical absorption of the
irradiated (patterned) areas as compared to the nonirradiated ones [42].

A schematic diagram of the SNOM equipment used is presented in Figure 14 [42]. An unpo-
larized He-Ne laser (633 nm) beam is used to illuminate the sample from its nonpatterned
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Figure 14. A schematic diagram of SNOM set-up. Photomultiplier tube (PMT); quartz tuning fork (T); piezoelectric stage
for scanning (XY); piezoelectric actuator (Z) [42].

side of the transparent substrate. The transmitted light is then collected with a sharpened
optical fiber tip positioned in near-field proximity to the patterned surface and is measured
with a photomultiplier tube (PMT). The tip is raster scanned across the sample while kept at
a constant tip-surface distance, and topographic data and optical images are recorded simul-
taneously. The tip-surface distance is monitored with nonoptical detection technique using
shear-force feedback, where the tip is oscillated by a quartz tuning fork (T) and oscillation
amplitude is monitored as variations of the electric impedance of the tuning fork. While the
tip scans the sample, the piezoelectric actuator (Z) moves it so as to keep the oscillation ampli-
tude constant, tracing the topography. The typical diameter of the fiber tip end, fabricated by
chemical etching, is 100 nm and this determines the optical resolution.

4.1. Atomic force microscopy characterization of FIB patterns

These near-field techniques were used to study Ga" FIB patterns in a-SiC:H films [42].
Sample preparation was as follows: thin films of a-S5i, C :H (x = 0.15) were deposited by RF
(13.56 MHz) reactive magnetron sputtering onto Corning glass substrates. The composite
target, comprising of mono-crystalline (100) silicon wafer with chips of pure graphite placed
on top, was sputtered in an Ar-20%H, gas mixture. The deposition conditions typically were
RF power of 150 W, power density 1.91 W/cm?, total gas pressure 1P, substrate temperature
275°C and graphite-to-silicon target ratio 0.025. Talystep profilometer and optical measure-
ments were used to determine the film thickness d~200 nm. The carbon content (x) of the films
was determined by Rutherford backscattering spectrometry (RBS) to be 0.15.

Computer-operated FIB system, using focused Ga'-ion beam implantation, was applied to
produce various pre-designed optical patterns in these samples. The FIB system used was
IMSA-Orsay Physics, supplied with a “charge neutralizer” (e” beam shower). The obtained
patterns are presented in Figure 11. The figure represents an optical micrograph of a a-SiC:H
thin film with a variety of FIB-created patterns. They consist of chess-board-like (CBL) pat-
terns and series of lines with different doses (SL). The optical density of the irradiated areas is
increased due to the ion implantation; hence, they are seen as dark regions.

Topographic images of the irradiated areas were recorded with AFM before conducting the
SNOM experiments. The results for the recorded CBL and SL structures are shown in Figure 15.
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The AFM analysis of these results reveals that the irradiated areas are topographically lower.
This is supposedly due to the ion beam-induced ablation of the thin film. A cross-sectional
view of the AFM image of a SL is presented in Figure 15(b). The dose of the ions is highest on
the left-hand side (3.2 x 10' cm™?), decreasing toward the right-hand side (0.8 x 10*> cm™). The
higher doses are shown to cause larger variations of the topography, as expected.

4.2. Scanning near-field optical microscopy (SNOM) of FIB patterns

As already mentioned in the previous paragraph, SNOM can provide simultaneously an opti-
cal image of the corresponding topographic image. As a demonstration of its potential, CBL
patterns with different doses are investigated with SNOM. The obtained topographic data
and corresponding optical images are demonstrated in Figure 16. Compared with the unpat-
terned areas at the left-hand side of the image, the areas irradiated with ion beam are topo-
graphically lower, while being optically more opaque. The observed trend of the topographic
features of the irradiated areas are the same as that observed with the AFM (cf. Figure 15),
while the observed trend of optical contrasts obtained with SNOM is qualitatively the same
as that obtained with conventional optical microscopy (cf. Figure 11).

(b)
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Figure 15. AFM images of (a) CBS and (b) SSL patterns in an a-SiC:H film fabricated by the irradiation of focused ion
beam. The cross sections indicated in (a) and (b) are shown in (c) and (d), respectively [42].
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Figure 16. Topographic image (a) and corresponding SNOM image (b) of a CBS pattern created on an a-SiC:H thin film
[42].

For the purpose of examining the dependencies of topographic and optical contrasts on the
Ga"ion dose, three different CBL patterns with doses of 1.3 x 10'¢, 0.8 x 10'¢ and 3.2 x 10"® cm™
have been scanned with SNOM to record topographic and optical images. The obtained
results are presented in Figure 17. The topographic thickness changes (thinning) of the
CBL patterns are measured to be 90, 80 and 50 nm for Ga* doses of 1.3 x 10'¢, 0.8 x 10' and
3.2 x 10" cm?, respectively. The measured corresponding optical contrasts are 0.5, 0.4 and 0.2.
It is thus shown that it can be qualitatively concluded that a higher dose causes both higher
optical and higher topographic contrast. It has to be noted, though, that this correlation is an
average one, for example, in Figure 17(C), the CBL pattern in the optical image is smeared,
while topographic features are still being observed. Since the value of the lowest optical con-
trast of 0.2 obtained here is rather high, the inhomogeneous optical images of Figure 17(C)
may be attributed to the inhomogeneous optical property of the material due to contamina-
tion or some interference effects associated with the formation of two-dimensional periodic
structures. Such information can be used to set optimal dose condition to achieve maximum
optical contrast with minimum topographic contrast and less artificial optical features.

4.3. Optimal optical contrast in FIB-patterned amorphous silicon carbide structures

The optical density of ion implanted regions is determined by two competing contributions,
mechanical thinning of the a-SiC:H film due to ion beam milling and modification of the film
properties (i.e. increased optical absorption) due to ions implanted in the film. Thus, studies
of both topographic and optical properties of thin films are important to optimize the ion
implantation processing for optical data storage applications. Such investigations have been
carried out by simultaneous mapping of topography and optical contrast of Ga* FIB optical
stripes patterns in a-SiC:H with varying ion dose using a SNOM instrument [43].
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14 um

Figure 17. Variations of topographic and near-field optical contrasts of CBL patterns fabricated with different ion doses:
(A) 1.3 x10%(B) 0.8 x 10" and (C) 3.2 x 10" cm™ [42].

When irradiating a film surface with a beam of accelerated ions, there are two main possible
processes involved: implantation of the ions into the film [1, 3] and ablation of the film [1, 44].
The resulting increase of optical density in a-5iC:H is assumed to be caused by the former
process, while topographic thinning results from the latter. The maximum optical absorp-
tion that can be developed in the film may also be limited by the ablation since sputtering of
gallium will define an upper limit to the amount that is retained. Effectively, the number of
ions per volume implanted into the irradiated material increases with the dose to a certain
saturation point, limited by the ion beam-induced sputtering. At the same time, the amount
of film material sputtered away from the solid surface increases with the dose as long as the
irradiation continues. The results presented in the work of Takahashi et al. [43] show that at
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lower doses the ion implantation prevails over the ablation effect. The implantation effect
reaches saturation at a dose D = 3.0 x 10 ions cm™. Then, for higher irradiation doses, the
ablation effect starts to override the implantation effect, leading to a slow decrease in the opti-
cal contrast, while the topographic thinning still increases.

The key feature which must be noted for a practical device is not the level of absorption
achieved by the implant, but the contrast that develops relative to the immediately adjacent
regions. Local optical measurements as in this work [43] are of particular importance in this
respect as they provide a way to study how sharp the optical contrast change is between
the implant zones and nominally unaffected regions between them. It is also noted there, in
way of comparison, that the change in the optical absorption in this case is somewhat less
than the order of magnitude change obtained in conventional far-field optical measurements
in samples implanted with an unfocused, broad ion beam [17]. The large optical contrast
in the far-field optical measurements case arises mainly from amorphization changes in the
host material, but these are less important here; instead, the transmission changes are more
strongly defined by the presence of Ga itself and the formation of nanoscale precipitates [33].
Moreover, surface temperature enhanced sputtering (including that of the Ga implant) from
the ion beam irradiated regions will act to limit the transmission change achievable.

5. Conclusions

The results presented here demonstrate the possibility to open up new applications of wide
bandgap amorphous materials, such as a-SiC:H and ta-C, as media for high-density optical
data storage in the nanoscale range, using focused ion beam techniques. In summary, the
optical contrast achieved, even at relatively low doses, is of sufficient magnitude to be useful
in nanoscale optical data storage and submicrometer lithographic mask production. These
results are particularly important when estimating the cost effectiveness of the method, as
relatively low implantation doses appear effective in this case and these imply less costly
implantation time. The resolution achievable will be defined by the diameter of the Ga* FIB
and the region of collateral modification/damage, similar to proximity effects in the case of
electron beam patterning, but still should offer a significant improvement over the resolution
determined by the diffraction limit of light in the case of optical lithography.

Applying near-field optical techniques, like SNOM, for optical and topographic character-
ization of Ga* FIB patterned surfaces, provided results showing that at lower doses, the ion
implantation effect leads to increased optical absorption and, hence, higher optical contrast
is dominant. However, the optical absorption saturates at higher implantation doses while
further ion beam milling causes a decrease in optical contrast, apparently due to the abla-
tion of the film. Thus, the present study shows the existence of optimal conditions for the
ion implantation to achieve large optical contrast with less topographic change in the films.
Low ion irradiation doses are effectively sufficient and preferable for achieving strong modi-
fication of the optical absorption, which is needed for applications in optical data storage
for creating permanent optical archives. The obtained results, given the potential of the FIB
technique, could be of use for applications of wide-bandgap amorphous materials, like a-5iC
and ta-C, in the area of nanoscale optical data storage and data archiving.
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Abstract

The gas field ion source (GFIS) can be used to generate beams of helium, neon, hydrogen,
and nitrogen ions, among others. Due to the low energy spread and the atomically small
virtual source size, highly focused ion beams (FIB) can be obtained. We discuss the history
of the GFIS and explain the field ionization and field evaporation process in general. Then,
the unique properties of the nitrogen ionization, originating from the molecular nature,
are explained. We show how the nitrogen ion microscopy (N2IM) can be used to image
and pattern samples. The unique contrast observed in samples with graphene or carbon is
reported. Finally, we conclude with an outlook of the technology and possible key appli-
cations such as spatially localized nitrogen-vacancy center implantation.

Keywords: gas field ion source, N2IM, GFIS-FIB, secondary electron

1. Introduction

The development of scanning probe microscopy was driven by the challenge articulated by
Richard Feynman [1], namely that it should be possible to write (and read) the Encyclopedia
Britannica on the head of a pin. By using a focused electron beam to pattern advanced resist
materials and later transfer them into solid matter by various processes, this challenge has
been overcome. By improving the electron beam, it also became possible to image sub-10-nm-
scaled structures in the scanning electron microscope (SEM, relying on the secondary electron
generation) or the transmission electron microscope (TEM). The latter technique makes it
possible to image individual atoms; however, it is restricted to thin samples. Encouraged by
the nanometer scale resolution of the SEM, the replacement of electrons with ions was
researched. Since energetic ions generate secondary electrons when interacting with matter,
the focused ion beam (FIB) can be used for imaging as well. Due to the lack of other available

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgIN



114

lon Beam Applications

ion sources, the first one to gain widespread adaptation was the gallium liquid metal ion
source (LMIS), which relies on the formation of the so-called Taylor cone. In addition, since
ions are significantly slower than electrons for a given energy and their charge-to-mass ratio is
smaller, the magnetic lenses in the SEM are replaced by electrostatic lenses. While a sub-5-nm
beam diameter for gallium is possible today, the imaging resolution is limited to a few nm due
to the immediate surface sputtering by the energetic ion impacts and the requirement to collect
sufficient number of secondary electrons [2].

Energetic ions are used in other technological fields as well, such as ion implantation and
surface etching (ion milling). These methods can be locally restricted by integrating with a
mask; however, this requires several additional process steps, including a lithographic mask,
and has limited resolution. Furthermore, this approach has a large initial cost. Instead, FIB can
be used to locally mill structures at the nanometer scale with great flexibility. Important
parameters are the etch rate and selectivity (difference of etch rate between two different
materials for the same milling conditions), which can be improved by the so-called gas-
assisted etching. For this purpose, thin needles are introduced close to the beam-sample
interaction region, and minute amounts of gas are introduced. While the gas concentration is
high at the point of injection, it is quickly evacuated by the pump system of the low-pressure
sample chamber. By introducing special volatile precursor gases that are disassociated by the
ion beam, the deposition of conducting as well as insulating materials is possible.

Gallium FIB is now widely used for rapid prototyping, circuit editing, lithographic mask
repair, and TEM lamella preparation. However, several limitations have become more pressing
in recent years:

1. The low milling resolution of the gallium ion (due to the large interaction volume of the
heavy ions) is not sufficient for sub-10-nm fabrication, and the repair of next-generation
optical masks becomes challenging. Furthermore, reflective UV masks have a higher
requirement for defect-free repair.

2. The implanted gallium atoms can degrade the properties of the specimen. This is particu-
larly critical for the preparation of TEM lamellae of certain samples and circuit editing
where the semiconducting properties of transistors can change.

3. Toimprove the resolution of the gallium FIB, very low beam currents in the single-digit pA
range are used. At these currents, the low secondary electron yield makes it difficult to do
end-point detection, that is, notice when a given layer is fully removed.

In consequence, through meticulous ingenuity, the gas field ion source (GFIS) was commer-
cialized. Initially, work focused on the ionization of helium ions as its ionization field strength
clearly distinguishes it from other gases, and the light ions promise a superior imaging resolu-
tion while limiting the sample damage. However, today, there is a wide range of gases used,
including helium, neon, hydrogen, and nitrogen. We discuss the GFIS in general in Section 2,
and focus more on the uniqueness of the nitrogen field ionization in Section 3. In Section 4, we
show how the nitrogen ion microscopy (N2IM)' can be used for imaging and patterning. Due

"The acronym NIM is now widely used to refer to the neon ion microscopy.
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to the limited space, not all aspects can be discussed in full detail. As there is much overlap
with the helium ion microscope, the excellent book edited by Hlawacek and Golzhauser [3]
should provide answers to outstanding questions.

2. The gas field ion source

The GFIS, as the name suggests, is a type of ion source that works by ionizing gas atoms or
molecules in a strong electric field. In this section, first, a short history of the GFIS is given for
the interested mind, followed by the fundamental principle of the field ionization and field
evaporation in strong electric fields. This also includes the discussion of the fundamental limits.
In Section 2.3, the more technical aspects of exploiting the field evaporation and gas etching in
order to make a good ion source are discussed. We also summarize some recent ion source
developments beyond the GFIS that have been fuelled by the commercial success of the GFIS.

2.1. History of the gas field ion source

The foundation of the GFIS was laid by Miiller [4], when he developed the field ion microscope
(FIM). In a FIM], individual surface atoms of a metal tip can be imaged with relatively simple
methods by applying a strong electrical field in a gas atmosphere. The gas atoms (typically
helium) are ionized and are then accelerated away from the metal surface (Figure 1a). By
allowing these accelerated ions to pass through a hole in the so-called extraction electrode, they
can be visualized on a detector screen, as shown in Figure 1b. As the electric field at protrud-
ing atoms is stronger, ionization from these locations is more likely. This setup has to be
located in a vacuum chamber to avoid high-voltage breakdown (arcing), and the emitting
metal is typically cooled to increase the ionization rate. It quickly became clear that the
emission from a single atom could, in principle, facilitate an ion source [5, 6] with unprece-
dented resolution (as will be discussed in Section 2.3); however, current stability turned out to
be a serious issue [7]. In the meantime, the gallium LMIS was developed and offered sufficient
performance for the time: a wide range of beam currents from the pA to the nA range, and
sufficient resolution to allow prototyping and circuit editing in the semiconductor industry.

He/Ne ionizatior
from individual
surface atoms
of a Pt tip

Figure 1. (a) Operation principle of the field ion microscope. (b) FIM image of pt tip (derivative of platinum (https://www.
flickr.com/photos/dxdt22/315745462) by Tatsuo Iwata licensed under CC BY 2.0).
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The development of methods to controllably shape noble metal tips through electrochemical
etching, field-assisted evaporation, and etching remained active due to the demand for elec-
tron emitters.” The effort up until 2005 to develop high brightness, monochromatic noble gas
ion sources was reviewed by Tondare [8]. It is now known that sometime in the 1990s, the
active development of a GFIS commenced at the Micrion Corporation. The goal was to create a
next-generation ion source to allow repair of photolithographic masks in the semiconductor
industry, and the work was encouraged by the technological advances and the better under-
standing of the field emission [9]. However, after the first performance values were obtained
and the theory had been reexamined, it became clear that in spite of being a source with
unprecedented brightness, the overall emission current would not be on par with existing ion
sources. The merit of this challenging technology became questionable, and furthermore, the
development team was haunted by stability issues of the novel source. Nevertheless, the
development team succeeded in forming a GFIS emitter from Tungsten that was terminated
by three atoms aligned in a triangle, the so-called trimer. The trimer can improve the stability
compared to a single atom tip for certain tip materials and crystal orientations; however, only
one-third of the total brightness is usable. First results demonstrated that the GFIS would be an
ideal candidate for an ion microscope that could excel the SEM with a sub-1-nm beam diam-
eter and favorable beam/sample interaction. However, commercialization was not yet viable.

With this result, Bill Ward continued the improvement of the source stability —the last
remaining obstacle before commercialization —after parting with Micrion upon their acquisi-
tion by the field electron and ion company (FEI). After 2 more years of ups and downs, and just as
the team had moved to a new location, a demonstration was to be given to potential investors.
To the surprise of Ward himself, the stability and performance was significantly better than just
before the move. As it later turned out, due to time constraints, a special custom-made gas
purifier was not installed to the gas supply in the new location. At some unknown point in the
past, a piece of wooden cork had slipped into the tube of the purifier and got stuck. Thus, the
gas supplied to the ion source had been passing through the cork during the development
time, and this was the root cause for the low stability. However, as Ward recalled during his
speech at the 2016 AVS International Symposium & Exhibition in Nashville, Tennessee, com-
memorating the 10" anniversary of the commercialization of the GFIS [10], during the struggle
with the stability of the GFIS, the team gained experience and knowledge that turned out to be
indispensable to the commercialization. Would it not have been for the long development time
and investment to overcome the instability before realizing the current limitation, the effort to
commercialize the GFIS would have likely been dropped earlier in the development.

With investors on board, the Atomic Level Ion Source (ALIS) company went public with its
results in 2006 [11, 12]. Shortly after, ALIS was acquired by Carl Zeiss’ Nano Technology
Systems Division (NTS), and the Zeiss Orion helium ion microscope was the first commercial
GFIS tool released in the same year. Development in the time since then progressed; however,
the fundamental GFIS technology remains the same, and new tools are now fitted with helium

“Technically, the difference between a GFIS and a field emitter gun for electrons is the polarity of the tip with respect to the
extractor electrode. Since electrons are supplied through the tip, cooling is not required for electron emission.
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and neon gas. The events surrounding the development of the HIM at Micrion and ALIS were
also recollected by Economou et al. [13] and Ward himself ([3], Appendix A).

The impressive results achieved by the Zeiss Orion certainly renewed the interest in GFIS, and
the Japanese gallium FIB specialist SII Nanotechnology presented results on their hydrogen and
nitrogen GFIS-FIB nanofabrication tool for the first time in 2011. Unprecedented mask repair
performance, particularly of reflective UV masks, was reported [14]. Shortly after, at the
beginning of 2013, SII Nanotechnology was acquired by Hitachi High-Technologies and continues
operating under the name Hitachi High-Tech Science. Zeiss and Hitachi appear to remain the
only commercial manufacturer of GFIS tools. Nevertheless, it is likely that sooner or later other
players will enter the field of light gas ion FIB technology. As we show in Section 2.4, this does
not have to be necessarily a GFIS.

2.2. Field ionization and field evaporation

To understand the field ionization (gas atoms losing an electron in a strong electric field) and
field evaporation (surface atoms detaching due to high electric field), some general knowledge
about solid state physics is required. The GFIS is used by scientists and engineers from a broad
range of fields, and for the daily use the details that will be explained in this section are not
necessary. Nevertheless, it is helpful to understand the potential and limitation of this technol-
ogy. Therefore, we give an explanation in a way that can be followed by readers from various
fields, and details can be found in the excellent books that have been written over the years
[15-18].

In solid state physics, there are a few concepts which are prerequisites in this discussion:

1. Energy versus position is a common representation of the inner properties of solids as
seen by electrons. The position is typically a one-dimensional line through the solid as it
contains the essence of the solid and can still be easily interpreted. Two-dimensional (2D)
or even three-dimensional (3D) representations exist, but are less common. The energy
(sometimes called potential, y-scale) is given in units of electron volt (eV) and defines
relative energies, that is, there is no zero point as it is irrelevant.

2. Fermi energy (Ey) is the highest energy an electron in a given material can have at absolute
zero Kelvin. At elevated temperature, some electrons from below Er are excited and gain
some additional energy.

3. Vacuum energy (Eyscuum) is defined as the energy outside of the solid in vacuum.

4. Work function is an energy difference that is unique to each individual electron in a solid.
It is the energy that has to be added to the electron’s energy to make it reach Ey,cyum, thus
separating it from the solid.

5. Quantum tunneling is a phenomenon where electrons can cross a potential barrier
although they do not have enough energy to reach the top of the barrier (given that the
space behind the barrier is unoccupied). Electron energy is conserved. The tunneling
probability increases rapidly with the decrease of the barrier width, and the Pauli principle

117



118

lon Beam Applications

forbids tunneling into energies below Er. This phenomenon does not occur in the visible
world. A possible image of quantum tunneling could be as follows: Let us imagine a golf
ball lying in the grass next to a solid concrete wall. Tunneling would mean that there is a
chance that the ball moves to the other side of the wall without being touched.

Figure 2a shows a 2D cut through a large metal, where the atoms are assembled in a regular
structure. If we plot the energies along the red line, we obtain Figure 2b. Here, + represents the
positively charged cores of the individual atoms. They create energy wells for electrons through
their Coulomb potential, which are filled with some electrons of specific (quantized) energy.
Since the energy of these electrons is considerably smaller than the top of the barrier between

"prohibited” state for
a)  metal atom b) electrons (potential barrier)

1 ) A Fermi level E
20000 ¢ A==
. -.-._m localized electrons
. . . . . ‘ + 4+ + +postively charged atomic cores

Position
rf; tom
C) su BEE{T: © . X — d] E outer electron
§ —i :] evacuum
. . . . < Work function
i gas atom ‘g Emf-
PSS S ;> |3 o .
H v E w :
2000 £ ++ 4+
] o Distant gas atom (AU =0]
e) Electron emission f) Field ionization g) Field evaporation
Electric field_
(AU >0) .-~ Electric field
Evacuum %, (Al == 0)
Electron
emission :
(tunneling) H % +
) + gas atom attracted + <+
Electric field (AU < 0)

Figure 2. (a) Model of metal atoms inside a bulk metal. The potential along the red arrow is shown in (b). (b) Potential
inside bulk metal. Electrons are either localized near the atoms or can move freely if they have sufficient energy. These
electrons are referred to as electron gas and give metal the high electrical conductivity. (c) Model of metal surface with an
extractor electrode at distance x and a gas atom. (d) Potential along red arrow in (c). (¢) Narrow potential barrier formed
by negative AU resulting in electron emission. (f) Positive AU causes electron tunneling of outer electron of nearby gas
atoms. The ion is immediately accelerated toward the extractor. (g) Further increase of AU causes field evaporation of
surface atoms.
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the atoms, they are assumed to be localized and do not contribute to electrical conduction.
However, since Er is higher than the barriers (this is only true for metals), there are some
electrons that can move freely from left to right. They are part of the so-called electron gas
which gives metal its high conductivity. Since the metal is periodic, this energy profile is
periodic as well.

As pointed out at the beginning of this section, field ionization occurs only at the surface.
Therefore, let us see what happens when we cut our metal to create a surface as illustrated in
Figure 2c. We ignore the extractor for now (AU = 0), and observe the energy profile along the
red arrow as shown in Figure 2d. To the left of the surface, the potentials are unchanged;
however, at the surface, a potential barrier reaching up to Eyacuum is formed. Thus, the electrons
in the electron gas are reflected at the surface and remain inside the metal. Furthermore, a gas
atom that is far away from the surface creates its own potential well, and all its electrons are
localized. Note that the electron with the highest energy is referred to as the outer electron. If
we were to observe the gas atom and surface at this condition, we would see that the gas atom
moves randomly in respect to the metal surface, but no ionization occurs. Also, since the
energy of the outer electron of the gas atom is below Er of the metal, the electron cannot tunnel
to the metal, even if the barrier width was greatly reduced due to collision with the metal
surface (Pauli principle). The system is stable.

To actually cause anything to happen, an electric field has to be applied between the metal
surface and the extractor electrode. Again, let us first ignore the gas molecule and discuss the
electron emission. If we apply a large positive voltage to the extractor (at a distance x) while
the tip is grounded,’ the potential barrier at the surface is deformed as shown in Figure 2e and
electrons can tunnel from the metal into the vacuum. The slope equals eAllx, where e is the
electron charge. As the density of electrons in the metal is high and a virtually infinite supply is
available, very high emission currents can occur, and Joule heating of the metal poses the limit.

However, since we are trying to ionize gas, let us go back to the configuration shown in
Figure 2d and apply a positive AU instead (Figure 2f). Two things are now happening: first,
the vacuum energy increases away from the surface, and second, the energy of the outer
electron of the gas atom becomes higher than Er of the metal. Gas atoms have fluctuating
dipole moments as the outer electrons are orbiting around the core, and this causes the gas
molecule to be attracted to the metal surface in the strong field. In consequence, all prerequi-
sites for tunneling of the outer electron of the gas atom are fulfilled: the barrier is narrow, and
there is space for the electron in the metal at the energy of the outer electron. After tunneling,
the now positively charged gas ion is immediately accelerated in the strong electric field away
from the tip and toward the extractor. The ion has an energy corresponding to AU. For the
ionization to happen, the field has to be in the range of 10'° V/m. For a flat surface, this would
correspond to 100 MV at x = 1 mm. However, by using a sharp needle instead of a flat surface,
the electric field is concentrated at the tip apex, and only 5 kV is required for a tip diameter of

*We can also apply a negative voltage to the tip and ground the extractor. Important is the potential difference AU. Note
that lower potential corresponds to a higher energy. This counter-intuitive definition is of historic origin.
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100 nm. Some individual surface atoms that stick out due to the crystal structure cause a
localized concentration of the field, and ionization occurs predominantly there (see Figure 1b).

By further increasing the electric field, the attractive force of the gas atom is stronger, resulting
in a higher tunneling probability (which can be estimated by the Wentzel-Kramers-Brillouin
approximation). This is directly reflected in a higher ion current. However, an exceedingly
large field will cause field evaporation (Figure 2g). The potential of the surface metal atom is
slightly increased, and one of the localized electrons can tunnel into the bulk. The temporary
positive charge of the surface atom can be enough to break it away in the strong electric field.
For field ionization, we can therefore conclude that we require enough electric field to attract
the gas atom and allow tunneling; however, the evaporation field strength should not be
reached. The actual voltage that has to be applied to the extractor depends strongly on the
distance x and the shape of the tip. Furthermore, different gases require different field
strengths for ionization, with helium being the highest at 4.4 x 10'° V/m [19]. This poses a
technological challenge for the control of the ion beam energy: by grounding the extractor
electrode and varying the tip potential, the kinetic energy of the ions after passing through the
hole in the extractor can be vastly different. This is solved similar to the LMIS and FEG with
the introduction of an accelerator electrode that allows extraction control independent of the
final beam energy (see Figure 3a). The ion column of the GFIS-FIB nanofabrication tool located
at the Japan Advanced Institute of Science and Technology is illustrated in Figure 3b. The
microchannel plate that can be inserted into the ion beam is used to image the emission tip in
the FIM mode.

2.3. The emitter tip

As discussed in the previous section, to reduce the requirement on the voltage that has to be
applied to the extractor, a sharp tip is used. However, this is not the only reason. In the GFIS,
the limit of current (i.e., the rate of ionization events) is mostly limited by the supply of the gas
atoms. In fact, the main route of gas supply is through the attraction of gas atoms to the shaft
of the tip where the electric field is weaker, followed by migration or hopping toward the apex.
Thermal vibration of the tip can repel some of the adsorbed gas atoms and constitutes source
vibration, thus the cryogenic cooling mentioned earlier. The ionization rate can be directly
controlled by the pressure of source gas around the tip; however, exceeding a certain limit
might cause arcing between highly charged parts, which has to be avoided. Also, atom-atom
collisions reduce the mean free path. It should thus be clear that if a tip has several ionization
sites close to each other, they compete with each other for the available gas.

The achievable diameter of a focused ion beam, D, is given by [21].
1 2N AE\?
D=2R= 2\/ (MRs)* + <Z csia@) + (5 Caitti ?> , 1)

where R is the beam radius, M the magnification of the optics between the source and the
sample (between 0.3 and 2), Rs the source size, a; the beam cone angle, Ci; and C the spherical
and chromatic aberration coefficients, respectively, and E the acceleration voltage. AE is the
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Figure 3. (a) Configuration of emission tip, extractor, and accelerator electrode in the GFIS. (b) Schematic illustration of the
ion column of the GFIS-FIB nanofabrication tool. The field ionization process is illustrated in the inset. Reproduced with
permission [20].

energy spread, which is the variation of energy of individual ions. To minimize D and thus
have the highest resolution, the atomically small Rs and the low AE of less than 1 eV [11] are
unique to the GFIS and surpass other ion sources. The beam diameter estimation in Eq. (1)
assumes that only the emission from a single emission site is aligned with the microscope
column, and the emission from the remaining ionization sites is either lost in the ion optics or
filtered by a narrow aperture. There had been considerations to focus emission from multiple
sites; however, this has proven to be technically not feasible. For the HIM with the tungsten tip,
the frimer is a compromise between stability (i.e., the three atoms of the pyramid stabilize each
other) and brightness of ~ 4 x 10° A/em?sr which can be achieved [12]. In other cases, a single
atom tip (SAT) can be formed [22, 23], which can improve source brightness especially for
heavier gas atoms that are not as mobile as helium, and the total supply of gas atoms is the
limiting factor.

The formation of good emitter tips requires a high level of specialization. Starting from a thin
wire of pure metal with as few crystal defects as possible, electrochemical etching [24] is used
to form the nanoscopic shape. Then, while observing the emission in an FIM, field evaporation,
gas-assisted etching (surface atoms at the shaft of the tip are removed in oxygen or nitrogen
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gas atmosphere at fields above the individual ionization field strengths [25]), and emitter
heating (causing migration of surface atoms) are used to form the atomistic tip structure. The
latter processes can be performed in situ once the emitter is fitted in a microscope, as well. As
the ion emission originates from the tip apex and follows the electric field lines, the positioning
requirement of the emitter tip in respect to the ion column is unproblematic.

Recently, it has been demonstrated that a tungsten tip can be coated by a thin layer of iridium
[26]. Due to the softness of tungsten, it can be shaped more easily, while the extremely sturdy
iridium can improve emission stability.

2.4. Other novel ion sources

The renaissance of the FIB with the significantly improved performance of the GFIS compared
to the LMIS, as well as the prospect of a large ion portfolio, has led to intensive research into
other ion sources as well. For example, gas atoms can be trapped and cooled in the magneto-
optical trap (MOT). After condensing them, another light source is used for photoionization,
and the ions are extracted in an electrical field [27]. The gas trapping can also be achieved by
laser cooling alone [28]. Although the range of possible gases to be ionized by this method is
unlimited, the wavelength of the cooling and ionization lasers has to be adjusted for each
species which adds to the cost of the source.

3. The nitrogen ion beam

Nitrogen is unique compared to other source gases used in GFIS, as it forms one of the
strongest bonds known in nature (binding energy: 9.79 eV; bond length: 0.11 nm) and naturally
occurs only as N,. Nitrogen can be ionized by electron impact, and the effect of nitrogen ion
impact on various materials has been investigated [29]. By annealing exposed silicon samples,
the formation of SizNy was reported [30, 31]. The measurement of electron impact ionized
nitrogen mass spectra revealed that while NJ ions dominated, some N* ions are generated as
well [32]. Since the resolution of ion beams in accelerators is in general no issue, a mass filter is
typically added to the beam line that removes unwanted ions and leaves a pure beam of
required ions. For the GFIS, where we strive for highest resolution, a mass filter would degrade
the beam and the ion beam should be pure “as is,” Otherwise, two beams are scanned across
the sample with a separation depending on the mass difference and the magnetic field occur-
ring along the ion’s path. In this regard, N, has the advantage of naturally high isotopic purity.

In Section 3.1, we explain what happens during field ionization of nitrogen and interaction
with a silicon sample. Then, the nitrogen GFIS-FIB is compared with other ion species used in
the GFIS in Section 3.2.

3.1. Field ionization of molecular nitrogen gas and solid-ion interaction

The possible ionization mechanisms of N, gas and how they behave after impact on a solid
silicon sample are shown in Figure 4. In addition, Monte Carlo (MC) simulation results for
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Figure 4. Possible ionization mechanisms of N, gas ionized in a GFIS [32, 33] together with MC simulation results for 25-
kV acceleration voltage: (a) The molecule splits during ionization and interacts with the sample as an atomic ion with full
energy and (b) the molecule stays together during ionization but splits upon impact (modeled as N with 1/2 energy). The
interaction volume and nuclear-stopping power depth profiles for the two cases show the different sizes of the expected
damage region. In addition, the interaction volume for 16-kV acceleration voltage is shown (modeled as N with 8 keV).
Reprinted with permission [39]. Copyright 2017, American Vacuum Society.

these two possibilities with an acceleration voltage of 25 kV are shown. Collision cascades (i.e.,
the way atoms proceed through a solid after collision) are very difficult to simulate.

The most accurate method is the so-called molecular dynamics (MD) approach, where each
individual atom is modeled, and the forces acting onto each other are evaluated accurately.
With each additional atom in the simulation model, the complexity increases exponentially,
and it is not realistic to simulate a system with several thousand atoms—the number of atoms
in the range of the ion—due to the computational cost. Furthermore, the result would be vastly
different depending on whether the ion directly collides with a surface atom (possibly
resulting in backscattering) or channels along crystallographic directions. Thus, to obtain a
complete understanding of the possible effect of the ion beam, a large number of MD simula-
tions would be required where the position and angle in respect to the target crystal are varied.
This approach is only viable in special cases, as demonstrated in a study of ion interaction with
an atomically thin membrane [35]. MC takes a different approach, which uses probability to
simplify complex processes. If an ion is traveling through a medium, it is easy to understand
that it has a chance to collide with atom cores or pass between atoms. Instead of explicitly
calculating the outcome, a probability of collision is considered that depends on the projectile
and the density and composition of the target sample. Furthermore, the possible outcome of
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collisions (i.e., the amount of energy lost and the change of direction) can also be assigned to
probabilities. Now, to actually perform the MC simulation, a particle with a given direction
and velocity is assumed. Based on these parameters, the position of the particle after a certain
time 7 is calculated. Furthermore, the occurrence and type of interaction is calculated for this
time step with the help of the previously mentioned probabilities and a random number
generator. With this, we can define a new direction and velocity (which can be unchanged or
point to the side) and calculate the position after the next time step. This process is repeated
until the particle either left the medium or its velocity dropped below a threshold. Since this
result might be far away from the reality as it relies on the random number generator, the
outcome of particles with the same initial conditions is repeated for several thousand times,
each time with a different outcome. By plotting all the trajectories and evaluating the recorded
collision details, the principle shape of the interaction region as well as the mean range can be
estimated with small computational cost. For example, we can see that for a N ion at 25 keV
(Figure 4), damage deeper than 100 nm from the surface will occur. Factors limiting the
accuracy of the MC simulation method is the fact that each “shot” is performed onto a pristine
target (i.e, no accumulation of damage), and it requires experimental data to model the
particle-medium interaction as precisely as possible. SRIM is one software package for MC
simulation that has proven useful for many cases [36], but other MC codes exist [37, 38].

To determine which of the two possible ionization mechanisms shown in Figure 4 is the one
that occurs in the GFIS, a crystalline silicon sample is exposed, and the cross section can be
observed by TEM, as shown in Figure 5. Here, several exposures with different doses were
performed with 25 keV and one additional one at 16 keV. As silicon changes from crystalline to
amorphous above a well-defined disorder threshold, the observed shape in the TEM is a good
indicator of the range of ions. By comparing the shape of the bell-like amorphous region with
the MC simulation, it was thus possible to confirm that the N, molecules are ionized to N;r . As
energetic ions are instantaneously neutralized upon impact onto a solid through the pickup of
an electron, the impact of a N, molecule onto silicon was calculated by atomistic simulation as
well [39]. It confirmed that the N-N bond is broken within a few atomic layer, and the N atoms

lon dose (x10% ion/nm) 9.5 4.7 1.2 024 038
a} § titanium h} c d
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| « Beam energy: 25 keV —— | 16 keV|

Figure 5. High-resolution HAADF-STEM micrographs of Nj bombarded bulk crystalline Si for 25-keV beam energy at
doses of (a) 9.5 to (d) 0.24 x 10% jons/nm, and (e) 16 keV at 0.8 x 10° ions/nm. Scale bar is the same for all images. (f) High-
resolution ABF-STEM micrograph of the transition region from crystalline to amorphous Si for the implantation shown in
(a). Although some amorphization is observed up to 10 nm away from the amorphous region, the well-defined transition
is visible. (g) Atomic resolution HAADF-STEM image of the area indicated by the rectangle in (a), which shows the
dumbbell structure of Si(110). Reprinted with permission [39]. Copyright 2017, American Vacuum Society.
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Figure 6. Comparison of interaction volume and sputter yield for Ga, Ar, Ne, N, Be, He, and H for corresponding ion
energies of 12.5 keV. Reprinted with permission [34]. Copyright 2017, American Vacuum Society.

continue their path through the sample independently. Therefore, the ion beam with an
acceleration voltage of 25 kV in the N, GFIS has the same effect on a sample as a N* beam
with 12.5 keV would have.

3.2. Comparison with other ion species

Previously, various atomic ion species used or potentially usable for FIBs had been compared,
based on MC simulation at 30 keV [40]. It impressively shows the advantage of light ions
compared to heavier ions, namely the small interaction volume close to the surface, resulting
in high milling and imaging resolution. To add nitrogen ions to this comparison, however,
some care has to be taken. The MC simulations are based on atomic projectiles. Thus, when
simulating the effect of the N; GFIS-FIB with an acceleration voltage of 25 kV, we have to
perform a simulation of N with an acceleration voltage of 12.5 kV instead. If the NJ GFIS-FIB
was to be added to the comparison by Tan [40], the acceleration voltage of 60 kV would have to
be assumed. This is outside the operation range of FIB microscopes. Therefore, in Figure 6, a
comparison of different ions for a fixed energy (12.5 keV) is shown instead [39]. As expected
from the different masses of the atoms, the penetration depth of nitrogen falls between beryl-
lium and neon, with a sputter yield of 0.73 (i.e., the number of silicon atoms sputtered per
impinging ion). It should be noted that this sputter yield considers a single N atom with
12.5 keV; however, the N; beam will actually yield two of such projectiles. To characterize
ion exposure, the number of primary ions is typically reported. Thus, if we compare a certain
dose of helium ions at 12.5 keV with N* at 12.5 keV (actually generated from a 25 keV N
beam), the nitrogen dose has to be doubled to predict the number of secondary electrons.

4. Nitrogen ion microscopy

Focused ion beams can be used for different types of microscopy. For example, back-scattered
ions can reveal details about the atomic mass of target atoms (the imaged target atoms have to
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be heavier than the ion species). In the secondary-ion mass spectrometry (SIMS), target atoms
are sputtered and characterized in a mass spectrometer. Furthermore, ionoluminescence and
transmission of ions through a thin probe can be used for analysis and imaging. However, we
focus our discussion on the predominantly used secondary electron imaging due to the sim-
plicity and the good perceptive sense of surface topography in images.

Light ions generate more secondary electrons compared to gallium ions [41]. Therefore, lower
doses are sufficient to image a sample compared to gallium FIB, or for low doses visibility is
better with light ions. The recent down-scaling of integrated circuits has increased the demand
for milling at the single-nm scale, which can only be achieved by gallium FIB with extremely
low beam currents. This results in the difficulty to do end-point detection and drives the
interest in SE imaging by light ions. A large amount of HIM SE images can be found through-
out the literature. The shorter wavelength of helium ions compared to electrons allows a
smaller spot, and the small interaction volume at the surface means that the secondary electron
generation is restricted to a smaller area on the sample. Regarding nitrogen, Schmidt et al.
reported secondary electron images of samples imaged by helium and by nitrogen ions [20].

Secondary imaging is, even with an electron beam in the SEM, almost always a destructive
method. Sample chambers in scanning probe microscopes have typical base pressures of
>1 x 107° Pa due to the fact that rubber o-rings are used to seal some of the large openings that
are required to install the sample stage. The ultra-high vacuum alternative is the usage of copper
gaskets that, through compression between knife-edge flanges, create extremely good vacuum
seals. This increases the cost of the chamber and machine maintenance. Alternatively, it is possible
to achieve better vacuum by installing two rubber o-rings, where the space between the rings is
evacuated by a separate pump. Such measures would further require ultra-high cleanliness of the
images specimen and reduce the machine throughput. The contamination in the chamber is
typically hydrocarbons that are emitted from the pump system, and as the beam (again, this
applies to electron as well as ion beams) hits the sample, some of the adsorbed hydrocarbons are
disassociated, and amorphous carbon is deposited on the sample. This carbon modifies the
sample surface and can influence secondary electron emission. In addition, the charging of the
sample occurs immediately. Other effects that influence SE emission are as follows:

1. work function,

2. charging (note that ion beams will always cause positive charge due to the implantation of
positive ions and emission of electrons, while negative charging can occur in SEM),

3. escape depth of SE,
4. energy spectrum of SE.

Due to all these effects and the fact that imaging is “destructive,” the prediction of SE yield
remains impossible even for electrons. Therefore, while secondary electron yield (number of
SEs emitted per incident particle) observed in a typical microscope might not be universal,
they represent values “appropriate to the actual operational environment” [42]. Comparison of
images has to be carefully discussed.
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4.1. Unique contrast in carbon-based samples

By imaging samples with carbon-based materials by focused nitrogen and helium ion beams, it
was reported that an improved SE contrast is observed by nitrogen [20]. The sample that was
imaged is shown in Figure 7, which comprises electrically contacted four-layer graphene and
graphite on S5iO, with gold electrodes. Particularly, it was noticed that the graphene, which is
pulled-in onto the SiO, substrate, is only visible by N2IM. In addition, the authors confirmed
that the observed contrast difference was not caused by equipment differences, and re-imaged
the structures in the Zeiss Orion Plus [42].

a}) N2IM {GFIS-FIB). 14 ions/px b} N2IM (GFIS-FIB). 144 ions/px
9.2x10" jonsfem? (8.2 10% jonsicm®)

e
d) HIM (Zeiss Orion Plus), 206 ionsipx
{7.7x10" ionsicm®?)

c) HIM (GFIS-FIB), 82 ions/px
{5.3x10" ionsfom®)

Figure 7. Secondary electron images acquired on identical location on nano-patterned sample. (a+b) N2IM (GFIS-FIB)
images with 14 and 144 ions/px imaging dose at 25 keV. Graphite and four-layer graphene have good contrast against
SiO, and Au electrodes. (c) HIM (GFIS-FIB) image with 82 ions/px at 25 keV. (d) HIM (Zeiss Orion Plus) image with 206
ions/px at 30 keV. The dark area in the graphite (arrow) is only visible in this image and probably formed after the
previous imaging. Marek E. Schmidt, Shinichi Ogawa, Hiroshi Mizuta, “Contrast Differences Between Nitrogen and
Helium Ion Induced Secondary Electron Images Beyond Instrument Effects,” MRS Advances, DOI: 10.1557/adv.2018.33,
reproduced with permission [42].
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Interestingly, the thick graphite and the SiO, substrate had been exposed to a relatively strong
oxygen reactive ion etching process, and the contrast difference was not observed for nano-
crystalline graphene (NCG), a polycrystalline carbon film that can be deposited via a metal-
free plasma-enhanced chemical vapor deposition at the wafer scale [43]. By imaging another
sample comprising suspended graphene and electrically contacted graphite that was not
exposed to the RIE (Figure 8), the contrast difference could be gradually induced by an
accumulated nitrogen ion dose of more than 4 x 10™ ions/cm? [20]. Although the final cause
for the contrast difference is not yet fully understood, it has thus become clear that the surface
modification through the RIE process together with the nitrogen beam results in the observed
effect. Strangely, however, the contrast difference appears to be temporary while observing
with nitrogen. It should be interesting to see if adsorption of the reactive nitrogen atoms to the
surface (nitrogen can be ejected from the sample surface, compare Figure 6) can cause a
temporary change of work function and is removed shortly after imaging is stopped. Never-
theless, any added contrast can enable the imaging of samples that would otherwise remain
unobservable. The effect of charging on the contrast is clearly visible in Figure 8a. Isolated gold
and graphite gradually become darker as it is scanned by the nitrogen beam from top to
bottom, while the contacted graphite retains its initial brightness.
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Figure 8. (a) Low-resolution N GFIS-FIB image (~ 6 x 10'° ion/cm?) of sample C6 showing large Au electrodes with a
contacted graphite flake, as well as isolated graphene and Au pattern. The isolated pattern shows decreased brightness
from top to bottom caused by charging during the scan (scan direction illustrated in inset). (b—e) Series of images with a
gradually increasing dwell time of identical location on sample C6 comprising suspended bilayer graphene and a larger
graphite flake. The dose is increased from 6 (~ 3.8 x 102 ion/cm?) to 24, 120, and 600 ion/cm?. (f) A higher-resolution scan
of area indicated by black square in (e) with 120 ion/px (~ 8.5 x 10 ion/cm?). (g) Pixel brightness profile along the arrow
shown in (b). (h) Relative graphite brightness as a function of accumulated dose extracted from (g) showing a decrease at
high dose. Reproduced with permission [20].
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4.2. Nanomachining

Nanomachining of nanoscopic structures is one of the main advantages of the FIB over the
SEM. At the beginning of this chapter, we discussed the motivation of the light gas ion source
development, namely a higher milling resolution than the heavy gallium.

Helium has been demonstrated to offer unprecedented milling resolution of suspended layers
[44] with a ~ 5-nm wide graphene nanoribbon (GNR) realized in suspended graphene. As the
number of experimental reports with the HIM increased, a serious limitation of the helium
beam milling in bulk samples has been observed. Since the helium ion interacts with the
surface, a small number of surface atoms are sputtered in a very well-controlled area; however,
the ions continue to penetrate into the specimen and are implanted at a depth of 100-500 nm
(depending on the energy) and remain there. Helium as a noble gas cannot be absorbed into
the target specimen, but can be “squeezed” into the space between atoms. At doses above
~ 10'® jons/cm?, however, the pressure of the helium in the target substrate becomes suffi-
ciently large to break the inter-atomic bonds and form helium nanobubbles [45]. It has been
reported that a high-power laser pulse can be used in situ during milling to locally heat the
target area and alleviate the damage, but crystal defects and surface deformation remain above
1 x 10'"® ions/cm?, which is the required dose to pattern graphene [46]. For reflection-type UV
masks, any defects in the atomically precise adsorber stack will lead to a degradation; there-
fore, hydrogen (which is small and reactive and thus does not cause significant corruption to
the target material [14]) or heavier ion species are preferred.

Figure 9a shows a MoSi film on quartz substrate with a single-line etching with a nitrogen-
focused ion beam [47]. The cut width of ~ 9 nm is smaller than what can be achieved by
gallium, and vertical side walls are achieved for the whole depth. Figure 9b shows how the
focused nitrogen beam can be used to correct protrusive defects in the MoSi-adsorbing layer.
By careful alignment and control of the milling conditions, the repaired edge is not distin-
guishable from the non-defective edge—an important requirement for mask repair.

N, GFIS-FIB was also used for the successful formation of quantum point contacts in high-in-

content InGaAs [48], as shown in Figure 10. Here, ~ 30-nm wide trenches were carefully

aligned to previously wet-etched areas with an inner separation of down to ~ 30 nm, smaller
Repads poriticn srroc

Before exching After etching

Figure 9. (left) Scanning electron microscopy image of a MoSi film after a one-line etching with the focused nitrogen
beam. The width of the deep cut is ~ 9-nm wide. (right) N2IM images showing the removal of protrusive defect in MoSi
film on quartz substrate. After removal, the location of the modification is not visible. Reproduced with permission [47].
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Figure 10. Scanning electron microscopy image of a quantum point contact (QPC) fabricated using N, GFIS-FIB. Two
horizontal cuts with a width of ~ 30 nm are placed with a separation of ~ 100 nm. Copyright 2014 the Japan Society of
Applied Physics [48].

than the size available by electron beam lithography. Half-integer quantized conductance
behaviors were observed under magnetic fields, which demonstrates that N, GFIS-FIB milling
is a promising method to realize quantum devices.

4.3. Other applications

We have shown so far that the N2IM can be used for imaging and milling applications. These
can also be performed by helium or neon beams, albeit sacrificing the material contrast
discussed in Section 4.1. Nitrogen, however, has a unique effect when implanted into dia-
mond. When a C atom of the diamond lattice is replaced with a nitrogen nearby a vacancy,
the so-called nitrogen-vacancy (N-V) center is formed. It has shown to be a scientifically
valuable phenomenon as the photoluminescence from a single N-V center can be detected by
confocal microscopy [49, 50]. As it turns out, the photoluminescence is affected by magnetic
fields [51], electric fields [52], temperature [53], and mechanical stress [54]. Furthermore, N-V
centers can be viewed as a basic unit of a quantum computer [55]. To fully exploit these effects,
it is necessary to produce N-V centers with nm precision.

To generate N-V centers, either nitrogen implantation followed by annealing is used, or a small
amount of nitrogen is added during the chemical vapor deposition of diamond. N-V centers
can also be generated by the focused nitrogen ion beam from the GFIS. In this regard, the sub-
2-nm beam diameter and variable energy make it a powerful tool. However, some points
should be noted about the N-V center generation by ion implantation that needs to be techno-
logically controlled. First, the so-called “conversion efficiency,” which signifies the number of
N-V centers per implanted nitrogen, is in the single-digit percentage. Therefore, it is not
possible to deterministically control the number of N-V centers. Another (smaller) uncertainty
is the minute current fluctuation of the GFIS, which means that repeatedly dwelling the beam
for a given time will result in different numbers of nitrogen ions and potentially N-V centers;
however, this effect is small compared to the conversion efficiency uncertainty. Second, the
trajectory of an ion through a solid is subject to a certain randomness. To implant deep N-V
centers (which do not disappear through migration to the sample surface during the required
postimplantation annealing), a sufficiently large acceleration voltage is required, and the
control over the position is lost. As we saw in Figure 6, the horizontal distance the ion can
travel from the landing point is significant. For nitrogen in a diamond with 12.5 kV, the range
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is ~ 50 nm. A possible solution would be the use of a very low acceleration voltage for the
GFIS-FIB nitrogen implantation (thus with an accurate spatial control), followed by an in situ
deposition of a diamond capping layer without breaking vacuum. This is certainly an interest-
ing technical challenge.

5. Summary and conclusion

We have given an introduction to the nitrogen ion microscopy (N2IM). Starting with the
exciting history, development, and principle of the GFIS, which is at the heart of the recent
technological advancement in FIB technology, we have discussed how the molecular nitrogen
source gas is different from the atomic source gases. We have reviewed the interaction of
nitrogen ions with a silicon sample which shows that nitrogen (N,) is ionized to N and splits
within few atomic layers after collision with a sample. The unusual contrast of carbon-based
films exposed to a high dose of ion damage in SE images was shown. In terms of machining,
nitrogen is a good compromise between helium (high-resolution and low sputter yield) that
unfortunately leads to sample swelling at higher doses, and the established gallium (low-
resolution and high sputter yield). It was shown how quantum point contacts and photolitho-
graphic mask repair is enabled by the nitrogen FIB.
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Abstract

The results of our recent studies of controlled modifications of the photoelectrical
properties of n-Si due to B* ion implantation are supplemented with new data, sum-
marized and analyzed. The starting material was wafers of single-crystalline n-Si and
a silicon-on-insulator structures. p-n-Si structures were fabricated by ion implantation
of B* in doses ranging from 1 x 10™ to 1 x 10" cm™ and ion acceleration energies of 50
and 32 keV. Subsequent annealing was performed both by steady-state (900 and 1000°C,
20 min) and pulsed photon processing. In such structures, a pronounced photosensitiv-
ity is observed in the short-wave infrared range (1.5-2.2 um), as well as in the ultraviolet
region within 0.25-0.40 pm. A well-defined correlation between the structural, electrical
and photoelectrical properties and the implantation and annealing regimes, as well as the
content of C and O impurities is demonstrated. In the starting material, a damaged layer
with a thickness of hundreds of nanometers was found to have a significant effect on the
results obtained. The main results are discussed in terms of the formation/transforma-
tion of deep-level extended defects in n-Si during B* implantation followed by annealing.
Innovative application approaches of the technology are obvious.

Keywords: single-crystalline n-Si, damaged near-surface layer, boron ion implantation,
annealing regimes, p-n-Si structures, IR and UV photosensitivity, C and O impurities,
deep level extended defects

1. Introduction

Studies of the optical and photoelectric properties of semiconductors are in most cases equiv-
alent with respect to their scientific and practical significance. The first aims at a thorough
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understanding of the processes involved in a particular material behavior under the influence
of electromagnetic radiation (EMR). The second is due to the variety of EMR semiconductor
converters used in various fields of technology.

Apart from a more classical point of view which looks at the sensitivity of a semiconductor
to various regions of the EMR spectrum depending on the bandgap, materials the initial fun-
damental properties (structural, electrical, optical) of which are modifiable due to the specific
impact of technological processes [1] are of ever increasing interest.

The classical approach cannot solve all the problems that arise when developing detector/sen-
sor systems, e.g. for specific ranges of the infrared (IR) and ultraviolet (UV) spectra. Therefore,
new technologies are emerging, in particular the so-called defect engineering. Applying this
scientific-technical approach, a number of fundamental semiconductor characteristics are
changed due to purposefully creating a variety of defects that modify the material proper-
ties. The effective behavior is sometimes difficult to understand - the practical result can be
observed immediately, whereas its interpretation turns out to be rather complicated requiring
quite a number of various tools and methods of investigation and characterization.

A very attractive and promising material for a variety of applications with respect to modify-
ing its properties is unipolar silicon with its high level of processability and easy availability.

Because silicon is transparent for wavelengths exceeding 1.1 um, it cannot be used directly
e.g. for the development of IR photodiodes. One of commonly applied methods to obtain vari-
ous structural modifications, is changing the width of the Si bandgap using Ge. Most efficient
structures are grown by molecular beam epitaxy (MBE).

In [2], it was shown that, when single crystalline Si is subjected to electropulse treatment,
the self- absorption edge of the material shifts to 1.33 pm. This is undoubtedly referred to a
change in the band structure of Si allowing for bandgap engineering, but so far the practical
application potential of the technology is unclear.

In some cases, ion implantation (II) can be considered as an alternative to the MBE method. II
enables the materials’ researcher and engineer to tightly control the introduction of impurities
into the semiconductor, creating a variety of defects the type, concentration and electrical activ-
ity of which are largely determined by the conditions of post-implantation annealing [3, 4].
Altogether, by applying such processes the fundamental properties of the material are changed.

Undoubtedly, this area of technology is not only of scientific but also of practical interest, as
it provides access to specific semiconductor electro-optical EMR converters which include
detecting devices for various ranges of IR and UV spectra [5, 6].

The II technology is attractive because of its relative simplicity, reproducibility and low-cost
potential. However, the physical mechanisms behind the influence of certain defects on the
optical and photoelectrical properties of the material are not easily evident. Such defects are
not only formed during II, but also transformed by annealing in the subsequent heat treat-
ment process. Therefore, defect engineering requires various techniques to be involved such
as Raman and IR spectroscopy, X-ray diffraction, transmission electron microscopy (TEM),
photo- and electroluminescence, deep-level transient spectroscopy (DLTS), etc.
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It is known that in silicon technology, boron is one of the widely used impurities, e.g. for
the production of single-crystalline p-type material, creation of p-n junctions, etc. A large
number of original papers were published and many overviews articles have been devoted to
the study and description of defects formed during ion doping of Si with boron (see [7-11],
etc.). In general, it is shown that applying the process of II, a wide range of defects is formed,
which, due to annealing, evolve from point-like to complex extended defects. For light ions
(such as boron) implanted into single-crystalline silicon, for each set of dose-annealing condi-
tions a special type of defects predominate [4].

In [4, 12] it is concluded that the formation of residual extended defects in silicon needs an
dose “threshold”. This means that such structural disorder during heat treatment (at least
700°C) arises only if a critical concentration of point defects has accumulated. For boron ions
with energies of 10-100 keV this occurs at doses of the order of 1x10"* cm™.

It was found that most point defects in Si are annealed at temperatures up to 450°C [4, 7].

Extended defects formed at elevated temperatures are preserved, according to different data,
up to an annealing temperature of 1000°C and beyond [15, 16]. In [10], during B* implanta-
tion with different acceleration energies (10-80 keV) and annealing at 950°C, sufficiently large
(30-200 nm) dislocation loops were detected by TEM. It is shown that the acceleration energy
does not only affect the depth, but also the size and density of these defects. When introduc-
ing B* ions with an energy of 75 keV, dose 1x10" cm™ and annealing at 700°C, only defects of
the road-like {311} were detected by TEM. By increasing the temperature further, these defects
are transformed into dislocation loops [11].

In defect formation not only introduced but also unavoidable impurities take part. Oxygen
and carbon are one of the main accompanying impurities in Czochralski grown Si crystals
The carbon content is estimated to be 5 x 10" to 2 x 10”7 cm™ and the oxygen content was found
to be 2.5 x 10" to 2 x 10'® cm™ [4, 13].

Altogether, the presence of carbon and oxygen is directly related to the defects formed in n-Si
ion-implanted with impurities such as B since the content of impurities and inhomogeneities
in the substrate significantly affects the migration of defects induced by II as well as their
further evolution.

In the framework of this research, defects with deep levels (DL) are of primary interest.

The analysis of the DL spectrum in the silicon bandgap allows us to conclude that there is
no clear correlation between these levels and specific structural defects [14, 15]. In addi-
tion, different defects can have very similar or even identical values of the DL activation
energy.

Finally, we could not find any information on photosensitivity spectra of boron-implanted
silicon, especially in the infrared spectral range. Only sparse data is known on the research of
IR and UV photosensitivity in B- and As-implanted Si [16].

As mentioned above, data are incomplete, results partially contradictory and not fully under-
stood. Nevertheless, we can draw the following conclusions:
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1. Over the past several decades, the formation of structural distortions in the process of II
and their subsequent arrangement due to annealing have been extensively studied both
theoretically and experimentally. Disclosing the characteristics of these distortions helps
scientists to understand and model the phenomena, such as the transient-enhanced dif-
fusion of impurities and the formation of extended defects. However, many issues con-
cerning the agglomeration of defects and their further evolution during annealing are still
unresolved, in particular how point defects are combined to form more stable and complex
structures such as clusters of defects, and how the latter evolve into extended defects.

2. Finally, even less information is available about the mechanism of the influence of vari-
ous damages on the optical and photoelectrical properties of p-n junctions formed by B
implantation into n-type single-crystalline silicon. Although the data on the photo- and
electroluminescence spectra are well documented in the literature, the absorption/pho-
tosensitivity spectra have been studied less comprehensively and are not associated with
any type of defects.

In the present work, an innovative approach to B* I into Si as a tool for controlled modifica-
tion of photoelectric properties of silicon was proposed. Such an approach is both of scientific
and practical importance. However, the materials science involved has been less studied so
far. The new resolved issues allow one to gain a deeper insight into the processes of defect
formation/transformation in p-n structures obtained by B* implantation followed by anneal-
ing (hereinafter p-n-Si(B) structures). From the application point of view, this opens up
new opportunities for the development of IR and UV photodetectors as a part of the silicon
technology.

In this article we summarize the results of our studies of the structural, electrical, and photo-
electrical properties of p-n-Si(B).The extensive experimental material described earlier [17-22]
is supplemented with new data and findings.

2. Experimental

2.1. Formation of p-n-Si(B) structures

p-n-Si(B) structures were formed by ion implantation (implanter Vesuvii 3 M) with different
doses of 1 x 10%, 1 x 10", 4 x 10, 6 x 10™, 8 x 10", and 1 x 10" cm™ and acceleration ener-
gies of 50 and 32 keV. For the energy 50 keV the projected range, R, and range straggling
AR, calculated using stopping and range of ions in matter (SRIM) software, were 0.175 and
0.055 pm, respectively, and for the energy 32 keV -R_=0.120 pm and AR =0.052 um. Post-
implantation annealing was carried out mainly in a steady-state regime in argon atmosphere
at temperatures of 900 and 1000°C for 20 min. For comparison, some samples were subjected
to pulse photon annealing (PPA). The design of our system allows illumination of the speci-
men surface with UV light, and of the reverse side with a halogen lamp.

Figure 1 shows a schematic view of the processed p-n structures of two types. In the case of
Figure 1a, (100) n-Si single-crystalline wafers with resistivity of about 70 or 10 Ohm-cm and
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thickness of 250 um (University Wafer, USA) were used as a starting material. According to
Figure 1b, the specimens were silicon-on-insulator (SOI) structures with the working layer
of single-crystalline 2 pm n-5i with resistivity up to 30 Ohm-cm. The dielectric layer was also
2 um thick (manufacturer— Ultrasil Corporation, USA).

After B implantation and annealing, a metal composition Ti/Pt/Au (100/100/1000 A) or Ti/Au
(100/1000 A) was deposited (through a mask or by lift-off photolithography) in the electron-
beam evaporation system Temescal. The alloying was performed in the 210 HEATPULSE sys-
tem at 350°C (15 s). The first type structures (Figure 1a) had a continuous reverse contact,
and a point contact for the p-type layer. In the SOI structure (Figure 1b), both contacts were
formed on the active layer. The mesa structure was obtained by wet etching in a fluorine-
containing solution using an acid-resistant photoresist mask.

2.2. Specimen characterization techniques

Diagnostics of the structure of the near-surface layers of the initial and ion-doped material
was carried out using two-crystal X-ray diffraction on the Dron-4 installation. The first crys-
tal was the studied sample, and the second was the perfect LiF crystal. Diffracted reflection
occurred from the lattice plane hkl (531) oriented at an angle of 2°46' to the primary ray. Co,,
radiation was used for the experiment.

Raman-spectra were recorded by a Raman-microscope (Renishaw) under He-Ne laser excita-
tion with the wavelength A_ = 632.8 nm. The thickness of the tested layer was about 1.3 um,
and the wave number reproducibility was 0.1 cm™. For data analysis the software WiRE3.4
was used.

The surface morphology and elemental composition of the structures to a depth of 1 um was
studied on a YEOL ISU-6510LV scanning electron microscope (SEM). This method providing
of sensitivity 0.01% and less was used to determine the C and O composition in Si, averaged
over the sample surface.

To measure the I-V characteristics of the diodes the semiconductor parameter Analyzer L2-50
was used.

IR reflection spectra were recorded using a Bruker IFS 66 Fourier-spectrometer within the
range of 4000-400 cm™ with a resolution of 0.4 cm™ and wave number accuracy of 0.01 cm™.
For spectra processing the software OPUS 5.5 was used.

B* implantation
B* implantation
[p-5i ]
T 2um 1 | |
.| (100)n:Si 70.and 10 Ohmvem n-Si p=300hmcm
iPtAu | S5i0, 2um
' Substrate
a 4]

Figure 1. Schematic view of the p-n structures after processing: (a) on n-Si wafers with different resistivity (5i70) and
(5i10); (b) on SOY, a, b.
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The photosensitivity of the p-n-Si (B) samples in the spectral range 1.0-2.5 um was measured
on a MDR-2 monochromator and IR optical filters.

Since, under real conditions, the photosensitive element is exposed to a beam of light of a
limited wavelength range rather than to a non-monochromatic light, we developed a genuine
technique and created a setup called “Polychromator,” enabling illumination of samples with
“packets” of non-monochromatic light. The source of radiation are halogen or mercury lamps,
which provide irradiation of samples with light of a wide spectral range (200-4100 nm). This
range is regulated by optical filters (altogether 21) selected in such a way that their applica-
tion allows for varying the spectral ranges by consistently “cutting off” shorter wavelengths.

In our case, the short-circuit current through the element is measured and the quantity

n 7 n+1l (1)

is estimated, where [ is the current in the sample onto which the entire illumination spectrum
is incident, [ is the current corresponding to the previous filter and I _, is the current mea-
sured for a given particular filter (n=0, 1, 2, 3, etc.).

Below, the photosensitivity measured by this method will be referred to as “integral” as com-
pared to the data obtained by a monochromator. Such a technique allows one to qualitatively
separate the influence of the intensity and spectral composition of the incident illumination
on the electrical signal. The value determined by formula (1) may adopt in certain cases a zero
or even a negative value.

All measurements were carried out at room temperature, except for the photosensitivity spec-
tra using a monochromator, where the sample was placed into liquid nitrogen.

3. Results

For the samples of both the untreated and boron-implanted silicon with a dose of 1x10™ cm™
after stationary annealing (1000°C, 20 min), the diffraction reflection curves were measured.
From these curves, the intensity of the diffraction reflection signal, the line half-width, the lat-
tice parameters, the relative lattice deformation, and the interplanar spacing were calculated
for each case (Table 1).

From the signal line width the degree of crystallinity of the sample structure can be derived:
the smaller the width, the more perfect the crystal. On the contrary, a lower intensity of the
signal indicates heavy damages of the crystal structure. It is clear that the degree of crystallin-
ity of the ion-implanted and annealed material deteriorates as compared with the untreated
one. In the ion-implanted material, an increase of interplanar spacing and of the lattice con-
stant is observed [17].

Figure 2 shows the Raman-spectroscopy results for p-n-Si (B).

The position of the band maximum of the starting material (519.4 cm™) indicates a shift
towards lower wave numbers as compared to the classical value for silicon (520 cm™), which
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Sample Lattice | Relative lattice | Imterplanar | Diffraction Signal
parameter, A | deformation, spacing, A | line  half- | intensity,

Ap'd-103 widih, min pulse’s

untreated 3.4304 . 091792 14,1 700

I+annealing 54311 0,1416 0,01805 17,9 600

Table 1. X-ray diffraction results.
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Figure 2. Dose dependence of the Raman spectra parameters: (a) change in the main band position (position of the
reference sample maximum is 520 cm™); (b) intensity (red), half-width (black). The dotted line shows the n-Si data (a,b).

means that n-Si has a near-surface damaged layer. In comparison with the starting material,
the maximum of the band for 1x10" cm™ is shifted towards higher values (520.2 cm™), the
intensity becomes twice as much, and the half-width decreases (qualitatively, the same pat-
tern is observed for 1 x 10" cm™ (annealing at 900°C). Increasing the II dose up to 1x10" cm™
and annealing at 1000°C shifts the band towards smaller wave number values, the intensity
decreases, and the half-width increases [19, 21].

Figure 3 demonstrates a typical example of SEM measurements for starting n-Si and p-n-
Si(B) annealed at 900 and 1000°C. As follows from these data, the n-Si surface is determined
by a homogeneous surface morphology (a). This is also characteristic for the surfaces of the
“annealed-only” or “implanted-only” Si. At 900°C, defects of different size appear (b), the
amount of which noticeably decreases at 1000°C (c). The samples exhibit a similar behavior
at all doses.

Figure 4 shows the diode characteristics typical of the investigated structures, implanted with
a dose of 4 x 10" cm™ and annealed at 900°C (20 min).

Figure 5 illustrates the behavior patterns of leakage currents at different implantation doses
for p-n diodes at a voltage of -2 V (a value frequently used in practice). Of particular inter-
est are the data for the Si70 samples: up to the dose of 6 x 10 cm™ no significant variance in
the leakage currents is observed, whereas at higher doses the change exceeds two orders of
magnitude. It is remarkable that samples implanted with 1 x 10" cm™ and annealed at 1000°C
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a [+

Figure 3. Surface morphology of the samples in SEM: a—starting n-Si; b—900°C; c—1000°C (x1000) (a, b, c).

b
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Figure 4. I-V characteristics of the p-n diodes: (1) Si70; (2) Si10; (3) SOL
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Figure 5. Dependence of the average values of the leakage current density at -2 V on the implantation dose for different
samples: (1) Si70, without mesa-etching; (2) Sil0 with mesa-etching; (3) SOI with mesa-etching; (4) Si70 after annealing
at 1000°C (20 min).
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(20 min) exhibit a slight variation of the photoresponse intensity while a drastic (of about 20
times) decrease in the leakage currents is observed. Regarding the Si10 sample, the behavior
of the leakage currents can be attributed only to mesa-etched diodes (currents decrease by
more than a factor of 80) [22].

Figure 6 shows the IR reflection spectra for the starting n-Si and p-n-Si(B) samples. From
these data, the plasma reflection minimum of the untreated silicon wafers is at about 650 cm™.
However, the reflection amplitude is somewhat lower than that corresponding to polished
n-Si, probably due to the damaged layer. In the p-n-Si(B) spectra the plasma minimum of
the substrate becomes less pronounced and a new minimum appears near 1400 cm™, which
is associated with the presence of a 200-400 nm thick layer with optical parameters different
from those of the substrate. The carrier concentration in p-Si is estimated to be of 2 x 10" cm™.
After implantation and annealing an increase in the band intensity of the Si-O oscillations
(1082 cm™) is observed [19, 21].

Figures 7-13 show the photosensitivity spectra obtained from several samples (5i70, Si10, and
SOI) under different conditions of II, annealing, and ion acceleration energies. In addition, for
some Si70 samples, the photoresponse spectra were measured at 77°C.

From Figure 7 it is obvious that the photosensitivity increases for implantation doses of up 6 x
10™ cm™ and then decreases for higher doses. All short-wave infrared (SWIR) spectra exhibit
the main maximum corresponding with the wavelength of about 1.8 um (0.69 eV) and a less
pronounced (smoothed) maximum at approximately 1.9 um (0.65 eV) [20-22].

Figure 8 illustrates an example of the photosensitivity spectra of p-n-5i(B) in the range of
1.5-2.4 um at 300 K and 77 K for a dose of 8 x 10" cm™ and annealing at 900°C (20 min). As is
evident from the figure, the position of the maxima is practically independent of temperature,
whereas their intensity at 77 K is much higher than at 300 K, and the bandwidth is narrowing,
especially in the low energy region.

The influence of the annealing temperature on the photoresponse spectra of the S5i70 samples
implanted with a dose of 1x10™ cm™ and annealed at different temperatures was studied in
[19]. It was shown that the position of the main peak in the SWIR range, similar to the dose
dependence, does not depend on the annealing temperature. The photoresponse intensity is
maximal for the annealing temperature of 900°C and minimal for 800°C.

For low resistance silicon (5i10) the same picture is qualitatively observed (Figure 9): enhanc-
ing the dose from 1 x 10" to 6 x 10 cm™ (900°C, 20 min), the photoresponse intensity increases.
However, in this case, it is significantly lower for each fixed dose as compared to Figure 7. The
position of the maxima shifts slightly towards higher energies [22].

Figure 10 shows the influence of the thermal treatment on the photoresponse of p-n diodes
(5i10) implanted with a dose of 1 x 10** cm™ [22].

It is seen from the figure that the PPA impact is more effective. The maximum intensity values
(curve 1) approximately correspond to the value obtained at a dose of 4 x 10" cm™ (curve 2,
Figure 9). This result requires more detailed studies.
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Figure 7. Photosensitivity spectra of the p-n diode (Si70) for different doses: (1) 1x10"; (2) 4 x 10'; (3) 6 x 10'; (4) 8 x 10™;
(5) 1x10% cm™

In Figure 11, a photosensitivity spectrum of the SOI p-n diode is shown. In this case, the
character of the dependence differs markedly from the two previous ones: the spectrum is
extended, the main maximum is observed at 1.75 um (0.72 eV), and the second maximum is
shifted to the wavelength of 2.04 um (0.61 eV) [22].

Figure 12 shows the photosensitivity spectra of the p-n-Si(B) structures obtained at an accel-
eration energy of 32 keV, different doses (1 x 10" cm™ and 1 x 10" cm™?) and annealed at 900°C,
20 min.

The comparison of Figures 12 and 7 shows that the maxima of the photoresponse for 32 keV
are approximately 20% higher than the corresponding values for 50 keV.
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Figure 8. The photosensitivity spectra of p-n diode (Si70) sample implanted with a dose of 8 x 10" cm™ and annealed at
900°C (20 min): (1) 300 K, (2) 77 K.

Photosensitivity (a.u.)
= o= = =
5 (=] o =

L=
%]
—

=]
o
—

1.0 1.2 I 14 L 16 I 1.8 I 20 22
Wavelength (pm)

Figure 9. Photosensitivity spectra of the p-n diode (Si10) for different doses: (1) 1 x 10'; (2) 4 x 10"; (3) 6 x 10™ cm™.

Figure 13 shows the photosensitivity vs. the wavelength due to the B* implantation with the
dose of 1 x 10" cm™ into the untreated material (1) and after the etching of the wafer surface
layer to a depth of about 1 pm (2).

As can be seen from the figure, after the etching of the upper layer the photoresponse inten-
sity decreases by a factor of 20, and the main maximum is distinctly less pronounced. The
sample with the etched layer behaves in accordance with the proved existence of a threshold
dose of 1 x 10** cm™ to form extended defects.

Figure 14 demonstrates an example of the behavior of the p-n-Si(B) photosensitivity in sepa-
rate spectral regions within 0.2-4.1 um. The largest photoresponse corresponds to the red,



150

lon Beam Applications

Photosensitivity (a.u.)
o o o =
dw (=] o [=]

k=]
L]
 —

o
o
—

1.0 1.2 1.4

L i | i
1.6 18 2.0 22
Wavelength (um)
Figure 10. Photosensitivity spectra of the p-n diodes (Si10) for different thermal treatment conditions (dose 1 x 10" cm™):

(1) PPA at seven 3-s pulses; (2) PPA at three 3-s pulses; (3) in the stationary conditions. Annealing temperature — about
900°C.

-
(=]
T
I

{=]
o
T
e
i

Photosensitivity (a.u.)
=] o £
- (=]
_o—'__'_._'_._

o

a2
L—
1

=
o
T
i

10 12 14 16 18 20 22
Wavelength (um)

Figure 11. Photosensitivity spectra of the p-n diodes on SOI for the dose of 4 x 10" cm™.

near IR and SWIR spectral ranges; a photoresponse is likewise observed in the UV region. It
should be noted that, remarkably, areas with zero and negative photosensitivity are detected.
These regions are most pronounced for the preselected dose of 6 x 10" cm™. The measurement
data reported earlier [20, 22] show the dependence of such spectra on the implantation dose
and the annealing conditions.

In was shown [21, 22] that in the starting material as well as in n-5i annealed up to 900 and
1000°C or B* implanted without annealing only silicon is detected within the SEM sensitivity
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Figure 12. The photosensitivity spectra of the p-n diodes (Si70) obtained at an acceleration energy of 32 keV and different
doses: 1-1 x 10" cm™; 2-1 x 10" cm™ (annealing - 900°C, 20 min).
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Figure 13. Photosensitivity spectrum for p-n diode (Si70) samples implanted with a dose of 1 x 10** cm™: (1) the substrate
surface is not etched; (2) the surface etched to a depth of about 1 um; in the upper right corner the dependence of 2 is
presented in an enlarged scale.

range. A completely different picture is obtained for the p-n-Si(B) structures (Figure 15a): a
surprisingly high content of C and O is detected in the samples, depending on the implanta-
tion and annealing conditions. For comparison, Figure 15b shows the dependencies of the
integrated photosensitivity on similar technological conditions.

The detection of C and O after implantation and annealing indicates the gettering of these
impurities via the specimen surface. From the concentration levels it is quite likely to assume
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that oxygen has the most critical effect on the formation of defects responsible for the pho-
tosensitivity: the lower its content, the higher the photoresponse at both annealing tempera-
tures applied. The C content, though higher than that of O in our case, appears to be less

critical.
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0.40pm; IR—1.0-4.1 um.

Figure 16 illustrates the presence of a pronounced photoresponse in the UV range for differ-
ent doses and annealing temperatures, even under EMR of weak intensity. For comparison,
similar dependencies for the IR range are also displayed [21].

As indicated by the figure, the annealing temperature has quite a different effect on the pho-
tosensitivity in the UV and IR spectral ranges. For both cases the maximum photoresponse
is accounted for a dose of 1 x 10" cm™, for the UV it slightly depends on the annealing tem-
perature. The behavior of the UV photoresponse for the two other doses applied is almost the
same.

It is interesting to note that, in the 1000°C annealing temperature regime, the photoresponse
signals in the IR range are practically identical for all three implantation doses.

4, Discussion

From our results of studies of n-Si wafers using Raman (Figure 2) and IR (Figure 6) spectros-
copy we conclude that there is strain in the crystal structure due to the damaged near-surface
layer of the material [19, 21]. According to some literature data [23], such a distorted layer
can range from hundreds of nanometers to tens of microns, and in our case [21], within the
measurement accuracy, it has a depth of several hundred nanometers. Obviously, this layer
affects the variance in the characteristics of the material when doped by II. X-ray diffraction
data suggest (Table 1) that there is no complete restoration of the structure after the II even
with an annealing temperature of up to 1000°C.
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It is established (Figures 7-12) that for all materials under the II and annealing regimes
applied in our research work, the photosensitivity is observed in p-n-Si(B) within the wave-
length range of 1.5-2.2 pm with two maxima of about 1.8 pm (main) and 1.9 um (less pro-
nounced) for Si70 and Sil10. For SOI they are shifted towards lower and higher wavelengths,
respectively.

In an attempt to explain the observed effects, it seems reasonable to rely on a complex physical
mechanism indicating that the formation of extended defects with DL in the bandgap, occurs
mainly in the damaged layer of the starting material. This assumption is supported by the
following experimental results. Figure 13 illustrates that the presence of the damaged layer
can shift the “threshold” conditions of the formation of extended defects from a dose of 1 x
10** cm™ to 1 x 10** cm™. Decreasing the ion acceleration energy from 50 to 32 keV (Figure 12)
or replacing stationary regimes by PPA (Figure 10) leads to a marked increase in the intensity
of the photoresponse with II doses unchanged. Apparently, the energy change leads to the
change in the size and density of extended defects [10], and during PPA the shift of the p-n
junction towards the more distorted near-surface region takes place.

From common knowledge on the formation/transformation of defects in B* implanted n-Si
at annealing temperatures of 900 and 1000°C that we essentially applied in our studies, it is
expected that point defects, small clusters and defects road-like{311} should be completely
annealed. However, during the annealing process, defects {311} form dislocation loops of
various configurations that persist up to 1000°C and above. Regardless of the doses for S5i70
and Sil0, some defects form DL in the bandgap with activation energies of about 0.7 and
0.65 eV. The corresponding maxima (main and smoothed) in the photosensitivity spectra are
characterized by their intensity that differ with respect to their dose and annealing depen-
dency. The increase in the photosensitivity intensity up to the dose of 6 x 10" cm™ is associ-
ated with the growing concentration of these defects. Increasing the dose further up to 1 x 10"
cm? the number of electrically active defects decreases and new defects appear that do not
affect the photoelectric properties of the material. A sharp intensity increase and a marked
band half-width decrease at 77 K indicate an increase in the occupation of DL formed by
defects responsible for the photosensitivity (Figure 8). Altogether, it is reasonable to assume
that, under these implantation and annealing conditions, the electrically active defects are
generally evolving dislocation loops [9, 10].

The behavior of leakage currents (Figure 5) at high doses of II and annealing at 900°C can be
described by the formation of new dislocation-type defects, a part of which leads to generation-
recombination processes in the space charge region and affects the reverse current in the diode.
At 1000°C these defects are annealed, reducing the leakage currents by a factor of about 20.

The understanding of the defect formation mechanism becomes even more complicated due
to the observed correlation between the content of carbon and oxygen impurities in the sur-
face layer and the IR photoresponse at different doses and annealing regimes (Figure 15).
At this stage, we can only assume that the effect of oxygen on the defects responsible for the
photosensitivity is much stronger than that of carbon: for oxygen the shape of the dose depen-
dence curve at 900°C exhibits an opposite behavior to that of the photoresponse at the same
temperature. In addition, after implantation and annealing, a change in the band intensity of
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the Si-O oscillations (1082 cm™) with increasing annealing temperature from 900 to 1000°C
is observed (Figure 6). The role of carbon might rather be indirect, since an increase in the
carbon content reduces the concentration of gettered oxygen. The negative effect of oxygen
on the photoresponse intensity is also reported in [24]. If annealing occurs at 1000°C, all these
processes are much less pronounced.

Another interesting effect is observed on the integrated photosensitivity spectra (Figure 14)
at EMR energies exceeding the bandgap value of silicon - the appearance of areas of zero and
negative photosensitivity. The light absorption coefficient in this spectral region a = (1-5) x
10* cm™ and the corresponding absorption depth is of the order of 1 um. The appearance of
areas with negative photoresponse depends on the spectral composition of the incident light,
and the intensity at the same annealing temperature (900, 20 min) depends on the II dose,
increasing from 1 x 10" to 6 x 10" cm™. The observed negative photosensitivity is apparently
due to the presence of surface levels in p-n-Si(B) structures, which are trapping centers of the
majority charge carriers. The population of these levels depends on the spectral composition
of the light, and their concentration and depth are determined by the processing conditions
of ion doping.

Itis evident from the data of Figure 16 that the mechanisms of photoresponse in SWIR and UV
regions are completely different. At high energies of the EMR in the UV region, the absorption
processes must occur in the surface layer. Most likely, the intensity of the UV photoresponse
should increase with the annealing temperature due to a decrease in the concentration of trap
centers.

The share of the photosensitivity in the SWIR is estimated to be up to 9%, whereas in the UV
region it is up to 7% of the total photosensitivity in the range of 2004100 nm (Figure 14 and
[18, 19, 21]).

In general, the interpretation of a number of obtained data and the underlying physical mech-
anisms requires additional clarification.

Itis important to note that the technology itself and the measurement results are well reproduc-
ible. Hence, using the damaged layer in the starting material, it is possible to realize the con-
trollable photoelectrical properties of p-n structures and propose this process as an innovative
approach to the development of SWIR array photodetectors. In this respect, high-resistance
n-Si samples implanted with a dose of B* 6 x 10" cm™ and annealed at 900°C (20 min) may find
practical application as SWIR pixel arrays. Based on SOl structures, a quasi-planar array can be
developed, especially for those cases where a relatively weak output signal is “compensated”
by low leakage currents. The development of a UV detector technology is also envisaged.

5. Conclusions

The results of the recent original studies in the field of purposeful modification of the pho-
toelectrical properties of n-Si due to B* ion implantation are supplemented with new data,
summarized and analyzed.
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The starting material was wafers of single-crystalline n-Si with different resistivity (70 and
10 Ohm-cm) and a SOI structure as well. For the fabrication of the p-n-Si(B) structures, ion
implantation of B* was applied with doses of 1 x 10", 1 x 10, 4 x 10", 6 x 10", 8 x 10" and 1 x
10" ecm™ and acceleration energies of 50 and 32 keV with subsequent annealing in stationary
(800, 900 and 1000°C, 20 min) and pulse-photon regimes.

The structural characteristics of the samples were studied by X-ray diffraction, Raman and IR
spectroscopy. The surface properties of the samples were analyzed by SEM. The photocon-
ductivity (photoresponse) was studied on a monochromator in the SWIR region (1.2-2.5 pm)
and on a special setup that allows samples to be illuminated with a “packet” of waves in the
range of 0.2—4.1 um.

In the studied structures, a pronounced photosensitivity was detected in the range of 1.5-
2.2 pym with two maxima of about 1.8 um (main) and 1.9 um (less pronounced) for Si70 and
5i10. For SOI they are shifted towards lower and higher wavelengths, respectively. A pro-
nounced photoresponse is detected in the UV region (0.25-0.40 pum).

A well-defined correlation between the structural, electrical and photoelectrical properties in
SWIR and UV regions on the one hand, and implantation and annealing regimes as well as
the content of C and O impurities on the other hand, is demonstrated. In the starting material,
a damaged near-surface layer with a thickness of hundreds of nanometers was found to have
a significant effect on the results obtained.

The effects observed in the SWIR range are discussed in terms of the formation/ transforma-
tion of extended defects with DL (0.7 and 0.65 eV for Si70 and Sil10, 0.72 and 0.61 eV for SOI)
in the material, most likely dislocation loops. The photoresponse intensity in the UV range
seems to be associated with a change in the concentration of trap centers in the near-surface
layer of p-n-Si(B) structures. The regions with a negative photoresponse observed on the inte-
grated photosensitivity spectra depend on the spectral composition of the incident light. We
attribute this effect to the presence of trapping centers of the main charge carriers in the near-
surface layers of the sample.

Taking into account that the technology itself and the measurement results are well reproduc-
ible for different monocrystalline n-Sj, it is evident that boron implantation permits controlled
modification of photoelectrical properties of the material.

The results obtained can be used to develop SWIR pixel and quasi-planar arrays and UV
detectors as well.
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Abstract

Ion implantation is one of the key technologies for the fabrication of HgCdTe (MCT) infra-
red photodiodes. In order to achieve p-on-n type photodiode structure with better per-
formance, the group V elements typically serve as p-type dopants, especially arsenic. In
this chapter, ion profiles, defect microstructures, and surface amorphization of implanted
group V dopants represented by arsenic into MCT epilayers were characterized by sec-
ondary ion mass spectroscopy (SIMS), transmission electron microscopy (TEM), and
X-ray diffraction (XRD), respectively. The influences of some significant technological
parameters related to ion implantation, such as implant energy, implant dose, ion beam
current, barrier layer structure, on the distributions of ions and induced damages are
analyzed. In addition, the high-temperature annealing used to eliminate induced dam-
ages and activate the electrical activity of ions was subjected to the as-implanted samples,
and the ion diffusion profiles and surface microstructures were acquired and analyzed.
Finally, the computer simulations on the collision of incident ions and lattice atoms were
carried out to study the distributions of ions and recoil atoms numerically. The simula-
tion results are in good agreement with the experimental data.

Keywords: HgCdTe, ion implantation, group V, microscopic characterization, computer
simulation, SIMS, TEM, XRD

1. Introduction

In the field of semiconductor and microelectronics, the ion implantation process is the most
common technology applied to incorporate dopants. Compared with the other two meth-
ods, such as thermal diffusion doping and epitaxy in-situ doping, the ion implantation has

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
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distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgIN



162

lon Beam Applications

the advantages of simple process, depth controllability, selective and arbitrary concentration
doping (not restricted by solid solubility). For MCT, an important narrow gap semiconduc-
tor material applied in the field of infrared detection and imaging [1], ion implantation and
in-situ epitaxy are both adopted for the incorporation of dopants. In fact, the core element
of MCT-based infrared detectors is typically a photodiode based on p-n junction structure,
generating a photogenerated potential under the excitation of infrared photons. The p-n junc-
tion can be formed either on the p-type absorbing layer or on the n-type absorbing layer,
corresponding to n-on-p device [2, 3] and p-on-n device [4], respectively. In the traditional
n-on-p device, the in-situ p-type doping can be achieved by Hg vacancy doping [5] and Au
or Cu incorporation [6] during epitaxy growth; the n-type doping can be acquired by boron
ion implantation. With decades of development, the n-on-p device has provided excellent
performance [7]. However, for the infrared detection application of low dark current and low
flux in long wavelength infrared (LWIR) and very long wavelength infrared (VLWIR) regions,
the p-on-n device has been demonstrated to possess better performances [8-10] such as low
dark current, low series resistance, and high operating temperature. For II-VI materials such
as MCT, group V elements, especially arsenic, can serve as p-type dopants. Due to its low dif-
fusion coefficient [8] in MCT, the profiles of implanted arsenic ions can be controllable. So far,
arsenic has been extensively used as the p-type dopant of MCT. Nevertheless, the implanted
arsenic ions usually occupy the cation sublattice and generate a large number of induced
damages. Therefore, a high-temperature annealing is necessary to eliminate lattice damages
and activate the electrical activity of arsenic ions, that is, transfer arsenic ions from cation
sublattices to Te sublattices.

Some studies on arsenic ion implantation in MCT have been reported in several litera-
ture studies [4, 8, 11] and our previous work [12-14]. Classically, SIMS is used to acquire
the distribution profiles of implanted ions, while the microstructures and distributions
of induced damages are observed by TEM. Recently, Rutherford backscattering experi-
ments under channeling conditions (RBS-c) were carried out to extract quantitative dam-
age depth profiles of implanted arsenic ions in MCT [15]. Moreover, the microstructures of
the induced damages in the MCT implanted with group V dopants (N, P, As and Sb) were
investigated [16]. However, so far, the systematic study on the ion implantation of group
V dopants in MCT has not been reported. Therefore, in this chapter, the ion implantation
of group V dopants, such as P, As, Sb, in MCT will be analyzed and discussed according
to characterization methods. Finally, the computer simulations on the collision of incident
ions and lattice atoms will be carried out to study the distributions of ions and recoil atoms
numerically.

2. SIMS profile

SIMS is a high-resolution analytic technique for acquiring the element component informa-
tion in the material. In this section, the depth profiles of group V dopants implanted into MCT
will be characterized by this method.
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2.1. Arsenic

The technological parameters of ion implantation, such as implant energy, implant dose,
ion beam current, determine the depth profiles of implanted ions and induced damages. In
order to implant heavy ions like arsenic into MCT epilayer, the implant energy should be
adequately high to overcome the energy loss in the collision of implant ions and lattice atoms.
Here, the MCT epilayers were grown on (111)B CdZnTe substrates by liquid phase epitaxy
(LPE). Then, arsenic ions were implanted into MCT epilayers without barrier layers. Figure 1
provides the SIMS profiles of arsenic ions implanted into MCT at different implant energies
before and after high-temperature annealing under saturated Hg vapor pressure. The energy
ranges from 350 to 450 keV, while the dose is set to be 2 x 10" cm™. The high-temperature
annealing was carried out in two steps: the first step at 420°C is used to transfer arsenic ions
from cation sublattices to Te sublattices and eliminate induced damages, while the second
step at 240°C is to remove Hg vacancies. It can be seen from Figure 1 that the depth of the end-
of-range (EOR) of as-implanted arsenic ions increases with implant energy. Moreover, the
average projected range (Rp) increases approximately linearly with energy. After annealing,
the indiffusion occurs to the as-implanted arsenic ions, and the diffusion depth also increases
with energy.

In addition to implant energy, implant dose is also one of the key technological parameters
determine the distribution of implanted ions. The SIMS profiles of the arsenic ions implanted
into MCT epilayers without barrier layers at 320 keV with different doses are illustrated in
Figure 2(a). The peak concentration of arsenic ions increases with dose; however, the EOR
depth is not remarkably influenced by implant dose. Figure 2(b) provides the SIMS profiles of
as-implanted arsenic ions in MCT with the dose of 5 x 10" cm™ after Hg overpressure anneal-
ing. The profile indicates that the indiffusion of arsenic ions includes three parts: part 1 - in
the surface layer, it is considered that the arsenic ions are trapped by the defects in the lattice,
thereby resulting in the generation of arsenic complexing; part 2 —beneath the surface layer, the
arsenic ions are diffused thermally into the lattice and some of them are activated electrically
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Figure 1. SIMS profiles of arsenic ions implanted into MCT at different energies: (a) before Hg overpressure annealing
and (b) after Hg overpressure annealing.
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Figure 2. (a) SIMS profiles of arsenic ions implanted into MCT at 320 keV with the doses of 2 x 10" and 5 x 10" cm?,
respectively. (b) SIMS profile of arsenic ions in the annealed MCT implanted at 320 keV with the dose of 5 x 10" cm™.

by occupying Te sublattices; part 3 — deeper in lattice, there exists a rapid diffusion of arsenic
ions due to the channeling effect. This profile is similar to the profiles presented in Refs. [4,
8]. However, the multicomponent indiffusion does not occur to the annealed samples with
lower dose as shown in Figure 1. It could be due to that the dose of the samples in Figure 1
is lower than that of the sample in Figure 2. It implies that the high dose may aggravate the
complexing and the channeling effect of as-implanted arsenic ions.

The ion beam current is another technological parameter to be considered. Figure 3(a) shows
the SIMS profiles of arsenic ions implanted into MCT epilayers without barrier layers at
320 keV with the dose of 5 x 10** cm™, at the beam currents of 100 pA and 300 1A, respectively.
It can be seen that the ion profiles are not sensitive to the beam current for arsenic. Even when
the span of the beam current is expanded to 50-800 (LA, no significant distinction in the ion
profiles could be found in Figure 3(b). Figure 4 provides the SIMS profiles of arsenic ions in
the samples in Figure 3(a) annealed under saturated Hg vapor pressure. Although the arsenic
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Figure 3. (a) SIMS profiles of arsenic ions implanted into MCT epilayers at 320 keV with the dose of 5 x 10 cm™, at the
beam currents of 100 and 300 pA, respectively. (b) SIMS profiles of arsenic ions implanted into MCT epilayers at 350 keV
with the dose of 2 x 10" cm™, at the beam currents of 50 and 800 1A, respectively.
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Figure 4. SIMS profiles of arsenic ions in the annealed MCT samples implanted at 320 keV with the dose of 5 x 10" cm,
at the beam currents of 100 and 300 1A, respectively.

profiles in the as-implanted samples are sensitive to beam current, the sample with higher
beam current presents a deeper diffusion depth than that of the sample with lower beam
current. It indicates that the change in beam current gives rise to the different distributions of
induced damages, thereby influencing the indiffusion of arsenic ions.

The distribution profiles of as-implanted arsenic ions in bare MCT are discussed above.
Nevertheless, in the practical device fabrication, the barrier layers should be prepared on MCT
epilayers before ion implantation to avoid the external contamination and absorb the induced
damages [17]. Here, the ZnS and CdTe films serve as barrier layers for MCT. Especially, the
ZnS and CdTe double-layer films were grown on MCT epilayers by thermal evaporation as
barrier layers, respectively, in order to investigate the influences of film materials and inter-
face on arsenic profiles.

Figure 5(a) shows the SIMS profile of arsenic ions implanted into MCT coated by dou-
ble-layer ZnS barrier layer (80 nm/80 nm) at 400 keV with the dose of 1 x 10" cm™. Then,
after removing the ZnS layer, the high-temperature annealing was performed at 420 and
240°C. The arsenic SIMS profile of the annealed sample is provided in Figure 5(b). For the
MCT sample covered with double-layer CdTe barrier layer (50 nm/100 nm), the arsenic ion
implanted at 320 keV with the dose of 2 x 10** em™ In addition, the as-implanted sample
was annealed in the same condition as the ZnS-coated sample after removing CdTe. The
arsenic profiles of the MCT sample with CdTe barrier layer before and after annealing are
illustrated in Figure 6. It can be seen that the arsenic ions are accumulated around the ZnS/
MCT and ZnS/ZnS interfaces for the as-implanted ZnS-coated sample, and the peak concen-
tration is located near the ZnS/MCT interface. For the as-implanted CdTe-coated sample,
the arsenic ions are mainly accumulated at the CdTe/MCT interface. It indicates that the
defects at the interface between barrier layer and MCT could serve as the trapping centers to
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Figure 5. SIMS profile of arsenic ions implanted into MCT coated by double-layer ZnS barrier layer (80 nm/80 nm) at
400 keV with the dose of 1 x 10" cm™ (a) before annealing and (b) after annealing.
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Figure 6. SIMS profile of arsenic ions implanted into MCT coated by double-layer CdTe barrier layer (50 nm/100 nm) at
320 keV with the dose of 2 x 10" cm™ (a) before annealing and (b) after annealing.

hinder arsenic ions. On the other hand, the shallower EOR depth of the ZnS-coated sample
implanted with arsenic ions at higher energy shows that the ZnS layer has stronger barrier
ability than CdTe.

2.2. Other dopants

Additionally, the profiles of the other group V dopants implanted into MCT were character-
ized by SIMS. Figure 7 provides the SIMS profiles of phosphorus and antimony ions implanted
into MCT epilayers, respectively. For phosphorus-implanted samples, the energy is 350 keV,
the dose is 2 x 10" cm™, and the beam currents are 50 and 800 pA. For antimony-implanted
samples, the implant technological parameters are illustrated in Figure 7(b). Dissimilar to arse-
nic, the phosphorus profiles are sensitive to the change in beam current. It can be seen that the
EOR depth increases with beam current, which indicates that the extension of implantation
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Figure 7. (a) SIMS profiles of phosphorus ions implanted into MCT epilayers at 350 keV with the dose of 2 x 10" cm™, at
the beam currents of 50 and 800 pA. (b) SIMS profiles of antimony ions implanted into MCT.

period for phosphorus ions, as a result of low beam current, gives rise to the increase in the
interstitial ions. These interstitial ions could block the implantation of subsequent ions. By
contrast, the motion of the arsenic ions implanted into MCT depends mainly on the displace-
ments and replacements of lattice atoms through the collision between ions and atoms. For
antimony-implanted samples, it is found that the high dose results directly in the channeling
effect due to the large mass of antimony ions.

3. TEM characterization

So far, TEM is one of the most effective methods to characterize the microstructure of defects
in materials. Next, the microstructures of the surface amorphization and induced defects in
MCT epilayers implanted with arsenic and phosphorus ions will be characterized and ana-
lyzed by TEM.

3.1. Arsenic

Figure 8(a) and (b) provides the TEM cross-section images of near-surface layers in MCT
implanted with arsenic ions at 350 and 450 keV, respectively. The dose is 2 x 10" cm™. The
arsenic profiles of these two samples have been given above. From the TEM observation, the
induced damage layer can be divided into two sublayers: the amorphized-MCT (a-MCT) layer
near surface, accompany with some long dislocations at the bottom; the short defect layer (SDL)
with a large number of short defects. For the 350 keV sample, the thickness of the whole induced
damage layer is about 0.45 pm. Therefore, the thicknesses of the a-MCT layer and the SDL are
0.28 and 0.17 um, respectively. For the 450 keV sample, the whole damage layer is around
0.49 pm thick. Therefore, the thicknesses of the a-MCT layer and the SDL are 0.34 and 0.14 pm,
respectively. It indicates that the induced damage to lattice for the sample implanted at higher
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Figure 8. TEM cross-section images of near surface layers in MCT epilayers implanted with arsenic of 2 x 10" cm™ (a) at
350 keV, 50 uA; (b) at 450 keV, 50 uA; (c) at 350 keV, 800 pA.

energy is more serious than that of the sample implanted at lower energy. That is, the increase
in implant energy results in the more energy transfer from implanted ions to lattice with the
displacement of more lattice atoms, thereby aggravating the amorphization of surface MCT.

As mentioned earlier, the profiles of arsenic ions are insensitive to beam current. However, the
change in beam current leads to the different distributions of induced damages. Figure 8(c)
provides the TEM cross-section image of MCT implanted with arsenic of 2 x 10" cm™ at 350 keV
and 800 pA. Compared with Figure 8(a), the a-MCT layer and the SDL in the 50 pA sample are
about 310 nm and 140 nm, respectively, while the 800 pA sample has a more thinner (260 nm)
a-MCT layer and a thicker SDL layer (160 nm). Accordingly, the conclusion could be drawn
that a longer period implantation at a low beam current could intensify the amorphization of
the surface MCT.

Figure 9 provides the TEM cross-section images of the surface layers in MCT epilay-
ers implanted with arsenic of 2 x 10" and 5 x 10" cm™, respectively. The implant energy is
320 keV. The thickness of the a-MCT layer in the low dose sample is less than that of the high
dose sample, while the thickness of the SDL in the former is greater than that of the latter.
It indicates that the longer period ion implantation equivalent to higher dose could prompt
the amorphization of the surface MCT. Additionally, the insensitivity of the thickness of the
whole damage layer to beam current implies that the SDL could be transformed to the a-MCT
layer under the successive ion bombardment.

The high-resolution TEM was utilized to characterize the detailed microstructures of the
induced defects in the SDL of arsenic-implanted MCT layers. As illustrated in Figure 10, the
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Surface

Figure 9. TEM cross-section images of the surface layers in MCT epilayers implanted with arsenic of (a) 2 x 10" and (b)
5x 10" cm?, respectively, at 320 keV.

Figure 10. TEM images of induced defects in SDL of arsenic implanted MCT. (a) Dislocation cluster and (b) dislocation
line.

short defects in the SDL could be classified into two types: dislocation cluster and dislocation
line. Interestingly, most of dislocation lines are along <110> orientation parallel to the surface,
which could be attributed to the larger atom spacing along the <110> orientation in MCT with
the face-centered-cubic structure. Therefore, the recoil atoms induced by arsenic ions tend to
be displaced along the <110> orientation to form dislocation lines.

Specially, the residual defects were discovered around the previous interface between a-MCT
layer and SDL for the arsenic implanted MCT at 450 keV after Hg overpressure annealing,
forming a belt of point defects, as shown in Figure 11. It indicates that the induced defects
formed at adequately high implant energy could not be eliminated even after annealing.
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Residual defects

Figure 11. (a) TEM image of a belt of residual point defects in MCT epilayer implanted with arsenic ions at 450 keV after
Hg overpressure annealing. (b) Detailed TEM image of residual point defect.

In order to characterize the details of these residual defects, the high-resolution TEM was
adopted. It can be seen from the insert chart in Figure 11 that the point defect is actually a
cluster of vacancies. The deduction could be acquired that the ion implantation at too high
energy will result in the net loss of lattice atoms.

The barrier layer is deposited to protect the MCT epilayer from the external contamination
and absorb the induced damages. However, the thin evaporated CdTe barrier layer was
proved to generate the BLICE effect [13]. This effect can be suppressed by increasing the
thickness of evaporated CdTe layer and adopting the other barrier layer materials [12]. Here,
the TEM cross-section images of the double-layer ZnS-coated MCT epilayer (implanted with
arsenic at 400 keV) and the double-layer CdTe-coated MCT epilayer (implanted with arsenic
at 320 keV) are provided in Figure 12 respectively. The a-MCT layers become very thin or
almost disappear both in the MCT epilayers of the two samples. In addition, the thinner SDL
in the ZnS-coated sample implanted at higher energy demonstrates the stronger barrier effect
of ZnS than CdTe. The thickness of the barrier layer can be optimized to adjust the SDL depth.

3.2. Other dopants

The microstructure and distribution of induced defects in the MCT epilayer implanted with
the other group V dopants such as phosphorus were also characterized by TEM as illustrated
in Figure 13. The thicknesses of the a-MCT layer and the SDL in the phosphorus-implanted
sample are about 380 and 220 nm, respectively. Obviously, the induced damages of implanted
phosphorus ions to lattice are more serious than arsenic ions under the same implantation
condition, compared with Figure 8(a). Moreover, in addition to dislocation cluster and dislo-
cation line, the crescent dislocation is discovered in the SDL of phosphorus implanted MCT
as shown in Figure 13(b).
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Figure 12. (a) TEM cross-section images of the double-layer ZnS-coated MCT epilayer implanted with arsenic at 400 keV.
(b) TEM cross-section images of the double-layer CdTe-coated MCT epilayer implanted with arsenic at 320 keV.

Figure 13. (a) TEM cross-section image of the near surface layer in the MCT epilayer implanted with phosphorus ions of
2 x 10" em™ at 350 keV. (b) TEM image of a crescent dislocation in the SDL of the phosphorus-implanted MCT.

4. XRD analysis

XRD usually serves as an analytic method of characterizing the crystallinity and the preferred
orientation of materials. Here, it is utilized to characterize the change in the lattice structure
of as-implanted MCT epilayers. Figure 14 illustrates the characteristic diffraction peaks of
un-implanted, arsenic implanted, and phosphorus implanted MCT epilayers. It can be seen
that the characteristic peak of the un-implanted epilayer is symmetric and the full width at
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Figure 14. Characteristic diffraction peaks of (a) un-implanted MCT layer, (b) MCT layer implanted with arsenic ions of
2x10" cm™at 350 keV, (c) MCT layer implanted with arsenic ions of 2 x 10" cm™ at 450 keV and (d) MCT layer implanted
with phosphorus ions of 2 x 10" cm™ at 450 keV.

half maximum (FWHM) is about 27.7 arcsec. Subjected to ion implantation, the FWHMs of
the characteristic peaks of as-implanted MCT epilayers are all broadened. Under the same
implant condition, the FWHM of the arsenic implanted sample increases from 27.7 arcsec to
28.8 arcsec, while the FWHM of the phosphorus implanted sample increases from 27.7 arc-
sec to 33.1 arcsec. Moreover, these peaks become asymmetrical and can be decomposed into
two subpeaks by multipeak fitting: a narrow peak with a lower intensity and a broad peak
with a very low intensity. The broad peak moves in the direction of the angle w reduction.
It demonstrates that the surface MCT material is amorphized and the corresponding lattice
constant increases. Therefore, the FWHM and the position of the broad peak are related to the
amorphization of the surface MCT layer. In addition, the position offset and the intensity of
the broad peak relative to the cumulative peak should be used to describe the level of amor-
phization in near surface layer of MCT.

5. Computer simulation

The characterization of ion profiles and induced defects in the MCT epilayers implanted
with group V dopants was discussed and analyzed above. Here, some simulation results of
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implanted ion trajectories and recoil atom motions in bare and barrier layer-coated MCT epi-
layers are presented based on the calculation of computer software.

In fact, the trajectories of implanted ions in lattice are random and unrepeatable as shown in
Figure 15(a). A number of continuous collisions between an implanted ion and lattice atoms
occur, and the ion can stop at a certain position in the lattice. Moreover, the recoil atoms
struck by the implanted ion could result in the collision cascades with the other lattice atoms,
thereby generating more recoil atoms. The distribution of the recoil atoms corresponding to
the ion trajectories in Figure 15(a) is illustrated in Figure 15(b). It can be seen that the distri-
bution region of recoil atoms is layer than that of ion trajectories. Therefore, the origin of the
induced damages can be considered to be the collision cascade of recoil atoms. On the other
hand, both the distributions of ion trajectories and recoil atoms are isotropic for bare MCT
implanted with ions. That is, the net loss of lattice atoms could occur due to the short pro-
jected range of implanted ions in MCT.

Figure 16 provides the linear density of implanted arsenic and phosphorus ions ver-
sus the MCT target depth with the implant energy of 350 keV. From this diagram, the
average projected range (R) and the ion peak linear density can be acquired. Here, the
peak linear densities of arsenic and phosphorus ions are approximately 5 x 10* (at./cm?)/
(at./cm?) and 2.4 x 10* (at./cm®)/(at./cm?), respectively. Calculating with the implant dose of
2 x 10" cm™ from the samples shown in Figures 1(a) and 7(a), the theoretical peak concen-
trations of implanted arsenic and phosphorus ions should be estimated to be ~1 x 10" cm™
and ~4.8 x 10'® cm?, respectively, in accordance with the measured peak concentrations of
arsenic ions in Figure 1(a) and phosphorus ions in Figure 7(a). Therefore, the simulation
results should be credible for theoretically calculating the distributions of implanted ions
and recoil atoms.
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Figure 15. Simulated distributions of (a) ion trajectories and (b) recoil atoms in the bare MCT implanted with arsenic ions
at 350 keV based on the computer software.
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Figure 16. Linear density of implanted arsenic and phosphorus ions versus the MCT target depth with the implant
energy of 350 keV acquired from computer simulation. (a) Arsenic ions and (b) phosphorus ions.

Figure 17 shows the histogram of the simulation and experimental values of average pro-
jected ranges (Rp) of arsenic, phosphorus, and antimony ions implanted into bare MCT epi-
layers at different energies. It can be seen that the simulation results are in good agreement
with the experimental values. The light ion (P) possesses the largest Rp values, while the
heavy ion (Sb) has the smallest Rp values. Additionally, the Rp value increases approximately
linearly with implant energy.

Subsequently, the ion trajectories and the recoil atom motions in the MCT epilayers covered by ZnS
and CdTe double-layer barrier layers implanted with arsenic ions were simulated, respectively. In
the simulation, the density of the evaporated ZnS film is selected to be about 3.3 g/cm? [18], while
the density of the evaporated CdTe film is set to be 5.83 g/cm® [19]. Figure 18 provides the ion
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Figure 17. Histogram of the simulation and experimental values of average projected ranges (Rp) of arsenic, phosphorus
and antimony ions implanted into bare MCT epilayers at different energies: As~350, 400 and 450 keV; P~350 keV; Sb~260
and 320 keV.
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trajectories of arsenic ions implanted into ZnS-coated and CdTe-coated MCT targets, respectively.
It should be noted that the ion trajectories in the ZnS-coated sample appear to be a little anisotro-
pic, while the ion trajectories in the CdTe-coated sample are still isotropic, similar to bare MCT.

The linear densities of arsenic ions implanted into the MCT covered by ZnS and CdTe barrier
layers are illustrated in Figure 19. It can be seen that the peak linear densities of arsenic ions
in these two targets are both close to the interface between barrier layer and MCT. The peak
linear densities of arsenic ions in the ZnS-coated and CdTe-coated samples are approximately
5.5 x 10* (at./cm®)/(at./cm?) and 5.6 x 10* (at./cm®)/(at./cm?), respectively. Calculating with the
dose of 1 x 10** cm™ from the sample shown in Figure 5(a) and the dose of 2 x 10** cm™ from
the sample shown in Figure 6(a), the theoretical peak arsenic concentrations in the ZnS-coated
and CdTe-coated samples should be estimated to be ~5.5 x 10" and ~1.1 x 10" cm™, respec-
tively, very close to the measured peak concentrations of ~4.9 x 10" cm™ in Figure 5(a) and
~1.15x10* cm™ in Figure 6(a). Figure 20 provides the histogram of the simulation and experi-
mental Rp values of arsenic ions implanted into the ZnS-coated and CdTe-coated MCT epilay-
ers, with good consistency between the simulation values and the experimental values.
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Figure 18. Ion trajectories of arsenic ions implanted into (a) ZnS-coated (implant energy ~ 400 keV) and (b) CdTe-coated
(implant energy ~ 320 keV) MCT targets, respectively.
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Figure 19. Linear densities of arsenic ions implanted into (a) ZnS-coated (implant energy ~ 400 keV) and (b) CdTe-coated
(implant energy ~ 320 keV) MCT targets, respectively.
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Figure 20. Histogram of the simulation and experimental Rp values of arsenic ions implanted into the ZnS-coated and
CdTe-coated MCT epilayers.

6. Conclusion

In this chapter, the p-type (As, P and Sb) ion implantation in MCT epilayer is investigated
based on the characterization methods such as SIMS, TEM and XRD. The distribution
profiles of arsenic, phosphorus and antimony ions implanted into MCT were measured
by SIMS. The influences of some key technological parameters, including energy, dose
and beam current, on the distribution and diffusion of implanted ions were discussed and
analyzed. Meanwhile, the microstructures of surface amorphization and induced defects
in as-implanted MCT were characterized by TEM. The short defects in SDL include dis-
location cluster, dislocation line and crescent dislocation. Moreover, the residual point
defect belt comprised with vacancy clusters was observed to prove the occurrence of the
net loss of lattice atoms under the ion bombardment of too high energy. In addition, XRD
was utilized to characterize the variance of lattice structure induced by ion implantation.
The position offset of the broad diffraction sub-peaks and the FWHM broadening of the
cumulative peaks are attributed to the surface amorphization of as-implanted epilayers.
As an important technological structure, the effects of the barrier layers, such as ZnS,
CdTe, on the ion profiles and induced defect distributions are studied. Finally, the ion
trajectories and recoil atom motions in bare and barrier layer-coated MCT targets were
simulated based computer software. The average projected ranges and the peak doping
concentrations were calculated theoretically, with good consistency with the experimen-
tal values.
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