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Abstract

This dissertation provides an investigation into the physics of photon emission
as a result of energetic ion bombardment on material surfaces and the develop-
ment of a novel technique in the form of Focused lon Beam-induced Fluorescence
Spectroscopy (FIB-FS) capable of performing 2D and 3D elemental analysis from
these signals at the nanoscale. It details the engineering and design of highly
sensitive, versatile prototype instrumentation that detects these photons and pro-
vides methods and workflows developed to characterize, optimize, and extract
various forms of information from the specimen using FIB-FS. Characterization
of the technique’s fundamental limits are included in the first recorded measure-
ments of lateral resolution and depth resolution on calibrated certified standards.
A lateral resolution of 15.5 nm, a depth resolution of 12.8 nm, parts-per-million
trace concentration detection sensitivity, and the ability to detect light elements
such as Li and H are reported along with a demonstration of its application to
Li-ion battery research and development. The results are benchmarked against
well-established techniques of energy-dispersive X-ray spectroscopy (EDX) and
secondary ion mass spectrometry (SIMS) to show FIB-FS as both complemen-
tary and competitive. Furthermore, the technique is used to investigate materials
under various chemical environments and bombardment conditions, elucidating
the physical nature behind the mechanisms of sputtered atom excitation and pho-
ton emission. Photon yields from excited sputtered atoms with different charge
states under various oxygen environments are reported that are not explained
with existing models, laying the groundwork for a new mechanistic description.
FIB-FS is demonstrated as a high-resolution, sensitive, multifaceted analytical
technique for multidimensional elemental analysis at the nanoscale and is poised
for the advancement of fundamental insights into atomic excitation processes.
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Chapter 1
Introduction

Material characterization techniques underpin progress in nanoscale science and
technology [1—4]. Elemental and chemical analysis techniques are particularly
important, and their prevalence and usefulness are determined not only by ba-
sic performance metrics such as resolution, accuracy and sensitivity, but also
by their applicability to methods used to fabricate and process nanostructured
materials and devices. The breadth of these requirements has led to regular
use of numerous analysis methods as varied as atom probe tomography, XPS,
SIMS and electron-beam techniques such as EELS, Auger electron spectroscopy
(AES), EBSD and EDX [5—17]. In all cases, however, exceptional achievements
in specific performance metrics are accompanied by drawbacks such as a highly
restrictive sample geometry (e.g., in atom probe tomography and EELS), poor lat-
eral resolution at high excitation energies (e.g. in EDX), the need for an ultra-high
vacuum environment (e.g., in AES), or the inability to detect common elements
such as hydrogen (e.g., in EDX, XPS). Consequently, there is continued interest
in new characterization techniques [18—20] that have a high 3D spatial resolution
(limited only by the fundamental particle interactions themselves) and can detect
most elements in the period table - particularly light elements such as lithium
and hydrogen and trace element concentrations, which are either challenging or
impossible by complementary electron beam techniques.

Spectroscopy and the detection of optical signatures from atoms remains
one of the most powerful forms of elemental identification due to the electronic
structure and energy transitions unique to each element. Additionally, in re-
cent years focused ion beam (FIB) techniques have matured into versatile, high-
resolution methods for direct-write fabrication and processing of nanostructured
materials and devices [21-26]. Here, a focused ion beam analysis technique
based on in-flight fluorescence spectroscopy (FS) of atoms sputtered by energetic
ions [27-32] is introduced with the aim to enable light element and trace element

1



2 CHAPTER 1. INTRODUCTION

detection at the nanoscale in the FIB-SEM system. The FIB-FS technique com-
bines the best properties of the FIB performance with the power of spectroscopic
analysis and fundamental limitations of ion-solid interactions through the design
and operation of an ultra-sensitive, novel optical detection scheme. These char-
acteristics are demonstrated through nanoscale 3D tomography of GaAs/AlGaAs
quantum wells, nanoscale lateral resolution of semiconductor heterostructures,
and detection of trace-level impurities. Through high 3D spatial resolution and
sensitivity coupled with a proclivity for hydrogen and lithium detection, FIB-FS is
found to enhance and complement existing analytical techniques for a variety of
applications, while offering a competitive advantage for other applications such
as Li-ion battery analysis.

Furthermore, the mechanisms that govern the fundamental process of elec-
tronic excitation of the detected sputtered atoms of the FIB-FS technique remains
unknown and as such, the results that establish FIB-FS as a premiere nanoscale
analysis technique are only the initial steps in realizing its full potential. There-
fore, a second goal of this work is to elucidate the fundamental interaction that
leads to the emission of photons from the sputtered atoms in order to advance the
understanding of charged particle interactions as well as to guide new method-
ologies with the FIB-FS technique. In other words, not only can FIB-FS enable
fundamental insight to atomic excitation processes, but these very discoveries will
further advance the capabilities of FIB-FS. To this end, FIB-FS stands before a
rich and open potential application space where it can be seen as both a solution
that greatly enhances the nanoanalysis capabilities of focused ion beam systems
and as a means for exploring the complex fundamental interactions of ions and
matter.

1.1 Thesis Structure

To lay the foundation for discussion of FIB-FS, understanding of ion-solid interac-
tions and photon emission is first provided. Chapter 2 begins with an overview
of ion-solid interactions and the basics of sputtered particles that lead to photon
emission. It continues with a historical background review of the relevant litera-
ture and existing models used to describe the excitation and ionization of sput-
tered atoms. Since knowledge of the excitation mechanisms coincided with the
development of new techniques and experiments, these methods are discussed
concurrently to the insights they provided. It concludes with the current state of
technology, its limitations, and the existing knowledge of the excitation mecha-
nism.
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Chapter 3 picks up from this conversation to discuss the FIB-FS instrumen-
tation and hardware development responsible for the high efficiency detection
chain that enables nanoscale detection and eliminates the limitations of the prior
technology. Over the course of the work in this dissertation, various optical de-
tection systems were developed to collect light under different environments and
to enable wide-range versatility in applications. The discussion is broken into col-
lection, detection, and data analysis with the necessary background optics theory
being provided as needed. For collection, the design and operation of (i) an el-
liptical mirror and (ii) an insertable mini-probe that capture light at the point of
emission under the charged particle columns and transfer it out of the vacuum
chamber are reviewed first. Once the photons make it out of the chamber, they
can be detected with either a camera or a photomultiplier tube. Each of these
has different pros and cons depending on the desired experiment, which are re-
viewed thoroughly in the detection section. Lastly, a discussion of workflows and
methods is given that reviews how the strengths of the different detectors and
optics configurations can be used to optimize characterization processes through
different modes of operation and analysis methods.

As with any new technique, FIB-FS must be characterized, and its limitations
explored and understood. In Chapter 4, the technique’s performance enabled
by the designs in Chapter 3 is characterized in the context of nanoscale tomog-
raphy and compared to those of modern techniques. The lateral resolution and
depth resolution are investigated and demonstrated through fundamental limi-
tations of ion-solid interactions and FIB performance. Detection limits are pre-
sented and found to be consistent with the high sensitivities found with prior meth-
ods. Together, these features position FIB-FS favorably as a prime technique for
nanoscale characterization of surfaces and materials.

As an example of its versatility and application, a demonstration of the FIB-FS
technique on a modern FIB-SEM system to characterize lithium ion batteries is
provided in Chapter 5, marking the first use of FIB-FS to provide 2D and 3D chem-
ical maps in microscopy. Li-ion battery analysis is chosen due to its pertinence
in today’s microscopy research and its widespread application. It is a particularly
challenging field due to the requirements to detect trace metal dopants, Li and H
distributions - materials that are critical for development. Detection of trace met-
als, H, and Li in this application showcases the FIB-FS technique’s versatility and
sensitivity, making it a viable technique for analyzing challenging samples com-
pared to other microscopy techniques. In the demonstration, a novel method of
analysis is developed in the coupling of traditional EDX with FIB-FS that enables
full battery characterization.

Once familiar with the FIB-FS technique and its application, the discussion
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returns to the complex topic of ion-solid interactions and how FIB-FS and its mul-
tiple modes of operation can be used to explore excitation mechanisms and gain
insight to unanswered questions about photon emission. Chapter 6 brings the
discussion back to the principal of photons emitted from sputtered atoms and the
investigations performed with FIB-FS to elucidate the nature of the emission. It
begins with a brief introduction of where the current knowledge of secondary ion
and photon emission stands and the motivation for the investigation. It follows
with a simple experiment that measures the photons emitted by sputtered excited
magnesium atoms (Mg I), photons from sputtered excited magnesium ions (Mg
II), and magnesium secondary ions (Mg SI).

Despite the experiment’s simplicity, the photons emitted by sputtered excited
secondary ions have rarely been studied in the prior body of literature, which
almost exclusively reviews photon emission or metastable state detection from
sputtered neutral particles. By recording the response of the Mg |, Mg Il, and Mg
Sl signals and through analysis of the absolute photon yields, these trends are
compared to the existing models introduced in Chapter 2. The results demon-
strate that analysis of photons from sputtered particles requires corrections to
photons yields [photon/sputtered atom] and removal of artifacts from the ion-solid
interactions to accurately describe the nature of excitation. In doing so, a new
conversation is formed around the mechanism of excitation and ionization and its
impact on analytical applications, made possible by investigations with the FIB-FS
technique.

The results in Chapter 6 are suggestive and are by no means absolute or
conclusive. There is much more work needed to be done to fully understand
the source of excitation of such a dynamic system. Nevertheless, the knowledge
gained from Chapter 6 is coupled with the development of the instrumentation
in Chapters 3 and 4 to deliver a novel nanoscale analytical technique in FIB-
FS. The dissertation is concluded with final remarks and the outlook of FIB-FS,
where future directions and projects are considered, particularly those directed
towards quantification, mechanistic understanding, and detection of isotopic and
molecular particles.



Chapter 2

FIB-FS Background and Principles

2.1 Introduction

The delivery of charged particles to a specimen’s surface results in a vast range of
unique and complicated interactions with the substrate atoms, each of which has
its own application, field of research, and extensive body of literature surround-
ing it. The photons emitted by sputtered particles and subsequently detected with
the FIB-FS technique are a natural consequence of these collision processes that
evolve from ion-matter interactions. As such, the detection of sputtered particles
with FIB-FS and even the excitation mechanism itself will be directly influenced
by the augmentation of the substrate atomic surface under irradiation. Because
of these dependences, the purpose of this chapter is to present a background to
some well-known ion-sample interactions that will develop under any energetic
ion irradiation of a substrate surface. The discussion puts into context the mecha-
nism of excited state formation under the same circumstances, which is reviewed
in the second half of the chapter.

Despite many aspects of ion-matter interactions being well-understood, ex-
cited state formation is not one of them. Various models have been proposed
over the years attempting to quantify and describe the nature of the formation,
but a comprehensive model that explains the large body of experimental data has
yet to be put forth. These models, as well as the experimental data they intend
to describe, are discussed in a historical literature review. In this review, various
methods, equipment, and hardware were developed to study photon emission
from sputtered atoms which are discussed concurrently. All operate in broad ion
beam settings or with probe sizes focused to the mm range and under stationary
irradiation, thereby limiting the range of experimental designs to extract informa-
tion and setting the stage for FIB-FS to enable new insights into the excitation
mechanism.
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2.2 lon-Matter Interactions

Remaining within the scope of physics involved in FIB-FS, the phenomena as-
sociated with the irradiation of ions on solids discussed in this text is limited to
regimes in which the projectile possesses the energy well above the minimum
amount of kinetic accelerating energy to displace an atom from its lattice location
(a few hundred of eV) and an upper limit such that the interaction is contained
in the near-surface regime (few 10s of keV). The phenomena observed in these
regimes is a fundamental process of the interaction of massive ions that transfer
energy to surface atoms through violent inelastic and elastic collisions that result
in modification of the substrate matrix. These modifications, while not limited, can
be grouped into a handful of general categories and are depicted in Figure 2.1:

1. lon implantation - the bombarding particle is incorporated into the substrate
at an interstitial or lattice site following collision and recoil of lattice atoms.

2. Recoiled atom damage - substrate atoms are dislocated from their origi-
nal location as a consequence of the bombarding particle’s collision cas-
cade, forming new defects, mixed interstitials for multi-chemical samples
(also known as collisional mixing), amorphization, and energy dissipation in
the bulk.

3. Sputtering - substrate atoms or molecules at the surface receive enough
kinetic energy with a perpendicular velocity component along the surface
normal from an ion-atom or atom-atom collision to overcome the surface
binding energy and are ejected from the surface into the vacuum.

4. Excitation - substrate atoms and backscattered bombarding ions may be
electronically excited or ionized through energy and electron transfer mech-
anisms.

Coupled with the delivery of the ions in a probe size less than 10 nm in di-
ameter determined by the FIB optics (see Appendix A), these processes pro-
vide the framework for countless significant technological advances including
direct maskless implantation and doping [33—35], nanoscale surface character-
ization [16, 36—38], ion beam lithography [39, 40], thin film deposition [41-44],
nanoscale circuit edit, fabrication, and machining [45—47], and transmission elec-
tron microscope (TEM) lamella preparation [46,47]. Such advancements have
been made and are supported through the development of analytical expressions
and simulations that describe sample modification under ion bombardment. The
formalism that describes these mechanisms is extensive and rich with detail, such
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Excitation,
" lonization

> Sputtering

Chemical
layer 1 lon

= .
Chemical implantation
layer 2

Collisional mixing

Figure 2.1: Schematic of some of the many dynamic processes that occur during
ion beam irradiation. The primary ion beam bombards the surface atoms and
transfers kinetic energy, resulting in secondary electron emission, ion implanta-
tion, collisional mixing, sputtering, and excitation.

that a complete review is not even remotely possible here. Since the subject of
this thesis is inherently convolved with the modification of the sample atoms un-
der ion irradiation, however, a general understanding of how these mechanisms
evolve and behave as a function of experimental conditions is required. There-
fore, the expressions that provide representation of the core physical concepts
while allowing for simple and coherent descriptions of their dependencies on tan-
gible experimental parameters are provided in the following paragraphs. For a full
derivation of these formalisms, the reader may refer to the texts cited throughout
as well as these review texts [48-58].

2.2.1 Energy Loss and Stopping of lons in Solids

The 4 processes mentioned above are closely correlated and evolve naturally
from the energy transfer of the incident projectile to the lattice atoms. This kinetic
energy transfer is dissipated through either elastic collisions (nuclear collisions)
or inelastic collisions (electronic collisions) in what is commonly referred to as
nuclear stopping and electronic stopping, respectively. The differential energy
loss is a sum of these stopping powers [49, 54,55, 58]:
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where N is the number density of atoms, with S, and S, being the nuclear and
electronic stopping crossing sections, respectively.

Determination of these stopping powers have been explored extensively by
Sigmund [49], Lindhard [51,52], and Ziegler [56, 57] building on the foundations
of Bohr [59] and Rutherford [60,61]. The nuclear stopping cross section follows
directly from the Coulombic potential and energy transfer 7' from the ion of energy
FE to an atom at rest:

1

_ - 1-m p1-2m
Sn(B) = 7= Cuy "E (2.2)
where ) )
_ T (M (28
o= Tt () (2222 °3)

Here ~ is the fraction of energy transferred in elastic collisions from momentum
conservation v = 4M,M,/(M; + M,)* of bombarding ion M; and target atom
Ms, noting that Thax = ~FE, while a is the screening length a = 0.885a0(Z12/3 +
Z2/%=1/2 with Bohr radius ao = 0.0529 nm. Arguably the most important factor
m characterizes the power potential to describe the interaction between atoms,
ranging from m ~ 0 at low energies and m = 1 at high energies, with A being a
dimensionless fitting function of m. In short, the stopping cross section increases
approximately linearly at low bombarding energies E, (m ~ 0) and decreases at
high energies E, (m ~ 1) converging to Rutherford scattering with small energy
transfers.
The electronic stopping power cross section is less exact:

leg v
3/2 2
(le/3+222/3) e2/h

being proportional to the ion’s velocity v. This electronic stopping doesn’t cause
scattering of the ion, but results in energy loss and slowing down. Unlike nuclear
stopping, electronic stopping dominates at high energies, however, both depend
on ion and sample mass so there exists regimes of nuclear stopping and elec-
tronic stopping power based on bombarding conditions. For heavy ions like Xe,
electronic stopping is almost negligible until energies in the MeV range, while
lighter ions like N and O may be dominated by electronic stopping at landing
energies near 20 keV shown in Figure 2.2.

The nuclear and electronic stopping cross sections can then be used to find
the finite range of the ion’s path length in the target from equation (2.1):

Se(E) ~ 8me2aoZ,’® (2.4)
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Figure 2.2: Nuclear and electronic stopping powers for various energies of N* (a)
and Xe™ (b) into Si calculated with Monte Carlo simulations in SRIM [57,62].
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While an extensive amount of ion range data has been found to be in close
agreement with this description [56, 57, 62, 63], discrepancies arise for ions in-
cident on crystalline materials or for ions that react chemically with the sample
upon implantation. If an ion travels along the axis of the crystal plane of a crys-
talline material, it will travel much further than the range described by (2.5) due
to a “steering” effect along the channels, resulting in less collision and less en-
ergy loss than an amorphous target in a process known as channeling [64—66].
Therefore, care must be taken when considering data collected from crystalline
structures and under chemically active ion species.

Owing to the energy losses described above, the recipient substrate atoms of
the energy transfer from bombarding ions will be displaced and begin their own
sub-collision cascade sequence. These atoms are known as recoiled atoms and
their subsequent collisions after primary ion impact determine the proceeding
process of recoil atom damage and defect generation in the substrate bulk. For
most metals and semiconductors, the minimum amount of energy to displace a
substrate atoms is between 15-40 eV [67,68]. The displacement will produce an
interstitial atom and subsequent vacancy, and for ion-atom collisions with energy
transfers orders of magnitude larger than this minimum recoil energy, massive
amounts of interstitial-vacancy pairs may form within the region described by the
ion range R(F) in (2.5). As a result, a large zone of disordered states in the
center of collision cascade is formed surrounded by interstitial atoms extended a
few nanometers from R(E).

It is important to note that the mass dependencies of the scattering cross
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sections identified in equation (2.2) can lead to preferential dislocation or reloca-
tion distances of one chemical species over others in compound targets. This
can create profound changes in the collisional mixing of multicomponent targets
and along interstitial boundaries, complicating depth analysis of layered samples
and boundary resolution of heterostructures. The bulk damage and mixing along
these boundaries is the subject of many studies and will be discussed later in this
text as it relates to signal transients and artifacts from this evolution during ion
irradiation.

2.2.2 Sputtering

Also owing to the energy losses described above are the recoiled atoms that end
up travelling towards the surface with enough kinetic energy to overcome the sur-
face binding energy and be ejected from the surface. It is straightforward to see
that collecting and identifying the removed atoms from the surface of the sample
allows for important chemical and structural information to be obtained, and that
the FIB probe size enables this capability at the nanoscale. Therefore, it becomes
necessary to develop a formalization of sputtering in order to understand quanti-
tative yields, statistics, and behavior characteristics of sputtering under different
ion conditions.

There are three regimes used to describe sputtering as a result of the different
displacement cascades that develop under various ion-sample energy and mass
conditions [48,50, 55, 58]. The near-threshold, or single-knockon regime, is used
to describe light ions with low energies which produce only a handful of isolated
recoiled atoms (e.g. He™ with energy of a few hundred eV to 1 keV). The non-
linear or spike cascade regime is used to describe cascades that produce so
many frequent collisions that linear models break down, such as in the case with
high energy and heavy ion (e.g. U™) or cluster ion bombardment. The most widely
applicable formalization is the linear collision cascade regime, developed by Peter
Sigmund [48-50]. It describes a binary collision model that treats each moving
ion and stationary atom collision individually and most accurately describes the
interactions occurring for the majority of modern FIB energies and ion species. It
is the only one considered here.

According to Sigmund, the sputtering yield Y scales linearly with the energy
deposited at the surface:

Y(E,0) = AFp(E, 0,2 = 0) (2.6)

where A is a material-specific constant and [ Fp(F, 6, z)dz is the energy avail-
able in the cascade to create recoiled atoms. The factor A was explored by Sig-
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mund and related to the material’s planar surface barrier. If the recoiled atom has
enough energy to overcome the surface binding energy U - i.e. the probability of
the atom i escaping the surface at angle 6; is equal to 1 if £;c0s%0; > U - then the
factor A is derived from the recoil density and stopping power cross section:

Ly
8(1 —2m)NC,,U—2m
where N is the atomic density of the substrate, I',, ~ 0.4, and C,, is defined in
(2.3). When E; ~ U, m =0, 2.7 reduces to:

A=

(2.7)

3 1
A=———. .
47’[’2 NC()U (2 8)
The energy deposited by the ion to the surface Fp is defined by the landing en-
ergy F, incident angle ¢ (relative to surface normal), and the primary ion nuclear

stopping power Sy:

Fo(E,0,2 =0) = aNSy(F) (2.9)

where alpha is a dimensionless function of ¢ and mass ratio M,/M,;. Combining
(2.6), (2.8), and (2.9), the sputter yield becomes:

AaSq(E)
U
Equation (2.10) is one of the most widely used and cited equations in ion-solid
literature, however, it is important to note that it attributes too strong of an inter-

action potential at low energies and a discrepancy arises.
Early results by Sigmund [48] used C, = 0.0181nm? (owing to the Born-Mayer
screening length a), showed that (2.10) reduces to

Y(E,0) = (2.10)

Y(E,0) = 0.042

aSh(E)
i (2.11)

and a factor of 2 discrepancy between experimental data was consistently seen.
Since then, corrections to the low energy regime have been made by various au-
thors [69—71], but accurate measurements of sputtering at low energies remains
difficult. Therefore, the energies explored in later chapters remain above 1 keV
landing energy.

Despite the low energy convergence, (2.10) remains powerful at predicting
sputter yields for atoms at higher energies and provides a simple description of
the yield as a function of the ion incident angle, energy, mass, and sample param-
eters like surface binding energy, density, and mass. A highly influential param-
eter to the sputter yield is the term «. Historically, o values were extracted from
experimental data, but absolute values now exist after decades of research. In
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Figure 2.3: Sputtering yield results calculated using the Monte Carlo program
SRIM. (a) shows the behavior of the sputtering yield in units of sputtered atom/ion
for various ions at 30 keV landing energy on Si at multiple primary ion incident
angles 6 in degrees (0 = surface normal), highlighting the strong dependency of
sputtering yield on incident angle. (b) shows the behavior of the yield for various
ions on Si at multiple landing energies, showing the strong dependency on ion-
atom mass ratio and landing energy, owing to the nuclear scattering cross section
according to (2.10).

short, o depends on the mass ratio of the primary ion and sample atom and the
primary ion incident angle 6. It remains fairly constant for mass ratios (ion/atom)
less than 0.5, but increases rapidly for ratios above 0.5 and increases exponen-
tially with increasing 6 until near-glancing angle irradiation where it takes a steep
dive. Figure 2.3 shows how these parameters affect the sputtering yield for ion
irradiation of Si.

There are two significant consequences of this mass-ratio and incident an-
gle dependence for a given ion mass that affect any FIB-based experiment or
analytical technique. The first is that the elements comprising of a compound
or multicomponent target will be sputtered at different rates in a process called
preferential sputtering. If one element is preferentially sputtered at a higher rate
than another element in the same sample target, then different perceived con-
centrations of the respective elements will be interpreted when a population of
atoms are collected from the same sputter acquisition. In a more dynamic sense,
this process will also actively change the stoichiometry of the surface under irra-
diation. Changes in the chemical structure of the surface can create a perpet-
ual feedback loop until a steady state is reached: preferential sputtering causes
changes to surface chemistry, which induce changes to surface binding energy,
which cause changes to the sputtering rate... Thus, for compound samples, time-
resolved or transient measurements will always involve a dynamically evolving
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Figure 2.4: Depiction of how artifacts arise from relative sputter yield changes due
to sample topography. (a) shows a cross section of an arbitrary multicomponent
sample with varying surface topography defined by different ion incident angles in
Regions A, B, and C. As the ion beam scans across the different regions, atoms of
the respective chemical composition will be removed in accordance with the rate
defined by (b). Despite no chemical or stoichiometric changes between regions
A, B, or C, more atoms will be removed in regions C and B than region A. As
a result, the concentration of Al atoms may be perceived to be higher in these

regions.
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surface with variable, element-specific, atom removal rates.

The second consequence is the impact of the surface topography on the sput-
tered atom yield. Even at the nanoscale, a target surface will naturally have ge-
ographical variations in its structure such that increased sputter yields will be
observed around edges and features. In other words, the contours of a feature
change the primary ion incident angle and result in a relative increase in the sput-
tering rate at the contour. Figure 2.4 shows how in these areas more atoms will
be sputtered compared to the rest of the area of interest and how they can re-
sult in misleading concentration ratios despite a consistent chemical profile. This
manifests as an artifact when the collection of the atoms or signals are mapped
to spatial locations to form images, chemical maps, or depth profiles. Not only will
increased counts be observed laterally around edges and boundaries, but as the
ion beam continues to mill, these regions will be removed faster and expose target
substrate atoms at varying depths for a given 2D scan. This type of non-planar
delayering and recession of the surface easily causes confusion and misleading
spatial information for a given image or profile with signals coming from mixed
depth locations.

2.2.3 Stopping Range of lons in Matter (SRIM)

It's clear that any ion-sample irradiation experiment contains a significant amount
of dependencies and complex interactions and that a strong grasp of these behav-
iors is needed before interpreting any secondary signals that arise from ion bom-
bardment. The preceding formalism has been expanded upon by many authors
in order to spatially characterize the magnitude of ion implantation, collisional
mixing, sputtering, and excitation as a function of experimental parameters like
bombarding energy, ion mass, and substrate mass with a fair degree of certainty.
As aresult, the localized information can be leveraged to interpret the signals aris-
ing from ion bombardment like secondary ions and photons to draw conclusions
and make corrections from the known sample modification and response to the
ion beam. These corrections are particularly significant for transient acquisitions
involving a dynamic and evolving sample under irradiation.

Open-access simulation programs like the Stopping Range of lons in Matter
(SRIM) [56, 62, 72] are used to provide estimates of spatial locations where the
different interactions will contribute such as energy loss vs depth, tracking of im-
planted atoms and recoiled atoms, and surface locations of departing atoms. The
program uses a Monte Carlo approach to launch ions into a sample defined by
its atom density, surface binding energy, lattice displacement energy, and lattice
binding energy. It launches one ion at a time and calculates each interaction along
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Figure 2.5: The SRIM program window used for estimates and visualization of
the many ion-sample interactions for an example of 30 keV Ar™ bombardment on
GaAs. The graphical window shows the Ar ion trajectories and recoiled atoms
Ga and As in the sample bulk while the tabular data shows the calculated ranges,
energy loss, and sputtering yields.
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the collision cascade, tracking energy loss and each individual recoiled atom sub-
cascade, allowing for quantification and visualization of ion range, recoil atom
displacements, and energy loss. Figure 2.5 shows the graphical user interface of
the program during a simulation of 30 keV Ar ions into a sample of GaAs, depict-
ing the ion trajectories, preferential sputtering yields, atom recoil locations and
more. Even more detailed information such as energy loss of the recoiled atoms,
phonon generation, and ionization yields can be tracked and analyzed from an
exported text file from the program that records every detail of every interaction.
The SRIM program and calculations on the output disk data are used throughout
the analysis in this document to investigate contributions from different aspects of
the ion-sample interaction to the emission of secondary ions and photons.

2.3 Photon Emission

When a beam of charged atoms bombards the surface of a material, a variety of
particles will be ejected from the surface as a result of the principals discussed
above. Elastic collisions between the incident ions and substrate surface atoms
may cause some of the incident ions to be backscattered, while inelastic colli-
sions will cause the ejection of electrons (secondary electrons or SEs) and sub-
strate atoms via sputtering. The vast majority of sputtered substrate atoms will be
ejected in the form of ground state neutral atoms, however, a fraction of the pop-
ulation may be ejected in an ionized state or excited state as a consequence of
the collision, energy transfer, or electron transfer occurring during the interaction
volume or just above the surface.

Since each element has a unique, quantized electronic structure and mass,
the population of atoms can be collected and identified. A handful of techniques
have been developed to capture and identify these sputtered atoms for direct
elemental analysis. Some methods are based on the excitation that happens in-
herently in the bombardment processes, such as secondary ion mass spectrom-
etry (SIMS) [16,36-38], while others rely on an ex situ source of excitation, such
as laser induced fluorescence (LIF) [73—75], laser induced resonance ionization
spectroscopy (RIS) [76,77], or multiphoton ionization techniques [78—81].

A lessor known signal that is emitted during the ion bombarding process are
photons, which can be analyzed through spectroscopic means to perform ele-
mental analysis [27-29, 31, 32]. The photons emitted during ion irradiation come
in two forms depicted in Figure 2.6 — atomic line emission from an excited sput-
tered atom, and broadband emission from electron-hole recombination across a
bandgap in the bulk. Both types of photonic emission reveal unique information
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that is characteristic of the sample and inherent to its process.

The source of the broadband emission is believed to be attributed to the re-
combination of electron-hole pairs in the bulk of the material [82—85] — an ana-
logue to the cathodoluminescence (CL) phenomena and the basis of its etymol-
ogy: ionoluminescence (IL). As the ion penetrates into the sample, it will excite
electrons across the material’'s bandgap via inelastic collisions. Once the elec-
tron is excited across the bandgap, it will return to its valence band or another
electron will recombine with the newly-formed hole. Because defects and varia-
tions in the crystal lattice structure exists in the bulk, the energy of the gap that
the electron crosses may vary. Combining this with the initial energy level of the
electron, which could be greater or less than the bandgap of the material, results
in a broad range of energies in which the electron may de-excite, yielding a con-
tinuous broadband curve. The spectrum resulting from this emission can be used
to identify defects, crystal structures and impurities [85, 86].

While electron-hole recombination is certainly possible within the interaction
volume of many ion-solid experiments, care must be taken in the interpretation of
the source of the signal. The existence of the defect or band gap that is required
to generate the recombination will not have an overlapping valance-conduction
band and will therefore be subject to surface charging induced by the energetic
probe ions. As the surface continues to charge with ion irradiation, the secondary
electrons emitted by the ions will be attracted back towards the sample, being
accelerated by the potential at the surface (which can easily reach keV locally).
In these conditions, it is impossible to discern if the continuum emission is a result
of ion collision or electron collision (IL vs CL). Because of these complications and
that the same information can be gained by the non-destructive CL technique, IL
has not attracted much popularity outside of a few He ion microscope applications
[82, 85] and mostly remains a source of background and spectral contamination
for the more valuable atomic line emission.

The source of the atomic line emission has been attributed to the excitation
of a sputtered atom, occurring shortly after its collision with the incident ion. The
mechanism of the excitation has been proposed to happen through multiple av-
enues [27,28,87,88]:

1. a ground state atom may collide inelastically with another atom on its way
out of the solid and become excited

2. the initial collision with the incident ion leaves the struck atom in an excited
or ionized state

3. perturbations from the collision cascade deposit energy and create a lo-
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Figure 2.6: Depiction of the two types of photon emission mechanisms from a
SiO, sample under 30 keV Xet bombardment and the resulting spectra. When
the ion contacts the surface of the sample, collisions cause the emission of sec-
ondary electrons, sputtered atoms, and sputtered ions. Some of the sputtered
atoms are emitted into an excited state and deexcite above the surface releasing
a photon with energy hv, indicative of its elemental electronic structure. Collec-
tion and diffraction of these photons results in Si atomic line detection shown in
the spectrum, the core process for FIB-FS. As the ion continues along the col-
lision cascade, excitation of electrons across the SiO, bandgap occurs. These
electrons can relax directly across the bandgap, or through pathways with many
defect or virtual states of lower energy, resulting in broad emission spectrum of
continuum energy, the core process for ionoluminescence.
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cal thermodynamic equilibrium (LTE) at an elevated temperature which the
atom passes through

4. an initially sputtered diatom or molecule breaks apart and the dissociation
of the molecule results in a charge exchange of an electron into an excited
state

5. aninitially ionized atom captures an electron into an excited state during its
departure

Explanation of the excitation mechanism is only half the battle; once the parti-
cle has left the surface of the sample in an excited state by any mechanism, it may
return to its ground state by means of either radiationless deexcitation or photon
emission. A competition for the deexcitation pathway may exist between excited
electrons tunneling directly into vacant states in the sample, Auger deexcitation,
and photon emission, making conclusions on the excitation mechanism of the
sputtered species even more complicated in addition to the dynamic changes to
the surface inherent to ion-solid interactions.

A large body of literature dating back almost 100 years offers extensive stud-
ies on ion bombardment and sputtered atoms trying to discern the nature of the
excitation and deexcitation. Much experimental data has been accumulated to
study the effect of yields, velocity distributions, angular distributions, and pop-
ulation distributions of the ejected particles on a variety of substrates and sur-
faces. The processes have been shown to be highly dependent on primary ion
beam conditions of current, angle, and energy [87,89-94], as well as target and
sputtered atom characteristics such as target atom and bulk electron configura-
tion [95—-99], surface chemistry [100—104], and proximity of the sputtered particle
to the target surface [105—-109]. Various models have been proposed in these
reports including resonant electron tunneling, binary collision, molecular bond-
breaking, quantum mechanical and thermodynamic. Owing to the influence of
dynamic physical-chemical properties and transients of the surface and its influ-
ence on the probability of excitation of the ejected species, however, a unified
understanding of the mechanisms that govern the ionization and excitation pro-
cesses of sputtered atoms has yet to come forward.

2.3.1 Binary Collision and Resonant lonization

Effects of matter under charged particle irradiation have been long studied from
scattering experiments of Thomson and Rutherford and like any other field, dis-
coveries tend to occur concurrently in different parts of the world. Thus, it is hard
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to pin-point the first descriptions of light emitted by atoms under ion bombard-
ment or develop a linear timeline of the progress in understanding. What is clear
is that perplexing behavior of photon intensities under different conditions were
observed even in the earliest reports studying the excitation. One very noticeable
observation is that neutral atoms from metal-oxide substrates emit photons with
intensity up to a factor of 10 or more compared to their pure metal counter-parts.
Snoek and van der Weg provide models in the early 1960s [105, 110] that de-
scribe the discrepancy as a result of excitation from an initial collision followed by
radiationless deexcitation processes above the surface.

The initial excitation is assumed to result from a constant rate of atom-atom or
atom-ion binary collisions at the surface, however, the photon yield is determined
by the interaction of the atom with the surface of the substrate at close distances
along its departure. For a metal defined by a square potential well with electrons
populating up to the Fermi level, they theorize two electron tunneling processes
in a resonant ionization process and an Auger deexcitation process. Depiction of
the processes are shown in Figure 2.7. They describe the probability P of pho-
ton emission from a sputtered atom as a function of its departing perpendicular
velocity v, :

P(v) =exp {—i} (2.12)

av |

where A and a are constants for transition rates of radiative transfer above the
surface. Constant a is determined by the overlap of the atomic and bulk metallic
electron wave functions with A being constant rate. When used to describe the
neutral excited atom enhancement from oxides, non-radiative transfer is blocked
by the existence of a forbidden band gap shown in Figure 2.7 process C, thereby
forcing the excited atom to deexcite by photon emission and resulting in greater
intensities.

The model proposed by van der Weg was successful in describing the obvious
differences between metals and oxides, so validation with other experiments fol-
lowed. Based on the perpendicular velocity component of the probability of emis-
sion, one would expect that the relationship could be probed through changes in
the primary landing energy and incident angle. In these situations, the sputtered
atom’s probability to escape without losing its excited electron through nonradia-
tive transfer is greater if the atom is moving away from the surface faster or if the
atom has less time to interact with the surface and can escape the region. There-
fore, sputtering atoms at high incident angles could eject atoms at more parallel
trajectories to the surface, while ions bombarding at lower energies might eject
atoms with slower velocities and result in lower yields.

Light-versus-distance (LvD) and Doppler broadening measurements were de-
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Figure 2.7: Resonant ionization and neutralization electron transfer mechanisms
for excited atoms depicted on the potential energy diagram of a sputtered atom
leaving the surface of metal and metal-oxide. Resonant ionization and neutral-
ization occur via process A and A’ where the excited state of energy £ is in
resonance with empty states in the conduction band near work function . The
electron may tunnel into the bulk, leaving the sputtered atom in an ionized state,
which may or may not be populated through resonant neutralization in A’. Auger
emission shown in B may also occur, where a valence electron with higher en-
ergy tunnels to the ground state atom, with the excess energy transferred to the
excited state electron resulting in its emission in B’ with energy of difference in
the ionization energy E; and excited state energy E,. For oxides, any electron
transfer is blocked by the existence of a forbidden energy bandgap, forcing radia-
tive photon emission with energy E; = hv.
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veloped as early techniques to measure these velocities by observing the decay
of the photon yield as a function of the perpendicular distance from the surface.
As the name suggests, the intensity I is found by taking measurements of the
intensity of distances and fitting the decay curve to:

V1T

I=1,exp {_—z} (2.13)

where [, is the intensity from a particular transition, x is the distance of the mea-
surement, and 7 is the lifetime of the excited atoms defined by the Einstein co-
efficient of the transition. Mean lifetimes of excited states from sputtered atoms
of various elements were reported early on by Andersen [111-115], Braun [116],
Harvey [117], and others [118] and found to be in good agreement with expec-
tations from short lived atomic excited states with lifetimes in the nanosecond
range.

Doppler shifts are performed by measuring the line shape of the spectral sig-

nal:
f= (i) /, (2.14)

c =+ v,

where c is the propagation speed of waves in the medium, v, is the speed of the
detector, v, is the speed of the source, and f, is the original frequency from the
source.

The results that followed were mixed. Some results suggest that only fast
particles with energy higher than 100 eV are responsible for the radiation [109,
110,119], while other results suggest only slow particles are responsible [95, 120,
121], that a mix of fast and slow particles are present [116], that it depends on
the surface chemistry [122] or the energy of the level [123], or that in some cases
no broadening is observed whatsoever [30].

Doppler broadening and LvD measurements are difficult to interpret under the
experimental conditions provided at the time. Compared to the charged particle
microscopes of today, the hardware used for these experiments was somewhat
rudimentary, typically consisting mainly of an ion source, a single Einzel lens, a
vacuum chamber, fixed or limited sample/foil holders, and a monochromator to
observe the light through a sapphire or quartz window. Some examples of the
apparatuses used in the 1970s are shown in Figure 2.8. These devices were ca-
pable of delivering pA’s of ion current into spots of diameter in the mm range over
a range of energies from a few hundred eV to tens or hundreds of keV. The lim-
itations imposed on the optical setup by the charged particle apparatus in these
conditions restricted detection schemes to geometries where all particles emerg-
ing from the surface may contribute to the radiation observed at the detector. In a
calculation where both the spatial distribution of the emitted light and the photon
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Figure 2.8: Some apparatuses used in the 1970s to study light emission from ion
bombardment. (a) System in 1972 used by MIT researchers Martel and Olson
[87], (b) Schematic of apparatus used by Tsong in 1975 [124].

yield are coupled to the velocity of the atom like LvD, reflections from the sample
surface, cascading photon emission from higher excited states, and atoms with
out-of-plane velocity vectors can contribute greatly to the interpreted signal.

Nevertheless, decreasing photon intensity with lower bombardment energies
[87,91-94] and continued reporting of high yields from of metal-oxides [93, 95—
97, 125] continued to build support for this model with similar arguments being
made even in more recent studies [99, 126—128].

It wasn’t until adsorption experiments that studied photon emission under dif-
ferent gaseous environments that the model began to be challenged. Experi-
ments that introduced a slight background pressure of oxygen and other reactive
gases to the sample chamber during irradiation sought to elucidate the mecha-
nism of the so called “oxygen effect” The oxidation of metal surfaces provides
a unique approach to the mechanisms in Figure 2.7 in that monolayer and small
coverage adsorption of oxygen doesn’t immediately form a bandgap in the metal’s
electronic structure. Rather, the dissociation of oxygen molecules on the surface
will interact with the electron density, raising the occupied states near the Fermi
level and act as a dipole layer pointing normal to the surface. Measured through
a decrease in the work function, variations up to 1 or 2 eV can occur as the thick-
ness of the oxide layer increases. While this doesn’t produce a forbidden gap,
the rise in the bound states should effectively block resonant ionization transfer
mechanisms previously available in the conduction band.

Despite reductions in sputtering yield that come from the oxidation of the sur-
face atoms, even small exposures to low oxygen pressures could lead to large
photon yield enhancement. It was not uncommon to see enhancements orders of
magnitude with oxygen exposure compared to clean metal surfaces throughout
the 1970s [96, 125, 129-132]. While the large photon yield enhancements seem
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to qualitatively agree with the model, focused experiments revealed this was not
the case. Most notable of these are the experiments of oxygen coverage on tita-
nium surfaces performed by Loxton et al. [104] and those performed with cesium
coverage on metals by Thomas [133] and Yu [134].

Loxton took a targeted approach to the problem by closely observing the emis-
sion of three different titanium atomic lines from different environments of pure Ti
and Ti oxidation conditions. Two of the lines originated from excited states with
energy above the Fermi level of the substrate while one excited state was below.
The electronic structures of Ti, Ti with oxygen gas exposure, TiO,, and TiO, with
oxygen gas exposure will have different work functions that cause only one of the
excited states being observed to go in and out of resonance with the conduc-
tion band. According to the model proposed by van der Weg, only the one state
should see large relative enhancement or quenching compared to the other two
lines with the increased or decreased work function in each environment. Instead,
all three levels were enhanced with oxygen presence, regardless of the state.

Thomas took a different approach by lowering the work function with cesium
adsorption. Cesiation of metal surfaces drastically lowers the work function such
that if resonant ionization were occurring, then the relative shift in the energy
levels would be enough to block the non-radiative electron transfer and enhance
photon emission. The added benefit of using Cs or Li over oxidation with O, is
that any chemical or molecular bonding contributions from oxygen are removed.
In the case of fractional monolayers of cesium deposition on Cu and Al surfaces,
Thomas did not see any significant photon intensity change. Even more strik-
ing, were the results from Yu who followed up with a similar experiment in 1983
showing direct evidence of electron tunneling to sputtered ions shown in Figure
2.9. Although Yu was studying secondary ion emission from Au and Al films and
not photons, the crossing of the Fermi level with the 6s empty valence shell of
the departing ion resulted in two orders of magnitude decrease in ion emission
through resonant neutralization, effectively showing the inverse process is more
likely than that proposed by van der Weg.

Kelly had proposed in 1982 [135] that the prerequisite of the van der Weg
model, a binary collision, may be enough to adequately describe the variety of
results. A pure statistical model, Kelly bases the excitation on random inelastic
energy transfer AE = K E where K is a proportionality constant defined by the
electronic energy loss and no interaction between the free atom and surface take
place. For all excited state energy levels with energy F; less than AF, the state
may be populated with a probability proportional to its multiplicity ¢;. He derived
the following expression for the absolute yield for a sputtered atom in excited state
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Figure 2.9: Results of from Yu [134] showing direct evidence of electron tunnel-
ing neutralization of secondary ions during lithium adsorption on different sub-
strate surfaces. The results show over an order of magnitude decrease in Cs
secondary ion emission with reduced work function on different substrates. Both
experiments used a Cs primary ion beam. The substrates used in (a) are labeled
on the plot while (b) shows the Al data and model prediction.

Y G (B~ Biyy) (2.15)
Zj 9j

where Y7 is the total sputtering yield, U, is the surface binding energy, Gy is the
cumulative degeneracy of states k. Comparing to a list of absolute photon yields
given by Tsong and Yusuf [136] published a few years earlier, Kelly finds reason-
able agreement within a factor of 3 for about a dozen elements. A consequence
of the agreement in the model, however, is that the excited atoms required aver-
age kinetic energies on the order of a few hundred eV from the collision and the
floor was opened again for velocity distribution measurements.

By the 1980s, laser technology had empowered techniques like laser induced
fluorescence spectroscopy (LIF). LIF is based on the excitation of the atoms in
the radiation field of the incident laser photons for which Bay [73] and Betz [101]
provide good reviews. A high powered tunable dye laser is positioned roughly
45° from the sputtered atom plume, with the spectrometer or monochromator po-
sitioned orthogonally (see Figure 2.10). The narrow bandwidth and tunability of
the dye laser allows the user to scan the wavelength of the incident beam over a
range of wavelengths to resonantly excite two and three-level excited state sys-
tems of the sputtered atoms. Doppler shifts to measure velocity distributions of

Y; =26, YrU K
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Figure 2.10: Laser induced fluorescence spectroscopy setup used by Bay [73]
and Betz [101] to enable the study of velocity distributions of short lived and
metastable excited states of sputtered atoms.

the atoms can be performed by observing the emission lines from the sponta-
neous emission of the resonantly excited atoms or more directly by measuring
the absorption linewidth of the incident laser beam on the back end.

The addition of LIF technique provides multiple benefits over the prior LvD
methods used. The first benefit is that the velocity measurement is decoupled
from the excitation mechanism of ion beam, allowing for the energy levels to
probed at distances far away from the influence of the surface electronic struc-
ture. Optical components and geometry of the setup can be modified to further
reduce any artifacts from light reflections and out-of-plane atom’s photon emis-
sion. Cascading photon emission artifacts from excitation of higher energy levels
of the atoms are also ignored since the laser discriminates against all other levels
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except the resonant absorption state. The biggest opportunity enabled by LIF,
however, is the detection and excitation of metastable excited states which were
previously impossible to observe. These metastable states differ from the short-
lived excited states in that they maintain their excitation at distances far from the
surface, preserving any information generated during the sputtering event. As a
result, several studies returned velocity distributions of ground state, excited state,
and metastable state sputtered atoms with velocity distributions peaking at ener-
gies no more than 10 eV using LIF [73-75,101,137—143], much less than those
required by binary collisions alone, so researchers began to look elsewhere.

2.3.2 Local Thermodynamic Equilibrium

An alternative mechanism to the electron transfer model was a local thermody-
namic model (LTE) developed by Andersen and Hinthorne [144], which describes
the existence of a plasma at the surface region as a potential source of the exci-
tation. The model arose from the observation that the population of excited states
N; over the ground state N, could be fit to a Boltzmann distribution for system in
thermal equilibrium:

N; _ 9 —FE;
N a exp { T } (2.16)

where ¢; and E; are the degeneracy and energy of the excited state, respec-
tively. To test for the existence of a plasma from the short lived sputtered species
spectra, Martin [102] derives that the population distributions can be found by the
intensity I of the transition from excited state i to state j by:

I = Aij hvy N g; 271 exp Dg] (2.17)
where A;; is the transition probability, »;; is the photon frequency of the transition,
N is the total number of atoms, and 7 is the electronic partition function. Thus,
the "reduced intensity” plot of In(Z;;/g;A;;hv;;) as a function of excited state energy
E; should yield a straight line if the source is a plasma in LTE.

Sure enough, population distributions of the transitions from a wide range of
elements returned remarkably straight lines (see Figure 2.11) and good fits sug-
gesting the existing of such a plasma [73,101, 102, 106, 146—148]. The results
were promising and indicated the potential for quantitative analysis to be per-
formed using the sputtered atoms.

Closer examination of the results, however, revealed many holes in the the-
ory. First was the reporting of a wide variety of "temperatures” for the sup-
posed plasma. Ranges of temperatures in the above reports were routinely
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Figure 2.11: Reduced intensity plots from [102] (a)-(b) and [145] (¢) showing good
and bad agreement with local thermodynamic equilibrium, respectively. (a) and
(b) show straight line fits with a temperature of 4000K and 5450K from 50 keV
Art bombarding Fe and Zn found from equation (2.17), suggesting the presence
of a plasma. (c) also returns straight line fits using the same method on data
from 10 keV Ar™ bombarding Fe, however, two different temperatures are found
depending on which ground state multiplet the transition lands (a®D vs a’F).

~ 3000 — 10000K, however, temperatures differing by thousands of K where be-
ing reported for the same elements by different authors (e.g. Art bombardment
on Fe returns T" ~ 2800K reported by Tsong [106] and T ~ 4300K from Mac-
Donald [146]). While these differences were initially disregarded due to different
experimental conditions or environments, the idea took a serious blow to its valid-
ity when different temperatures were reported for the same material in the same
sputtering site. Specifically, Yu reports transitions to different ground state multi-
plets of Fe [145] and found T ~ 980K for the a®D multiplets and 7" ~ 2000K for
the «° F multiplets. Tsong also reported T' ~ 4220K for Fe and T' ~ 5350K for Ni
coming from the same steel sample in the same acquisition [149].

The evidence of multiple plasmas at the same surface, some of them requiring
temperatures up to 10000K to deliver the observed population distributions, had
mounted a justifiable skepticism for the local thermodynamic equilibrium model.
Snowdon evaluated the validity of the LTE model in a fundamental analysis [150]
and showed that the foundation of the model in Equation (2.17) was incorrect, but
coincidentally leads to the same populations of the right approach. In a series
of papers following the analysis, Snowdown backed the work showing equally
impressive fits using different equations as well as showing that the secondary
electrons yields are impossibly small for the existence of a plasma required by
LTE [151-153], removing any physical basis for such a model. Thus, all that can
be said is that the population distribution of excited states follows a Boltzmann-like
distribution.
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Figure 2.12: Schematic energy diagram of the molecular bond-breaking mech-
anism for excited state formation. At close inter-nuclear distances, the metal
oxygen molecule is defined by the diabatic ionic curve M* + O~. As the atom
separates, the system may follow the adiabatic curve at crossing point R. and
result in M + O neutral atom state or it can jump the gap with some probability
P and continue on the ionic curve resulting in secondary ion emission M+ + O~.
Many systems of excited state atoms M* + O exist between the covalent and ionic
curves at various distances R;, each with a probability P; of following the adiabatic
transition.

2.3.3 Molecular Bond-Breaking

A couple of authors [118, 133, 154] had mentioned a molecular bond-breaking
model as a potential alternative explanation to their early results. Offered as more
of an abstract discussion to generate ideas in those reports, they considered the
formation of excited states as a result of the evolution of the electronic structure
during the dissociation of molecules in the sputtering event. Blaise [155] used
the model to look at a metal-oxygen bonding system to explain the enhancement
in photon yield with oxygen. Supposing that the system could be treated on an
individual level of metal (M) and oxygen (O) bonding, then potential energies of
the metal-oxide are a function of the inter-nuclear distance R shown in Figure
2.12. At an infinite distance R, the system is described by the ground state cova-
lent diabatic potential curve of neutral atoms M + O. As the two atoms approach
each other, electron transfer to the electronegative atom occurs at distance R,
across the adiabatic potential energy curve and the system is defined by the ionic
potential energy curve M+ 4+ O~ at inter-nuclear distances < R..
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The process is considered in reverse for excitation. At the surface, the atoms
are initially defined by the ionic potential energy curve of the M* + O~ system
at close inter-nuclear distances. During the sputtering process, the metal and
oxygen atom begin to separate following the diabatic potential energy curve of the
ionic system to the cross-over point R.. If the atoms are moving away with enough
speed and energy, then it is possible that the gap is jumped and the adiabatic to
diabatic transition is skipped. The electron is kept by the electronegative species
O~ and the system continues along the ionic diabatic potential curve, resulting in
positive metal ion M and negative ion O~ at an energy above the ground state
neutral system defined by the difference in ionization energy I of the metal atom
and electron affinity of the oxygen atom E'A. Since many states of excited metal
atom M* exist between the neutral curve and ionic curve with multiple curve-
crossing points, Blaise qualitatively describes the enhancement of emission with
increased oxygen coverage.

Later, Yu formalized the bond-breaking model and uses the concept to first
predict the probability of secondary ion emission with and without oxygen cover-
age [156]. In the case of pure metals, it is assumed that a cation vacancy X is
created on the surface during the sputtering of metal M. This cation vacancy can
trap an electron with an electron affinity £ A in a similar curve-crossing process as
the dissociation of a metal-oxide atom, except here the inter-nuclear distance is
treated in regards to the surface vacancy—sputtered metal atom distance (M + X
instead of M + O). The Landau-Zener curve-crossing formula is used to calculate
the probability of ionization:

2
Pt =G exp (—%Hl?) (2.18)
R=R.

vlal

where G is the ratio of the degeneracies of the ion and ground state M/ and
M?, v is the escape velocity, and |a| is the difference in the first derivatives of the
potential curves. Hi, is the transition-matrix element defined by the normalized
wavefunctions of the electron in the metal atom M and cation vacancy site X:

o= o (5) e () 219

Yu uses a hydrogen-like wavefunction for «); since the outermost electrons for
the metals being considered were s electrons:

Py (r) = 2043/2€Xp(—0z7") (2.20)

where o? = 21, I being the ionization potential.
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Figure 2.13: Application of the molecular bond-breaking model of ionization prob-
ability developed by Yu for secondary ion emission. (a) Theoretical ionization
probability for 17 elements plotted as a function of their ionization potential [156].
(b) lonization probability of Si as a function of oxygen concentration [157].

Not much is known about the state of the cation site X, so Yu approximates
1, as a negative ion in the field of M *:
1/~
Po(r) = (RJE r) O@exp (
where 42 = 2EA and C' is an amplitude fitting parameter to correct for the fact
that v, is a solid-state cation vacancy.

Using the ionization model above, Yu predicted the secondary ion yields of
roughly a dozen metals from their ionization energy I and the electron affinity of
oxygen E A with great accuracy [156]. The model also agreed well for secondary
ion emission under increasing oxygen adsorbate coverage (see Figure 2.13).

Yu later extends the model to photon emission [145], describing the excitation
probability P;:

r
—yr — R_7> (2.21)

l—p
L —p)go +pg+’

—2mH?
p = exp (&)
vlal R—R..

but the model didn’t see as much success as it did describing secondary ion emis-
sion. One reason is because a consequence of the molecular bond-breaking
model is that the maximum excitation energy allowed by the curve-crossing is
I — FEA, yet excited states and metastable states were routinely reported with
energies well above this limitation [96, 118,125, 155]. Additionally, velocity distri-
butions from LIF measurements began to report the slow speeds of the excited

B:g*( where

(2.22)
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atoms [73-75,101,137,138, 141-143], with some being emitted at slower veloc-
ities than the ground state atoms being sputtered [139, 140], contradicting the
proposed curve-crossing theory.

2.3.4 Resonant Electron Transfer

Considering that the electron neutralization model proposed by van der Weg can
be seen as early as 1965, it is odd that the reverse process wasn’t proposed
until almost 20 years later. Perhaps it took the growing evidence of secondary
ion neutralization by Yu and discoveries with SIMS to spark the idea, but the
appearance of a model that describes the resonant transfer of an electron into an
excited state of a departing sputtered atom first appears in 1981 by Veje [158].
In contrast to the models inspired by van der Weg, Kelly, and Gruen described in
2.3.1 which ascribe to a process that begins with an excitation source from binary
atom-atom or ion-atom collisions followed by a yield determined by the interaction
of the atom with the surface, Veje proposes that atoms are emitted in the same
state that they exist in the solid (i.e. as ionic cores) and that the excitation of the
neutral atoms is determined by the population of excited states of the departing
ion in a resonant neutralization from the band structure of the surface.

Veje begins with a description of the atoms in the metal that follows the Som-
merfeld picture in which the atoms are sitting as ionic cores within an electron
gas [159]. The valence electrons will be delocalized in a pure metal, sitting at a
potential described by the Fermi energy. Thus, as an ionic core sputtered from
its lattice site passes through the electron gas, it may be effectively neutralized
through pickup of an electron into the ground state. For excitation, ions that sur-
vive the neutralization will then be subject to a time-dependent evolution of the
valence-shell orbital or outer-shell orbital becoming a free atomic eigenstate at
some finite distance nanometers away from the solid where interactions with the
surface field no longer disturb the orbital. Since electrons will tend to preserve
their original orbital energy, orbitals with final atomic binding energies close to
the binding energies of the valence electrons in the solid may be populated by
an electron tunneling process during this transition to a free atom. Consequently,
orbitals that have final states that lie at higher energies or that are bound more
tightly will be less likely to be populated than ones whose final states more closely
resemble the electron’s original energy.

In series of reports from 1981 to 1990, Veje used this model to describe the
population distribution and respective photon emission from excited states of neu-
tral and ionic metals [29,89,90,103,108,158—-160]. In each of these studies, Veje
observed significantly more emission from excited ions than for excited neutrals,
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particularly for Al, Mg, and Be metals. By comparing the electronic energy struc-
ture of the free atom energy levels that the transitions were coming from, Veje
found that the states being populated were very close to the work function of the
metal under bombardment. When observing the same states under oxygen expo-
sure, he found that states laying above the Fermi level were enhanced, which he
attributed to a decrease in the work function and an increase in resonant transfer
that preferentially populates the higher states at the new condition [103, 108].

Unfortunately, Veje’s model didn’t gain much attention until a resurgence in
studying the excited sputtered species occurred in the late 1990’s. A number of
profound studies on sputtered excited metastable states were conducted which
resurfaced many questions regarding excitation mechanisms [79, 80, 161-174].
Aimed at providing population and velocity distributions of excited states, reso-
nant multiphoton ionization spectroscopy is coupled to a time-of-flight (ToF) mass
spectrometer in these studies to ionize and then detect metastable and excited
states. An example of such a setup is shown in Figure 2.15.

Berthold and Wucher particularly call upon Veje’'s model to describe the fact
that velocities the metastable states of sputtered silver atoms drop-off by an order
of magnitude compared to the neutral ground state silver atoms and vary as a
function of incident angle [79, 169, 170]. Namely, that the excitation probability P
scales as:

P(v) x1—exp (_—A) (2.23)

V1
where A is a parameter related to the electronic properties of the sputtered atom,
much like Equation (2.12). Vandeweert provides a good illustration of the process
in [165] after observing similar phenomena from sputtered Co and Ni, it is shown
in Figure 2.14.

Vandeweert [165, 166], Wucher [174], Bastiaansen [167, 168], Cortona [163],
Lievens [164], and Tan [173] follow up with reports of high populations of metastable
states from sputtered atoms. The population of the states is preferential for states
that resemble valence band configurations of the bulk. The populations of the
metastable states in these experiments were consistently in the several percent
of the total sputtered population (and in one case [173] a complete population
inversion over the ground state population), such that the only explanation could
be a resonant electron transfer.

Just when it seemed as though the question had finally been answered, Staudt
[80] and Sroubek [171] report abnormally high populations of silver atoms into
the 4d°5s*(°Dj,») state. The result is alarming since this state lies at an excitation
energy of 3.75 eV, well above the Fermi level of silver, and thus could not be
populated by resonant electron transfer from the band states of the solid to the
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Figure 2.14: Schematic of the resonant electron transfer model provided by Van-
deweert [165]. During sputtering, the excited state wavefunctions of the departing
atom have some overlap with valence band states at close distances to the sam-
ple surface. At greater distances, only those with strong resonance are populated.
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Figure 2.15: Example of the multiphoton resonant ionization and mass spectrom-
eter experimental setup used by Berthold and Wucher [79] and popular through-
out the 1990s and early 2000s to study excited metastable states from sputtered
atoms.

outgoing particles. In addition, the angular models developed by their coworkers
Wucher [174] did not match the new data. Thus, the familiar cloud of doubt was
once again cast upon the mechanism of excitation, however, with new questions
and ideas that these newer studies have surfaced [172].

2.4 Analytical Techniques

Despite a lack of understanding of the physical nature of the process, a couple
of scientists appreciated the potential for analytical capabilities in photon emis-
sion. Aside from the apparatuses assembled to perform techniques of LIF and
multiphoton ionization mass spectrometry, a couple of dedicated systems were
developed to use the photon emission from sputtered atoms to try and deliver
meaningful chemical information throughout the 1900s. One such technique is
called lon Beam Spectrochemical Analysis (ISBCA), developed by Tsong and
McLaren in early 1970 [106, 124, 175], which uses a duoplasmatron source to
deliver a 1 mm diameter Art beam to a target surface at 20 pA/mm?. A quartz
lens is mounted on the side of the specimen vacuum chamber that couples the
light into a grating system and onto a photomultiplier for wavelength detection. A
figure of the system is shown in Figure 2.8.
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A second technique is called Surface Composition by Analysis of Neutral and
lon-Induced Radiation (SCANIIR) developed by White, Simms and Tolk in the
early 1970s [31,32]. The SCANIIR method is mostly identical to the IBSCA
method, with the exception of a charge exchange chamber and deflection plates
located above the specimen chamber which enable the formation and delivery
of a neutral primary beam to the surface. The ion beam passes into the charge
exchange chamber where the pressure of the exchange gas is regulated to pro-
duce roughly 30% neutralization of the ion beam. These atoms continue on their
trajectory past the chamber where a dipole deflector deflects the remaining ions
out of the beam and into a dump, leaving the neutral atoms undeflected and free
to pass into the specimen chamber and onto the target surface.

Studies with the SCANIIR and IBSCA techniques demonstrated the poten-
tial for the photon emission to be used in analytical experiments, however, these
techniques were not widely characterized outside of some detection sensitivi-
ties [31, 32,106, 124]. Tsong and Yusuf [136] are among the very few to at-
tempt to quantify absolute photon yields, reporting values ranging from 10~2 to
10~% photons/sputtered atom for various metals under 20 keV Art bombardment.
While these reports show the detection sensitivity of some materials down to 1
parts-per-million (ppm) or lower, the SCANIIR and IBSCA techniques fell out of
popularity and into a niche experimental field of broad ion beam bombardment
and mechanistic studies through the 1980s and 1990s. Conversely, ion beam
technology branched out and advanced at an exponential rate such that these
techniques are now completely obsolete for modern nanoscale environments that
FIBs routinely operate in.

2.5 Conclusion

It is clear that the field of ion irradiation is no closer to a consensus on describ-
ing the nature of the emission than it was decades ago. Many of the questions
that haunted researchers since its discovery are unanswered. One might even
conclude that this confusion has been a critical point in the lack of success of
photons being used in analytical techniques or the absence of any photon de-
tectors on modern day FIBs. On the other hand, the mechanisms that govern
secondary ion emission are equally complicated by matrix effects and conflicting
discussions on ion formation during sputtering continue to this day. Neverthe-
less, SIMS is established as a premier nanoscale analytical technique that has
seen its success cultivate alongside the advances of the FIB systems. Consid-
ering that the photon yields and sensitivities determined from prior rudimentary
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methods are similar to SIMS yields (and in some cases, better), it is reasonable
to reassess the valuation of photons from sputtered atoms as a beneficial and
convenient means to extract elemental information in modern microscopy. Ad-
ditionally, if there’s one trend that can be extracted from the prior literature, it is
that more clarity is gained as more data is brought forth. Perhaps it was easy to
describe mechanisms early on with simple concepts from a small batch of data
taken with techniques limited by the technology of the day. As new avenues are
opened with new instruments and advances in technology, however, these simple
concepts become inadequate and the richness of the data increases.

The following chapters present and characterize a new technique based on
these principals in the hopes of continuing this trend and by providing solutions
for new applications more suited for modern FIB applications. In doing so, FIB-FS
is developed as premier technique for nanoscale 3D tomography with widespread
application, capable of delivering new insights into these mechanisms and pro-
pelling it from the obscurity of its foundations.
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Chapter 3

FIB-FS Design and Development

3.1 Introduction

The combined FIB-SEM system is a well-established technology that has a pro-
found breadth of application space that touches almost all areas of science. The
combination of the powerful imaging and analytical techniques available from the
SEM and the modification capabilities provided by the FIB, allow users to image
and process both surface and internal structures of samples at the nanometer
and micrometer scale on a single platform. The two charged particle beams are
mounted at fixed positions with an angle of 52° and co-focused at a geometrically
optimized single point such that modification and imaging can be done in situ, ad-
ditively, iteratively, and reductively. An example of a FIB-SEM combined system
is the Thermo Fisher Scientific Helios 5 Small DualBeam™ in Figure 3.1. This
system is one of the main systems used for the work throughout this project.

For any technique to have success on the FIB-SEM platform, it must be:

1. geometrically compatible with the primary configuration

2. maintain a versatile workflow that can be integrated with other charged par-
ticle processing methods

3. produce novel or unique information that can be easily interpreted or ana-
lyzed

4. be acquired at a reasonable price or cost of ownership

While collection of photons from charged particle irradiation is nothing new and
has been done for both electron beam irradiation and ion beam radiation for
decades, construction of a highly efficient photon collection system that is in-
tegrated on a FIB-SEM combined system, is. The prior techniques of IBSCA and
SCANIIR discussed in Chapter 2 are highly inefficient, requiring microamps or
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milliamps of current to collect enough signal. Since the spot size of the ion probe
scales with the primary ion beam current (see Appendix A), small currents are
required to enter the nanoscale analytical regime. FIB-FS is based on sputtered
atoms, which will scale proportionately with the current, meaning that only the
most efficient photon detection systems will be able to detect the signal at small
currents (pA to nA). At this scale, every photon counts.

Over the course of this research, a considerable amount of effort was made
to develop the FIB-FS technique that meets the above criteria. Creation of such
hardware requires deep and experienced knowledge of FIB-SEM architecture,
vacuum systems, optical design, analog and digital signal control sequencing,
and detector operation. This chapter reviews both the physical concepts and me-
chanical challenges faced in order to deliver an optimized system that transmits
photons emitted from the charged particle bombardment point, through vacuum
barriers, and into a detector to produce spectroscopic information. The result is
a material characterization technique compatible with nanoscale fabrication and
processing methods that can be deployed on any FIB-SEM platform.

3.2 Overview

The FIB-FS technique can be broken down into sections: collection optics of
the emission, transmission of the signal, detection of the signal, and operation
modes. Figure 3.2 shows a schematic outline of each of these categories as they
are manifested on a charged particle system. The overall design is meant to be
modular, allowing for different collection optics, fiber optics, and detectors to be
easily swapped and interchanged depending on the experiment to be performed.
When approaching a detection chain design from scratch, it is helpful to either
start with the collection point and optimize the path through to the detection point,
or vice versa. In reality, the design progressed as an iteration between detection
and collection, however, for readability, the chapter beings with the former with
discussion of the transmission chain when appropriate.

3.3 Collection Optics

A consequence of having two different particle beams coincident at a single point
in space is that real estate in the area around that point is severely limited. Cou-
pled with the requirements for versatility and compatibility with all the minimum
necessary secondary electron and ion detectors, gas injection systems (GIS),
and analytical hardware like EDX, the optical collector in FIB-FS needed to be
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Figure 3.1: Thermo Fisher Scientific Helios 5 Small DualBeam system. The sys-
tem consists of a coincident SEM and Ga* FIB, along with various particle detec-
tors, and analytical and processing tools.
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Figure 3.2: FIB-FS detection chain outline showing the various modular transmis-
sion and detection components.

low profile. On the other hand, photon emission yields for many materials are
extremely low [31, 32, 106, 136], demanding that a high collection efficiency be
met in order to produce meaningful results.

The first and most straightforward way to increase collection efficiency is to
increase the surface area of collected signal via the solid angle. Since the photons
emitted by sputtered atoms are emitted by excited atoms in free space, there is no
preferential directionality and the emission is isotropic [110, 120, 145]. Therefore,
the total collection efficiency C'LE is defined as the product of the solid angle
collection efficiency S A, the coupling efficiency C'E, and the quantum efficiency
QF of the entire chain:

CLE =SAxCExQF (3.1)

The solid angle of an arbitrary surface S subtended at a point P is equal to
the solid angle of the projection of that surface onto a sphere with the same point
center, which is found as the surface integral in spherical coordinates:

Q= //S sing dodo (3.2)

which for 27 emission around zenith angle 6 is

2 0o
Q= / / sinf dod¢ = 27(1 — cosb) (3.3)
0 0

Here, for some spherical surface S with radius r, the angle 6, is found by the
inverse tangent of the ratio of the surface radius r and its distance d from point
P (see Figure 3.3). The solid angle efficiency is simply the percentage of this
surface over hemispherical 2w coverage so SA = 2/2x.

Combining equations (3.3) and (3.1), we see that the total collection efficiency
C'LE scales according to the proximity of the collector surface to the emission
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Figure 3.3: Solid angle for collection optics showing how efficiency scales with
inverse tangent of collector surface area radius r over proximity d. The solid
angle of complete hemisphere is 2w according to equation (3.3) for ¢ from 0 to 27
and ¢ from 0 to 7.

point by tan~*(r/d). In other words, the solid angle blows up at short distances for
the same collector surface size. For optical collection systems where the quantum
efficiency is a constant of the material’s reflectance and absorbance losses, that
leaves collector surface size and distance as the first variable to optimize.

Naturally, the dependence of the collection efficiency on the solid angle con-
flicts with both the geometry of the two charged particle columns as well as com-
patibility with other probes trying to achieve the same goal. If a FIB-FS collector
is positioned too close to the sample, it may collide with one of the columns or if
it covers too much surface area, then it will block and obstruct other devices and
detectors. To remedy this quagmire, two collection devices were developed for
FIB-FS: a low-profile insertable mini probe consisting of a mini-lens fiber coupling
system, and a high-solid angle elliptical mirror collection system.

3.3.1 Insertable Mini Probe

A gas injection system (GIS) is a tool that comes standard on almost any FIB
or SEM system. It consists of a small crucible, in which some gas chemistry is
stored, with a small needle (outer diameter ~ 500-800 um) attached to the end.
The crucible and needle are mounted to a body that is bolted onto a port of the
main specimen vacuum chamber. The body of the GIS is pneumatically inserted
and retracted to allow for gas delivery at the FIB-SEM coincident point, allowing
for the high gas flux density and surface coverage needed for processes like gas-
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assisted milling, deposition, or etching [176—178]. Since the insertable pneumatic
system was already in place and with the high availability of chamber port flanges
designed for mounting of this device, the GIS framework was chosen as basis to
design a low profile photon collector.

A GIS module was emptied of its gas chamber and modified to be equipped
with a mini-lens and multimode fiber optic cable collection system. The modifi-
cations consist of an aluminum dummy crucible of the same dimensions of the
standard GIS gas crucible, except for large bore through the middle that allows
for a lower diameter extending rod to be inserted. The extending rod also has a
1.5 mm hole drilled all the way through to the imaging end to allow a fiber optic
cable to be fed through the rod. A 1 mm core size, multimode step index fiber of
UV-VIS or VIS-NIR transmission with a 0.22 NA can be used as the light guide to
maximize the coupling efficiency based on spectral response while the large core
size allows for the largest field of view collection. The total transmission distance
between collection and detection is 3 meters, so losses from transmission of the
step index fiber are small. The fiber is fed through the GIS body, crucible, and
extending rod so that it reaches the imaging distal end of the rod. The distal end
of the extension rod was designed to fit a mini-lens system that couples light from
a diverging point source to a fiber optic cable.

There are many different lenses and orientations that one could use to achieve
optimal coupling. Given the space restrictions and knowing that close proximity
to the emission point is necessary, only fused silica lenses with outer diameter
less than 3 mm are considered. A variety of these types of lenses are readily
available and stocked at most retail optics suppliers such as Edmond Optics and
Thorlabs. Some common lenses provided in these dimensions are: ball lenses,
half-ball lenses, drum lenses, and half-drum lenses.

Ray tracing optics simulations of these lenses at multiple orientations were
performed in Zemax OpticStudio [179], an optical design software. For each con-
figuration, a diverging point source was defined to launched 1000 rays over an
emission cone angle defined by the solid angle which is determined by the diam-
eter and position of the first lens. The image plane can be defined as a multimode
fiber with core size 1 mm, such that the efficiency reported will be recorded as the
percent % number of rays coupled to the fiber optic from total number of launched
rays. A total of 6 different configurations were simulated: ball lens, double ball
lens, half-ball lens, reverse half-ball lens, half-drum lens, and reverse half-drum
lens. Figure 3.4 shows the ray tracing simulations for each configuration.

The position of the lens is varied from 0.1 mm to 4 mm and the emission
cone angle is adjusted accordingly, so that an accurate percentage of transmitted
rays reaches the image plane. Varying the fiber position reveals tolerance of the
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coupling efficiency from the focal length of each lens. The results are shown in
Figure 3.5, showing that the most efficient coupling system is the half-drum lens
with roughly 62% coupling efficiency. Since this configuration requires a larger
working distance, however, the overall collection efficiency is similar to the half-
ball lens, which has a maximum coupling efficiency of roughly 40%. Considering
the tolerance of the fiber placement, the half-drums lens also makes mounting
and positioning easier.

Each of these systems is unique from a standard fiber optic and lens coupling
system in that the fiber core size and the lens are of similar sizes. Here, the lens
diameter is 2 mm and fiber core is 1 mm, so the incoming rays approach relatively
collimated as opposed to highly focused in the case of a 1 inch lens with a 100
um core fiber. The shallow angles are well within the acceptance cone of the
fiber for total internal reflection at the fiber core and cladding boundary, so high
coupling efficiency of multiple modes and wavelengths is achieved without having
a second focusing lens, saving space.

With the lens system optimized, the extending rod was modified accordingly.
The outer diameter is tapered down to the mini-lens outer diameter for the abso-
lute smallest profile allowed in order to enable its optimized positioning roughly
2.5 mm from the FIB-SEM coincident point (see Figure 3.5 (a)). There are 3
set screws to allow for fiber tilt position adjustment for optimal coupling, which is
achieved using a power meter to take throughput measurements into and out of
the optical system. A purge hole is tapped at the half-drum focal length to both
allow the assembly to be efficiently pumped under vacuum and to allow a visual
inspection of the fiber in the rod so that it can be placed approximately 2 mm from
the end of the lens according to Figure 3.5 (b).

Figure 3.6 shows the mini-lens hardware assembly with the mounting, extend-
ing rod, and distal end hardware designs and how they fit together. A set screw
is placed at the distal end of the mounting crucible to keep the extending rod in
place. A small amount of silver paste is used along the sidewall of the imaging
end of the rod to keep the lens in place. A viton o-ring between the mounting cru-
cible and the GIS body keeps the vacuum contained within the inner tube of the
device, while the end of the body is sealed with vacuum grade epoxy Torr Seal to
allow the fiber optic cable to feed through while maintaining vacuum.

Alignment of the optic is controlled by manipulation of the body at the main
chamber bracket shown in Figure 3.7. The entire body sits on a large viton o-ring
that provides both a vacuum seal and a cushion for the body to be manipulated
for alignment. The axial position is controlled with a lock ring stop that sets the
distance to be inserted when the pneumatic line is activated. Pitch and yaw align-
ment is performed with a 3 mm hex key that applies pressure at 4 points of the
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showing the retracted optic and its line of sight. (¢) Cross-section schematic of
the inserted probe with the sample the FIB-SEM coincident eucentric height at
normal SEM incident angle. (d) In-chamber camera photograph of the inserted
optic under vacuum and in use with a sample at the eucentric height.
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flange body. The alignment procedure is straightforward: a sample (typically an
Al standard stub) is irradiated with the ion beam in a box centered at the FIB-SEM
coincident point, while the body is adjusted until the FIB-FS signal is maximized.
The procedure is easiest when started at large z distance to align the transverse
component and then the axial position is aligned with fine tuning of the pitch and
yaw performed at the final z step.

Once aligned, the optic can be inserted and retracted instantly. The alignment
is robust, landing within about 100 micrometers through multiple activation cycles.
The specimen chamber port mounting also allows for full sample and main stage
movement (0-52° tilt, 360° rotation, full x-y range) without obstruction or contact
with the insertable probe at the eucentric coincident position. Since the probe
operates at coincident eucentric, SEM-CL detection is also available and can be
performed iteratively between FIB-FS operations. Additionally, the low profile al-
lows for additional tools to be used concurrently such as: additional GIS nozzles,
EDX, and EBSD detectors. Note, however, that unlike the isotropic emission of
FIB-FS, the Lambertian emission of the CL signal [180] will mean that the col-
lection efficiency will vary with the SEM incident angle and the probe line of site
angle.

The total collection efficiency according to equation (3.1) for this setup with a
half-drum at 2.5 mm from the emission point corresponds to a SA = 7.15% and
a CE = 62% with only the spectral response left to be measured. Throughput of
the setup was measured from the lens through to the fiber optic to test for Q £ and
found to have negligible loss of only a few percent at the high spectral response
wavelength of 635 nm. These losses are attributed to fused silica transmission
and the reflection at each air-silica media transition. Thus, the total efficiency of
the collection within the collection area is roughly 4.4%. The same analysis of the
half-ball lens gives SA = 10.5% and CE = 40% for a total efficiency of 4.2%.

It is important to note that the maximum allowable collection area for the setup
is limited by the fiber core size, the lens diameter, and distance to the bombard-
ment point. As the ion beam scans a region outside of the optical axis set by the
lens alignment, the rays emitted by sputtered atoms will approach the lens off-axis
and the coupling efficiency to the fiber will be reduced in a vignetting effect. For
the current setup with a half-drum lens positioned at 2.5 mm from the coincident
point, the maximum field of view (FOV) is about 200 um before off-axis coupling
losses and vignetting occur, dropping the signal exponentially at the edges.
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Figure 3.8: Ray tracing of the elliptical mirror to explore the coupling efficiency as
a function of mirror height above the surface of the sample. (a) Irradiance maps
and geometric setup in TracePro to model the mirror. (b) Ray tracing statistics
of the number of rays captured by the fiber optic at the opposing focal point as a
function of mirror height. The best collection is roughly 550 um above the sample,
capturing about 350 out of 500 launched rays.

3.3.2 Elliptical Mirror

While the insertable mini-probe allows for versatility and ease of operation, there
is still much more improvement to be added by increasing the surface area of the
collected region. Historically, ellipsoidal and parabolic mirrors have been used to
approach the limits of collection from a point source emission and have been used
routinely in single-beam SEM cathodoluminescence systems in the past [180—
182]. Implementing a mirror-based approach on a charged particle microscope,
however, has rarely been explored for ions [183] and has not been performed on
a combined SEM-FIB system.

Design

Owing to the space restrictions imposed by the 2 columns, fitting a complete
mirror between the sample surface and the pole tip is extremely difficult. The prior
renditions mentioned are easily able to accommodate or relax the restriction by
dropping the stage height (increase the working distance). While this approach
allows for larger mirrors and ease of operation, it does not allow for eucentric
operation of the two beams and comes at a cost of performance from the working
distance. In order to allow for coincident and eucentric FIB and SEM operation
along with full stage and sample positioning, considerable effort went towards
developing a new mirror and mounting hardware.

The best possible solid angle collection efficiency would completely cover the
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entire 27 steradian angle around the emission point. Completely covering the
sample with a metal structure, however, makes secondary electron (SE) collection
impossible. To increase the optical SA collection and maintain SE collection, an
aluminum elliptical mirror was designed with dimensions to couple light from its
focal point under the FIB-SEM coincident eucentric point to a UV-VIS or VIS-NIR
fiber optic located at the opposing focal point. One side of the ellipsoidal mirror
is left open to allow secondary electron and secondary ion escape for imaging
when placed over the sample, while a slotted 500 um aperture on the column
end surface was drilled from 0 to 53 degrees from the zenith to allow for both
FIB and SEM particle beams to pass through the mirror. The mirror is cut to
achieve a 73% solid angle collection efficiency when placed 600 um above the
sample surface according to the mirror dimensions and is diamond-turned to a
scratch/dig of 80/50 and 10 nm RMS for the highest reflective surface. The outer
surface is cut to provide a contour of the SEM nose cone to allow for the closest
fit under the SEM.

A simple geometric model was used to project the surface area of the mirror
set by the fiber optic acceptance cone onto a suspended surface within the con-
fines of the SEM working distance. It was found that an ellipse with a semi-major,
semi-minor, and focal length of 39 mm, 15 mm, and 36 mm respectively. Like the
lens design, ray tracing optimization was performed in Zemax and TracePro to
confirm the dimensions. A spherical surface with uniform distribution was defined
as the emitter and both ray tracing and illuminance simulations were performed
to optimize the mirror position above the sample as well as the fiber position. Fig-
ure 3.8 shows the irradiance collected and the number of rays (out of 500) as
function of the mirror distance to the surface simulated in TracePro, while Figure
3.9 shows the irradiance density plots of two different screens for optimized fiber
position. The largest loss of coupling is from the open face of the mirror, account-
ing for roughly 25-30% ray loss, however, the loss is necessary to allow for SE
detection. Also shown in Figure 3.9 is the irradiance density plot on the surface
of the mirror and how, despite the high loss of the open area for SE collection,
it is not as much as expected since the majority of emitted rays are captured in
the nose of the mirror shown by the flux map on the top portion of the mirror's
semi-major axis.

One metric which was not appreciated by the simple geometric model is the
tolerance fiber optic tilt angle at the opposing focal point on the collection effi-
ciency. Initially, the fiber was placed horizontal to the opposing focal point such
that the surface area projection defined by the NA of the fiber mapped to the mir-
ror’s inner surface. Since the bottom half of the mirror was cut to allow for sample
height clearance, a small tilt of the fiber core of 5° re-center’s the core acceptance
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cone on the incoming ray axis, resulting in roughly 25% increase in the coupling
efficiency, see Figure 3.9 (e).

Substage and Hardware

With an optimized mirror design, the next step was to design a system that would
be able to place the mirror over the sample in the vacuum chamber. Such a
system would need to be able to:

1. have 3 independent degrees of freedom from the main stage for mirror align-
ment over the emission point

2. allow for sample rotation and tilt between SEM and FIB normal

3. sub-micron reliable positioning

4. travel at a reasonable speed

5. have a safe homing sequence

6. have a safe parking position to allow for unobstructed microscope operation
7. have a safe path from the parking position to acquisition position

8. make moves that correspond (negatively) to the main stage movements in
order to keep the mirror in the same location relative to the SEM-FIB while
the sample effectively moves below it (i.e. maintain alignment)

9. break up large moves into smaller iterative steps of moving main stage and
substage so as to never allow the mirror assembly to get too far out of “nom-
inal” position where it would collide with detectors or the SEM pole piece

To meet these demanding requirements, 3 linear piezo translation stages from
German-based company Smaract were chosen to mount the mirror to. The as-
sembly included one 49 mm, one 21 mm, and one 12 mm travel stages — all
non-magnetic and high vacuum-compatible. All corresponding air-to-vacuum ca-
bling was purchased along with the sensor module and benchtop control system.
A mounting sub-assembly was built so that the stages could be stacked on top
of each other to give x-y-z linear translation. The substage assembly was then
mounted to the main specimen chamber stage with a custom platform. Mounting
to the main stage allows for the mirror to tilt along with the main specimen tilt,
while the platform suspension above the rotation plate allows for the sample to
rotate underneath. Figure 3.10 shows the mirror assembly and its operation in
the chamber.
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Figure 3.10: The elliptical mirror and substage system installed on the Helios.
The design allows for 3 axis independent motion of the mirror along with tilt axis
symmetry with the mainstage and free sample rotation.
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Figure 3.11: Elliptical mirror substage assembly and hardware showing cable
routing and custom flange. A new camera is positioned on the opposite side of
the standard camera to allow for unobstructed line of sight.

Alignment is done similar to the insertable mini-probe, where a sacrificial re-
gion of the sample is irradiated with the ion beam while the mirror position is fine-
tuned using the signal response feedback. Once the alignment is optimized, any
stage main stage sample movement will cause the entire mirror setup to move
out of alignment position, so a python code was written to track the microscope
stage movements and command an inverse movement on the piezo substage en-
coders. Thus, once aligned, any main stage movement will be countered with an
opposing substage movement and the mirror is kept in alignment.

Lastly, two more additions were needed to complete the setup. First, a custom
vacuum multi-element feedthrough flange was designed to deliver the substage
and fiber optic cabling into the chamber from a rear port. Shown in Figure 3.11,
the substage encoder lines are routed up along the chamber sidewall while the
fiber optic cable is routed towards the roof to be clear of any main stage tan-
gles. The cables end at the custom flange that provides a vacuum-atmosphere
interface for the wires to pass through. The second was the addition of an in-
chamber CCD camera to view the hardware. Since the line of site of the standard
in-chamber camera is completely blocked, a new bracket was built to mount the
camera in a new location on the opposite side of the SEM. This provides an un-
obstructed view of the hardware relative to the SEM and FIB nose cones, so that
the user can avoid any accidental collisions.
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_ SEM Mirror Parked | SEM Mirror Acquire | FIB Mirror Park | FIB Mirror Acquire

200 um 200 um 200 pm 200 pm

Mirror Height n/a 500 pum n/a 500 um

Detector Pre- -2.06V -2.06V -2.06V -2.06V

Amp Offset
Detector Gain 976 V 976 V 852V 852V
Mean Grayscale 124.1 251.77 131.12 41.68
Grayscale Std 27.0 6.66 15.85 8.6

S/N 4.6 37.8 8.27 4.84

Table 3.1: Table of SEM-SE and FIB-SE detector values with and without the
elliptical mirror in the acquisition position.

Characterization

On-tool characterization to compare and validate the simulation was performed.
There are obvious limitations to detector use with the mirror inserted — the in-
chamber electron detector (ICE) is unusable (although usable with the mini-probe).
The Everhart-Thornley detector (ETD), however, showed enhancement of the SE
detection during SEM imaging with the mirror underneath. A consistent 8x av-
erage improvement in the S/N of the SE signal is found at mirror positions up to
1.6 mm above the sample surface and at imaging horizontal field widths (HFW)
ranging from 50um to 200um. An example of this improvement is shown in Table
3.1.

SE detection for the FIB, on the other hand was shown to be much worse with
the mirror inserted, dropping almost half the S/N. FIB SE detection was tested
over the same HFW and mirror height offsets and demonstrated the same con-
sistency. This contrasting behavior is not entirely understood and was not ex-
tensively explored. Considering that the SEM SE yield of Al is roughly 2x more
than that of Si [184], the enhancement can be explained backscattered electrons
(BSE) from the SEM hitting the mirror directly above the surface which are not
present with ion irradiation. The BSE will cause an increase in SE production
from the Al surface, which will then be directed to the same ETD.

One way to combat the loss of SE signal in the FIB is to bias the mirror with a
small negative voltage. When an -1.5 V electrical bias is be placed on the mirror's
aluminum surface, it will direct the SE trajectories out towards the ETD grid and
result in roughly 18.5% SE collection improvement. To accommodate this, a thin
PEEK dividing plate and PEEK mounting screws replace the standard Al screws
to electrically isolate the mirror, and a small wire is snaked in to provide the small
negative voltage (see Figure 3.10).



58 CHAPTER 3. FIB-FS DESIGN AND DEVELOPMENT

229.5

- 204.0

- 178.5

153.0

127.5

102.0

76.5

51.0

25.5

0.0

Figure 3.12: FIB-FS photon images from sample surface showing the aberration
contributions for off-axis ray collection and the reduced signal observed at large
collection angles as the mirror is moved above the sample. The values are re-
ported in grayscale value from a raw PMT photon count. The green, pink, and
black contours contain 10, 20, and 3o of the entire counts in the image, respec-
tively.
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Figure 3.13: Line intensity profiles of mirror aberration characterization from the
above images. (a) Vertical line profiles. (b) Horizontal line profiles. The results
show that roughly 80 x 80 um maximum FOV at the optimized height at 550 um.

While the elliptical mirror designed here (and elliptical mirrors in general) are
free from chromatic aberration [185, 186], off-axis rays will be subject to strong
coma and astigmatism aberration and reduce the coupling efficiency at the fiber
end. The focusing properties of elliptical and parabolic mirrors can be readily
found [186—188], but these wavefront approximations are only valid for aperture
angles less than = and do not apply for the case here. An apodization function
has been developed for elliptical mirrors to attempt to describe the energy dis-
tribution in the spherical wavefront on the exit pupil [189], however, the function
is not analytic and the simulation based on the expression is limited. Therefore,
empirical measurements were performed on an Al sample to collect the light with
a PMT and the subsequent images were processed to determine limits to the
collection and serve as a baseline for qualitative aberration limitations.

With the mirror centered under the beam, a series of images at increasing
mirror-sample heights reveals the collection losses associated with off-axis rays.
The ion beam scans across the sample at different mirror heights and the image
generated shows the grayscale values from the raw photon maps (see Figure
3.12). Vertical and horizontal line profiles are taken to summarize the measure-
ment and are shown in Figure 3.13. The optimized height of 548 um above the
sample surface shows roughly 80 x 80 pm maximum FOV for the focal point of
the mirror before losses up to 50% are introduced. Variation of the mirror height
by 100 um results in even larger losses for both the overall count value and the
transverse component, emphasizing the requirement for sub-micron mirror stage
strokes listed in item 3. Nevertheless, even with some losses from the aber-
rations, the elliptical mirror routinely yields close to 10x better signal than the
mini-probe.

This relation between the off-axis emission and collection efficiency means
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that the maximum acquisition field of view is also dependent on the fiber optic
core size. In other words, as photons are emitted from areas outside of the focal
point, they will be focused at both a different location and at different angles at the
opposite focal point where the fiber is. The choice for a large core 1 mm diameter
sized fiber makes sense to minimize these losses and allow for a larger collection
region at the sample surface. This choice in fiber optic for the transmission has
impacts when it comes to the detection end, affecting diffraction and resolution
so a discussion on the choice of detectors follows.

3.4 Detection

Once the photons have been coupled to the fiber optic in the chamber through ei-
ther the elliptical mirror or the mini-probe, they are transferred through the vacuum
chamber wall and can be delivered to any number of possible detectors. Whether
the light is to be dispersed for spectral analysis or if it should pass directly to
a sensor for specular detection will determine if a spectrometer or other optical
components are needed. Since the primary goal of most FIB-FS is spectroscopy,
the former is considered first.

3.4.1 EMCCD

Decomposition of polychromatic light requires two things: a spectrograph and a
sensor/camera. The purpose of the spectrograph is to take the light from a source
and diffract it onto a sensor. The diffraction of the light from the grating is defined
by the grating equation:

mA = d * (Sind; + sinfy) (3.4)

where m is the diffracted order, )\ is the wavelength, d is the grating groove den-
sity, and 6; and 64 are the angle of the incident and diffracted light, respectively.
By this equation, a polychromatic light source incident on a grating at the same
angle will result in the different wavelengths being reflected at different angles.
This operation is typically enhanced using a collimating mirror to direct the light
towards the grating, followed by a focusing mirror to increase the separation of
diffracted light at the sensor end. When an array of pixel sensors are placed at
the diffracted end to collect the light simultaneously, all the wavelength compo-
nents of the light source are collected according to the pixel location in which they
land in a single snapshot. Thus, the sensor options to enable full spectrum acqui-
sition are either charged coupled devices (CCD) or complementary metal-oxide
semiconductor (CMOS) cameras.
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Both CCD and CMOS cameras are used throughout the field of optics and
have their own unique pros and cons. The CMOS sensor is a digital device that
converts the charge from the photon impact on the pixel to a voltage at the pixel.
The signal is then combined via multiple on-chip digital-to-analog converters, al-
lowing for fast readout and framerate speeds, low noise, and are overall signif-
icantly cheaper than their CCD counterparts. While major improvements have
been made to the technology in recent years, these cameras are not as sensitive
as CCDs.

Unlike CMOS cameras, CCDs are analog devices that convert charge to elec-
trons at the photosensitive pixel site. This fundamental difference is what allowed
the development of the electron multiplying CCD (EMCCD), which is an on-chip
improvement that enhances the gain in the readout register. When the image
area is exposed to light, an electron is created from the photon impact and the
charge is moved vertically into the readout register. When moving the charge
through a register, there is a small probability that the charge transfer can create
an additional charge by a process of impact ionization. This occurs when the
charge is clocked and it has sufficient energy to create another electron-hole pair,
effectively creating an amplification of the original signal when the new electron is
read out. EMCCD’s enhance this process by using two electrodes in the readout
section and keeping them at different voltages, such that the electric field gener-
ated between them is high enough for electrons to cause impact ionization [190].
The result is amplification of the signal up to 1000x over the read noise since
it occurs on-chip before the A/D converter, although at the cost of readout rate
and charge transfer speeds. This technology combined with the inherently higher
quantum efficiencies of CCD over CMOS, make the EMCCD the best choice for
low-signal and single photon applications, and it is chosen here.

The purpose of any imaging system is to take the object and project it onto the
image plane, only here the object image is projected at different locations based
on its wavelength. An important aspect of this behavior is the ability to distinguish
signal from two different wavelengths, or in other words, ensure that the angle of
diffraction 64 is large enough that the two different wavelengths can be resolved
at the image plane. A simple way to quantify this is by the linear dispersion:

1))
Y
where f is the focal length of the focusing mirror. It is easy to see by equation
(3.4) and equation (3.5) that for a fixed grating groove density d and incident angle
6;, the size of the detector will determine the overall bandwidth of wavelengths
collected in a single frame, and that the subsequent pixel size and density will
determine the ability resolve 0.

L

(3.5)



62 CHAPTER 3. FIB-FS DESIGN AND DEVELOPMENT

M VN

— Jacket, PVC
\  Furcation Tubing

~=— 2+0.1mm ‘ﬂ.‘ ©3.8mm SMA 905 SSTL

e —5cm ——= ——-‘ ~2.5cm ’-—— - 1.5 |
L !\ ﬂ
| ' \ Stain Relief
/ Y —Label: Heat Shrink
Ferrule, Alum ——Heat Shrink ‘“—Label: Serial Number
® 11mm x 50mmLG x 6cmLG ANDOR &
W/ O-ring TECHNOLOGY SR-OPT-8002-9X7

59x Fibers,

ULOH S/5 0.22NA
100/110/125um ULOH S/S 0.22NA
100/110/125um

Figure 3.14: Custom fiber bundle-to-linear-array design used to improve spectral
resolution of the spectrometer by taking the 1 mm core collection fiber and con-
verting it to a linear array of 59 fibers with 100 um core size. Two cables of this
design were built: one with fused silica cores for UV-VIS transmission and one
with VIS-NIR transmission cores. Since the fibers are of the same dimensions,
they are easily interchanged.

This returns the question of fiber core size as equation (3.4) and (3.5) fail to tell
the entire story. Since the spectrograph is inherently projecting the object image
onto the sensor, the object itself will become a spectral resolution limitation if it
is larger than the linear dispersion. In other words: if the linear dispersion of the
system is 10 nm/mm, but the object has a diameter of 1 mm, then the images will
overlap even if they differ by 5 nm in wavelength.

The benefits of a large core fiber optic on the detection end have been shown
in prior sections so to avoid the losses at the collection end and to minimize the
tradeoff between spectral resolution and fiber core size, a custom fiber bundle-to-
linear-array was designed to connect to the 1 mm core fiber output at the cham-
ber. Figure 3.14, shows the design of fiber. One end of the cord consists of 59
fibers, each with 100 pum core size in a bundle of diameter ~ 1.1 mm. On the
other side, the fibers are aligned vertically so that the width of the image into the
spectrometer is defined by the 100 um core size and not the 1 mm diameter. The
vertical length of the fiber is roughly 7.4 mm, requiring that the detector be at least
7.5 mm high in order to not lose any photons.

The detector that was chosen to meet these specifications is the iXon 888
Ultra EMCCD camera from Andor, mounted to the Andor Kymera spectrograph.
The camera is a back-lit, EMCCD, with a 1024 x 1024 pixel array - each pixel
measuring 13 pm - resulting in a 13.3 x 13.3 mm image area. A number of
gratings are used to deliver high-resolution, low bandwidths (1200 grooves/mm
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Array Size Minimum Exposure Time Frame Rate

1024 x 1024 38 ms 26
512 x 1024 5ms 200
128 x 1024 0.75 ms 1,333
64 x 1024 0.25 ms 4,000

Table 3.2: Minimum EMCCD exposure times and frame rate capable of maintain-
ing -60°C CCD temperature with Frame Transfer and chiller.

~ 47 nm) or low resolution, high bandwidth (150 grooves/mm ~ 430 nm) onto
the large camera. A high QE and electron multiplication (EM) gain provide the
best signal to noise enhancement in camera technology. A critical component
is the ability to vertically bin charge in the readout register so that the vertical
component of the fiber array can be read as a single column whilst maintaining
the horizontal wavelength space. In other words: instead of 1024 x 1024 pixel
readout, the charge on each pixel is shifted vertically and binned as a single
column to create 1 x 1024 readout and results in higher signal to noise ratio.

A major limitation of such a large sensor is the readout and framerate. The
fastest frame rate for a full frame readout is 26 fps, which corresponds to roughly
38 ms exposure time. These time frames can be too long for time-resolved or
mapping measurements which will be discussed later on. When the camera is
pushed past these limits with shorter exposure times, the charge shift is not fast
enough to keep up with the readout and charge builds up on the sensor until
saturation. Additionally, the sensor will heat up and cause the background level
to rise.

The readout rate can be drastically reduced through two methods. The first
is by using a "Frame Transfer” mode of operation, which uses a masked frame
storage area underneath the image area sensor. The signal hits the camera
sensor and the charge is shifted to the storage section. Since charge transfer is
faster than the readout, this step happens quickly and frees up the original image
area for new exposure. Thus, time is saved by combining readout and exposure
times by using the storage area to hold charge during readout while the imaging
area is exposed. The second way to increase the framerate is to the reduce the
total number of pixels read. Since the fiber array only consumes about 7.4 mm
of the 13 mm sensor, light is not falling on the entire sensor. By moving the fiber
image to the bottom of the sensor (closer to the readout), the top rows of pixels
can be ignored in the readout, saving time and reducing read noise. Figure 3.15
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and Table 3.2 shows how reducing the image area readout impacts the noise and
maximum frame rate achievable. In both cases, a water chiller can be used to
keep the chip temperature lower at faster rates. Since the maximum amount of
signal throughput is required at the lowest background and fasted speed, only
the minimum array that captures the fiber image is used. In this case 512 x
1024 allows the whole array to be imaged and is used as the base readout array
(vertically binned as 1 x 1024).

A couple notes on the fiber image in Figure 3.15: not all fiber cores are illu-
minated in the array and gaps can be seen between cores. This is due to the
geometric mismatch between the 1 mm fiber core and the 1.1 mm fiber bundle at
the mating junction and the fiber packing fraction in the bundle. Since the bundle
is slightly larger in diameter than the collection fiber, there are cores on the outer
rim of the bundle that will not collect light. Furthermore, part of the surface area
on the fiber bundle will consist of the cladding or gaps between the circular fibers
and light is not transmitted (see Figure 3.14). The order of the fiber positioning on
the linear end is random, so there are intermittent gaps in the fiber image. Sec-
ond, the top of the fiber array appears slightly out of focus compared to the center
of the array. This is field curvature aberration imposed by the focusing mirror on
spectrograph. The focal length of this mirror is roughly 193 mm, and the depth
of field is unable to focus tall object images. Unfortunately, the fiber array was a
custom build so this artifact was not noticed during the demo of the spectrograph
and was only discovered after purchasing the hardware. While other, larger focal
length spectrographs provide a marginal improvement, it is not enough to justify
the cost and the artifact remains a spectral resolution limitation.

3.4.2 PMT

Another common detector used in spectroscopic techniques is the photomultiplier
tube (PMT). A PMT operates on the concept of turning photons into electrons
that are then sent into a series of dynodes to generate a cascade of secondary
electrons, effectively amplifying the gain of the original photoelectron (see Figure
3.16). Unlike the EMCCD, the PMT consists of a photocathode instead of the
pixel array. The benefit of these technology is the high signal amplification from
the dynode (can be up to 1 million times) and the fast readout rates (down to 10s
of nanoseconds), however, spectroscopy with a PMT is handled differently from
the EMCCD since the photocathode is not an array.

Whatever light that falls on the PMT photocathode will be counted as a signal,
regardless of its wavelength (subject to the photocathode quantum efficiency).
Therefore, in order to distinguish different wavelengths from a polychromatic light
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Figure 3.15: EMCCD binning and impact on background noise level. As the
image of the fiber is moved towards the bottom of the image frame and the pixels
are not read out, the camera is able to achieve lower noise and faster frame rates
without charge buildup or overheating, making experiments with faster exposure
times possible in smaller readout regions.
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Figure 3.16: PMT structure and mechanism. Photons are converted to electrons
at a photocathode, followed by an amplification process across multiple dynodes
before readout.
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source, one must ensure that the diffraction angle only delivers light of the de-
sired wavelength onto the sensor with the other wavelengths blocked or deflected
elsewhere. In a standard monochromator setup, the PMT is placed behind a slit
that blocks light of other wavelengths while the grating is scanned across a range
of angles to build a full spectrum. Alternatively, the slit can be set to a gap size
that corresponds to a wavelength range or bandpass shown in Figure 3.17.

There are two possible conditions of operation: the user wants to know the
bandpass transmitted for a given output slit width or the user desires specific
bandpass onto the PMT and needs to know what to set the slit width to. For
light of wavelength \. brought into the entrance of spectrograph at the half-angle
¢ = 15.044° determined by the acceptance cone of the spectrograph, the incident
angle 6; of the ray that hits the edge of the grating is:

6, = sin~! (AC * d) (3.6)
20

where d is the grating groove density. The angle « that hits the edge of the output
slit is then geometrically set by the focal length f of the focusing mirror and slit

width Az:
Ax
_ —1
a = tan (2*f) (3.7)

The light will be dispersed according the grating equation (3.4). Since all rays
are fixed at incident angle 6; by the collimating mirror, the wavelength that hits the
outer edge of the output slit becomes:

Aedge = d* (SiN(6; — @) +sin(0; + ¢ + a)) (3.8)
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Figure 3.17: Spectrograph geometry.

The bandpass is simply the difference between the center wavelength )\, and
the wavelength A,

bandpass = 2 * (Acgge — Ac) (3.9)

A small tilt correction is needed due to the focal plane tilt correction at the exit
port (Andor, personal communication, 31 July 2018):

2% ()\edge - )\c)

bandpass =
P cos4.4°

(3.10)

In the latter case where a specific bandpass bp (designated in nm) is desired,
the problem is solved in reverse:

Az =2 f*xtan <Sin_1 (d * (% * bp * cos(4.4)° + )\C)> — sin(@i — go) —0; — <p>
(3.11)

There are a couple ways to check the answer. A specific bandpass equal

to a published value by Andor for a specific grating and camera sensor size is
plugged in and compared to the bandpass in the specification of the setup. For
example, with a grating with 150 lines per mm centered at 500 nm (0, = 2.225°
from equation (3.6)) on a camera that is 13.3 mm wide, the bandpass is listed
as 436.52 nm. Plugging 436.52 nm = bp into equation (3.11) yields a slit width
Az = 13.275 mm. Similarly, with a 1200 lines per mm grating centered at 500
nm on the same detector, the bandpass is 47.69 nm quoted by Andor and the
slit width determined by equation (3.11) in this case isAx = 13.309 mm. This
operation can be combined with a various filters at the entrance port to further
clean up or filter the desired wavelength or bandpass. Additionally, PMTs with
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Figure 3.18: PMT and narrow-bandpass filter module used to collect photons
at fast acquisition rates. The fiber optic carries a polychromatic signal from the
microscope into a light-tight enclosure. A collimating lens and focusing lens direct
the signal through a narrow bandpass filter onto a PMT, such that only signal of a
specific atomic transition pass through for detection.

different spectral responses can be easily interchanged if a better performance in
the UV or IR is desired.

A detection quantum efficiency study was carried out to characterize the per-
formance between the two detectors. The total throughput of the system at the
PMT output was measured less than 35%. Four MgF, coated aluminum mirror re-
flections of the spectrograph each with ~90% reflectance for a compounded 65%
throughput, combined with the largest loss coming from the grating which has a
reflectance of roughly 55% at 632 nm and dispersion into higher order modes.

In the interest of better signal, a separate PMT module was designed to house
the PMT along with a motorized filter wheel and optics shown in Figure 3.18.
While the dispersion offered by the grating was no longer available, narrow band-
pass filters with bandwidths of 5 nm and 10 nm are readily available, allowing sim-
ilar atomic transition detection capabilities as the grating-slit-bandpass method.
Since the light only passes through a filter, however, all the reflections and diffrac-
tion losses are bypassed. From the moment the light leaves the fiber, the spec-
trograph gives about 40% total detection efficiency under the best possible con-
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figuration (500 nm light with 500 nm blazed grating). When compared to the PMT
module with a high throughput narrow bandpass filter, close to 95% detection effi-
ciency can be achieved by going from the fiber straight into the PMT. With optional
collimating and/or focusing optics, this will slightly decrease to ~85%-90%.

3.5 Data Collection and Analysis

Both the EMCCD and the PMT detector provide advantages when employed in
different operation modes in the FIB-FS technique. These modes of operation
can be used in various orders and iterations to collect different information from
the sample or to perform an optimized workflow. The following sections discuss
the development of each of these different modes, how they are operated, the
environments in which they are best suited for, and the analysis methods required
to process the data that comes from them.

3.5.1 Survey Mode

The first and most straightforward mode of operation is termed Survey Mode. In
this mode, the FIB scan is operated independently while the EMCCD camera and
spectrometer acquires a spectrum over a designated exposure time. Since the
exposure time and FIB scan are decoupled, an average spectrum of a region of
interest is acquired with no spatial information. The FIB is free to perform any sort
of cut or pattern within the limitations set by the electronics of the column. In this
condition, low doses can be used to minimize damage at the surface and gain
a quick elemental signature of the sample. Here, low resolution/large bandwidth
gratings are used to maximize the spectral range to get an idea of what signals
may be available for closer inspection or to be targeted later on with higher res-
olution gratings or more sensitive conditions. This mode is typically the first step
in analysis with FIB-FS and provides a basic foundation on which the technique
operates.

This mode can be can repeated to collect multiple successive spectra in a ki-
netic series, or Kinetic Survey Mode. A set number of total spectra or frames is
chosen to collect with each spectrum having the same exposure time. The spec-
tra are then ordered by their timestamp of acquisition, allowing for time-resolved
spectral analysis of the sample at the minimum frame rates available (see Table
3.2).
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3.5.2 Hyperspectral Mode

The next mode is a mode in which the FIB scan and EMCCD camera acquisition
time are clocked in sequence such that the pixel dwell time of the FIB equals the
exposure time of the camera. This mode is called Hyperspectral Mode, and it
results in a full spectrum collected at every pixel that are then processed to gen-
erate elemental maps (see Figure 3.19). The process can be repeated multiple
times, allowing for the ion beam to mill through the surface and into the bulk of
the sample. When the data is stacked by layers, a 4-D (x-y-z-)) data structure is
formed which can be parsed by wavelength to produce an elemental volume map
or depth profile.

FIB
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Figure 3.19: Schematic of FIB-FS Hyperspectral Mode acquisition. (a) The ex-
posure time of the spectrometer is coupled to the dwell time of the FIB through a
data acquisition card to the FIB deflection electrons to produce a series of spectra
at every pixel scanned by the FIB (b). The spectra (¢) can be parsed by spectral
bins to produce maps of the spectra line count values (d).

In order to make this type of elemental data acquisition possible, timing se-
quences between the spectrometer and the FIB as well as data formatting are
critical. A software was developed to sync the FIB and the spectrometer. This
is implemented through providing an external scan and blanking signal to the mi-
croscope optics scan and blanking interface board external scanning port, which
controls the blanker dipole and the octupole deflection voltages (see Appendix
A). A user will set a desired scan pattern in terms of resolution and HFW which is
then provided to the patterning and image acquisition (PIA) by setting an X and
Y scan voltage for each image pixel based on the HFW and resolution. At the
end of each exposure, the camera on the spectrometer outputs a trigger signal
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which is taken from the camera output and received on a National Instrument data
acquisition modular system (DAQ) to increment to the next X,Y voltage pair. The
DAQ control app takes the desired image pixel size in X and Y and creates a scan
pattern. To collect an SE signal from the ETD while simultaneously acquiring a
spectrum at the pixel, a video out channel on the Acquisition Motherboard (AC-
QMB) is connected to the DAQ receiving channel and recorded in the application
software.

Limited spectrometer control was built into the software since the spectrome-
ter came with its own user interface. Control can be taken by the spectrometer
app, but it was simple enough to keep gratings and calibration control within the
spectrometer and only control the camera and acquisitions settings from the de-
veloped software.

Since each pixel generates a 1024 integer counts from the spectrum, an N x
N x 1024 data matrix can take a lot of space. To save memory, the 2D spectral
map is saved from the camera as raw data .dat file and with metadata saved
as an ASCI| .asc file. The .dat file contains the spectral counts as a 3D array
of unsigned ints while the .acs file contains the camera setting metadata. Once
collected, the data is exported in .h5 formatting, which is then opened later in
Python for analysis. Python scripts are used to reshape the raw data into the
original resolution shape set in the metadata, while the user can choose which
spectral bins of the 1024 pixel columns to analyze based on the spectrometer
grating settings. The handling of the data this way not only saves space, but also
allows for the freedom of more advanced processing methods and scripts to be
used to aid in analysis such as Gaussian peak fitting, filtering, colormap scaling,
and background subtraction.

lts important to note that a rough knowledge of the spot size is needed a priori
in order to ensure a proper scan. Depending on the beam current being used,
the FIB probe may end up being much smaller or larger than the pixel size set
by the resolution and HFW. If the probe is smaller, then the entirety of the pixel
will not be irradiated. If the probe is too large, then beam overlap will occur and
result in mixed signals. For example, if a beam with 30 nm spot size is used to
image a 10 um x 10 um region with a resolution of 100 x 100 pixels, then roughly
70 nm of each pixel will go unirradiated. In this case, one can either increase
the resolution to match the spot size (at the cost of total acquisition time N x N x
exposure time seconds), or one can defocus the ion beam spot to match the pixel
size. The defocus is made by simply applying an offset to the working distance
W D between the current spot radius r; and the desired spot radius r, using the
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beam image half-angle « (see Appendix A):

fo — 1

tana = — 2L 3.12
T Wb, - WD, (3.12)
or
b —1n
WD, = WD, — 3.13
2 ! tana ( )

a and r; were found by running multiple spot burns on silicon while sweeping
over a range of working distances and measuring the diameter of the crater for
each beam current.

3.5.3 Photon Imaging Mode

The last mode is termed Photon Imaging Mode, and it is the mode that utilizes the
PMT. Similar to Hyperspectral Mode, the FIB scan and the PMT acquisition are
clocked in sequence, but here the light is directed towards the PMT. This mode
was born of the limitations inflicted by the long exposure times of the EMCCD.
Since the dwell is linked to the camera frame rate, the minimum exposure time
available in Hyperspectral mode is roughly 5 ms. This is very long and can re-
sult in massive amounts of damage at a single pixel for moderate beam currents
(nanoamps). The PMT allows for nanosecond and microsecond dwell times, re-
sulting in real-time, high-resolution photon imaging and with minimum dose per
pixel. When equipped with narrow band filters discussed in the PMT design sec-
tion, high-resolution individual elemental mapping can be gained in a matter of
seconds.

Integration on the FIB is easy since the ETD and ICE detectors on the system
already operate using a PMT mechanism. The standard SE detector accelerates
secondary electrons using a positively biased grid towards a scintillating material
on the surface of light guide or glass. The light generated by the scintillator is
directed towards a PMT and the SE image is formed. Therefore, a PMT with the
same pin configuration and voltage range was chosen for this mode, except one
with a VIS ranged photocathode is chosen instead of the standard 400 nm peaked
sensor. The FIB-FS PMT simply borrows the power supply and pre-amp from one
of the existing SE detectors and the PMT settings are able to be controlled like a
normal SE detector, the microscope being none the wiser.

There are advantages and disadvantages between Hyperspectral Mode and
Photon Imaging Mode with the PMT. The most straightforward and clear benefit of
Hyperspectral Mode is that spectroscopy can be performed with high sensitivity.
Because the EMCCD can collect dispersed light from the grating, a full spectra
is captured. The detector array also allows for on-chip binning of charge and
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electron multiplication, further increasing signal to noise. A disadvantage of this,
however, is that frame rate of the camera is relatively slow, resulting in long dwell
times of the ion beam at each pixel and large amounts of damage to the sample.
When taking maps of low-yield materials or challenging geographies, the use of
high primary beam dose to extract a signal can result in excessive damage after
a map acquisition. In addition to the large damage induced by the dwell, another
factor to consider is the time to data and resolution available for the acquisition.
When capturing a pixel map with 20 ms dwell, the total map acquisition time can
easily reach an hour for maps of moderate resolution such as 400 x 400 pixels.

When sample damage is to be minimized or high resolution maps are required,
the PMT offers the speed of acquisition and flexibility in the dwell to match the FIB
scan boards. Single images or multiple frames can be taken with the PMT and
averaged together, creating contrast images of FIB-FS signal with resolutions at
3072 x 2048 in a couple minutes. More importantly, the ability to dwell for shorter
times has a significant impact on the maximum achievable resolution due to the
Gaussian nature of the current density distribution in the FIB spot probe and ion-
sample interactions. This concept is discussed in detail later on.

The main disadvantage to this method is that the light directed onto the PMT is
not dispersed, so the elemental identification is not given with 100% confidence.
The use of various optics in front of the PMT, however, can provide reasonable
discernment of the signal, allowing for qualitative elemental mapping. For exam-
ple, if the spectra is known after an acquisition in Survey Mode, a narrow band-
pass filter over the desired transition can be placed in front of the PMT which
transmits only the desired wavelength. The result is a high-resolution image con-
taining the elemental information with minimal damage.

In summary, the capabilities of PMT imaging provide access to data that the
EMCCD cannot deliver without excessive damage. The resolution achievable far
exceed those available with the EMCCD maps with significantly less acquisition
times. On its own, the PMT offers an additional source of contrast that is free
from charging effects and can provide unique information about the surface. With
the flexibility of discriminatory optics to be implemented, it can provide qualitative
elemental information with the assumption that a proper spectrum of the region of
interest is collected beforehand. While not usable for every application, the simple
and inexpensive design offers a new approach to FIB-FS imaging and elemental
mapping that is capable of forming powerful images.
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Figure 3.20: The FIB-FS hardware setup. The entire setup fits on a small cart
that can be moved from system to system

3.6 Versatility and Upkeep

Every aspect of the hardware is mobile and can be moved easily. The control
PC, DAQ card, spectrometer, and detectors are all on a mobile cart, while the
mirror has multiple stage mounting hardware/platforms to fit different stages. The
mini-lens probe can be mounted on any standard GIS port, making the technique
easily transferrable. Figure 3.20 shows the complete setup on the mobile station.
The results presented in this dissertation are from both a Ga* LMIS FIB-SEM
and a multi-ion species plasma FIB-SEM system, where the setup and optics
were routinely transferred from one system to the other.

A final note on the hardware is that over time and through repeated use, re-
deposition of sputtered atoms may occur on the collection hardware. This occurs
faster with use of high currents and at the close proximity to the surface. The
redeposition of multiple sputtered atoms and materials will develop thin films and
amorphous layers like those shown in Figure 3.21. This will degrade the reflec-
tivity and transmission of photons at the imaging end, resulting in worse perfor-
mance over time. This is unavoidable, so both the mini-probe and the mirror were
designed in a way to be consumable. The lens on the mini-probe is separate from
the fiber so that it can be replaced when it becomes covered. The lens may be
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Figure 3.21: Redeposition of sputtered material on elliptical mirror seen as dark-
ening at the nose-end of the mirror near the entrance aperture.
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cleaned if desired, but their low cost of around 35 USD is not worth the headache.
The mirror is also made separate from the mounting hardware and fiber so that
this piece may be removed and replaced as well. Since the internal surface of the
mirror is diamond-turned to such a high finish quality, it is not recommended to
attempt to clean it. While the mirror replacement is more expensive than the lens,
a bulk order was placed and their unit cost is roughly 150 USD. Redeposition
rates were not thoroughly investigated, however, experience is that the average
lifespan is between 6 months to a year. This number is purely from experience
and can change vastly with ion bombardment conditions.

3.7 Conclusions

FIB-FS is a multimodal technique that has been designed to be versatile and
capable of performance on any FIB system, while maintaining the sensitivity and
requirements demanded by a nanoscale technique. A small insertable probe
has been designed that allows for simultaneous use with a variety of detectors
and is compatible with almost any application through its low profile. The lens
configuration in the probe is unlike a standard fiber coupling system and provides
a relatively high collection efficiency through its coupling and solid angle. If more
signal is required, an ultra-sensitive, high efficiency collector has been designed
in the form of an elliptical mirror. The mirror can be inserted and retracted, and
methods have been designed for alignment and operation. Detectors have been
specially chosen to match an optimized detection chain to provide multiple modes
of operation. Each mode provides a unique form of information through the logic
of its function. These modes can be combined, iterated, and repeated to perform
complex elemental analysis at the nanoscale and are used throughout the rest
of this dissertation to prove out fundamental limits and 3-dimensional nanoscale
tomography.



Chapter 4

FIB-FS Characterization

4.1 Introduction

Nanostructures and materials are synthesized and fabricated to higher degrees
of precision than ever before, demanding equal performance from the techniques
used to characterize them. The interdisciplinary nature of nanotechnology, lack
of nanoscale reference materials, and difficulties in sample preparation present
many challenges for characterization of nanostructured materials in situ. There-
fore, the prevalence and usefulness of elemental and chemical analysis tech-
niques begins with basic performance metrics of resolution, accuracy and sensi-
tivity.

The hardware and instrumentation described in the prior chapter have detailed
the extensive enhancements to collection efficiency and the enabled methodol-
ogy that FIB-FS offers compared to its broad ion beam predecessors. These
developments and their operation are what uniquely define FIB-FS and make it
capable of nanoscale elemental analysis. In the following chapter, these capabil-
ities are tested to their limits. Through 3D tomography of GaAs/AlGaAs quantum
wells, nanoscale lateral resolution of semiconductor heterostructures, and detec-
tion of trace-level impurities, the FIB-FS technique utility is shown to have high
3D spatial resolution, high sensitivity and the ability to detect light elements. A
lateral and depth resolution of 15.5 and 12.8 nm are presented, respectively, and
it is demonstrated that its performance is limited fundamentally by ion-solid inter-
actions. In addition, minimum detection on the order parts-per-million (ppm) are
reported and shown to be dependent on ion dose and ultimately limited by the
volume sputtered.

77
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Figure 4.1: Lateral resolution of FIB-FS. (a) Cross-sectional schematic of the ef-
fective probe diameter d.s, ion beam diameter d,,, sputtered atom range d,, and
collision cascade range d.. Each circle represents a collision cascade initiated by
a single ion. The ion beam is incident onto a GaAs-AlGaAs-GaAs heterostructure.
(b) Monte Carlo trajectory simulation of 30 kV Ga* ions incident onto AlGaAs.
The plot shows the distributions of displaced Al, Ga and As atoms which are
responsible for intermixing and broadening of interfaces in the sample. (c) Alu-
minum elemental map of the BAM L200 resolution standard — a heterostructure
comprised of AlGaAs layers embedded in GaAs (see Appendix B). The bottom
panel is the corresponding integrated line spread function, showing a resolution
of 15.5 nm through AlGaAs-GaAs-AlGaAs stripe pattern P12, depicted in the in-
set.
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4.2 Lateral Resolution

The FIB-FS technique is based on fluorescence spectroscopy of sputtered parti-
cles. Lateral resolution is therefore expected to be limited by the ion beam diam-
eter (d,) and by ion-induced collision processes in the sample, as is the case in
other ion beam techniques [36,191]. Figure 4.1 (a) is a schematic illustration of
the three factors that are expected to determine the effective probe diameter d.g
in FIB-FS: the diameter of the ion beam probe (d,), the diameter of the region
from which atoms are sputtered as a result of ion impact (d;), and the diameter
of the volume within which atoms are displaced in the sample (d.). The latter is a
consequence of a collision cascade initiated by each ion and causes intermixing
and broadening of interfaces in samples such as the GaAs-AlGaAs-GaAs het-
erostructure depicted in Figure 4.1 (a). Collision cascades determine the size of
the interaction volume, which is shown in Figure 4.1 (b) for the case of an ideal
(zero diameter) 30 keV Ga* beam incident onto AlGaAs.

In order to measure lateral resolution and investigate the above-mentioned
limitations, a certified standard (BAM L200) that is commonly used to characterize
FIB-SIMS performance [36, 37, 192—194] is also used here. The sample is a
cross-sectioned, epitaxially-grown AlGaAs-GaAs heterostructure with a range of
layer thicknesses and periods down to 1 nm (see Appendix B). Figure 4.1(c)
shows a FIB-FS image of the standard generated by summing the 394.4 and
396.2 nm Al emissions shown in Appendix B Figure B.2. The image was collected
with the PMT imaging mode using UV-VIS fiber optics and a 10nm narrowband
filter at center wavelength 396nm to allow only the transmission of the 394.4 and
396.2 nm Al signal to the PMT. The image is a 256 frame average of 7 pA 30 keV
Ga™ ion beam scan with 500 ns dwell time and pixel resolution of 512x442. Bright
stripes in the map correspond to AlGaAs layers embedded in GaAs. The bottom
panel is an integrated line profile of the Al map (i.e., the line spread function),
showing AlGaAs-GaAs-AlGaAs stripe patterns P9—P13, in which the GaAs layer
thickness ranges from 38.3 nmto 11.5 nm (see Appendix B, Figure B.1, and Table
B.1). The thinnest GaAs layer resolved in the line profile is in pattern P12 — it has
a thickness of 15.5 nm, which corresponds to the resolution of the FIB-FS map.

To decompose the contributions of d.¢ in the 15.5 nm resolution measurement,
analysis of the primary spot diameter d,, is first required. Measuring the primary
beam spot diameter directly is difficult due to the Gaussian current distribution
in the probe size. De-convolution of the beam width from the dwell is especially
difficult at low currents where high dwell times are required to see changes in
SEM-SE contrast or remove sufficient surface atoms to measure a crater. As the
dwell time increases, the staining from probe spot beam tails and re-deposition
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Figure 4.2: Spot burn grid of the 7 pA 30 keV Ga™* FIB beam used in the resolution
measurements. The dwell time of the spot burn increases from bottom left to top
right as a Fibonacci sequence starting with a 0.1 ms dwell time. At this current,
dwell times less than 0.1 ms do not create enough contrast to measure the burn,
while longer dwell times result in contrast from beam tails. The longest dwell
times result in beam tails milling the sample and sputtered atom re-deposition,
enlarging the spot size. The dwell time used in our resolution measurement is
500 ns, too short to be directly measured. Note: the patterning and acquisition
framework of this FIB has a maximum allowable dwell time of 100 ms so streaks
are seen to the left of the high dwell spots due to ion fly-back during blanking.
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Figure 4.3: SE images of the BAM L200 sample taken with 7 pA 30 keV Ga*
FIB beam used in the resolution measurements. (a) SE image and line-spread
function of the sample at 3.5 pC/um? showing separation of period P13. The
distance between the P13 strips is 11.5 nm, demonstrating the impact of the spot
current density contributions to the signal at 500 ns dwell compared to spot burns
in Figure 4.2. (b) SE image and line-spread function the same region after 7
pC/um? accumulation, showing the broadening of P13 and impact of the collision
cascade on the resolution as the beam mills through the surface.

of sputtered atoms increase the apparent spot size (see Figure 4.2). At low dwell
times (<10s of us), however, signal originating from within the diameter of the
beam that contains 50% of the current (d50) dominates due to the highly cen-
tralized current distribution in the probe spot. Therefore, measurements of spot
profiles from burns made with dwell times long enough to make a stain will always
be much larger than the diameter from which the signal arises at low dwell times.
As a result, direct measurements of the ion beam probe size are done through
image analysis and resolution measurements with secondary electrons.

Resolution of an imaging system is typically measured by the convolution of
an object with the point spread function. In nanoscale microscopy, however, well-
defined point-like objects are difficult to manufacture or validate so the use of
other methods are accepted: knife-edge rise time of a line spread function, mod-
ulation transfer function, full width at half-maximum of a delta layer, and strip-to-
strip imaging distance. Here, strip-to-strip imaging distance with the BAM-L200
sample is used to determine resolution of the same 7 pA 30 keV Ga™ beam and
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Figure 4.4: SE resolution measurement using graphite pencil lead stalks with the
same beam. (a) SE image of the graphite lead stalks, which provide numerous
suspended flakes to perform knife-edge measurements. (b) Thousands of edges
along contrast boundaries are found. Contrast transitions that show clipping or
delta step transitions are eliminated. The 35-65% rise time is found to be 9.3 nm
for 65% of the transitions, and less than 11 nm for 74% of edges.

the same irradiation conditions in Figure 4.3. The SE image from the acquisition
shows line grating P13 being resolved, corresponding to ~9 nm d50 spot size
(and P14 partially resolved at low dose). This d50 value is also corroborated with
knife-edge measurements on a sample of graphite composed of sharp vertical
suspended edges as opposed to embedded heterostructures shown in Figure
4.4 (this sample is common for measuring resolution as the suspended edges
provide sharp contrast drop off as well to reduce the intermixing between bound-
aries). Clearly, if the measurements made from the spot-burn profiles in Figure
4.2 were taken as the true probe size at lower dwell time, then separation of P13
would not be possible.

From the analysis on SE resolution, the employed 30 keV ion beam is de-
termined to have a diameter d,, of roughly 10 nm, which is approximately 6 nm
smaller than the measured lateral spatial resolution. To confirm that the differ-
ence is caused by ion-induced collision processes in the sample, the Monte Carlo
code SRIM is used to simulate the trajectories of the incident Ga* ions and re-
coiled atoms in AlGaAs (Figure 4.1 (b)) and to deduce the parameters d, and d..
To simulate sputtering and calculate ds, recoiled atoms are tracked in the sam-
ple and their final coordinates are recorded at the surface before ejection, shown
in Figure 4.5. A Gaussian kernel density estimate with 1 angstrom bin size to
find the distribution sputtered atoms at locations around the center and show that
in the case of 30 keV Ga™ ion incident onto AlGaAs, most sputtered atoms are
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Figure 4.5: SRIM Monte Carlo simulations of ion bombardment of 10,000 Ga+
ions incident at 30 keV on AlGaAs substrate. For sputtered atoms, the program
will track the atoms until they leave the surface and mark the position on the
plane of their last location before ejection. (a) Top-down scatter plots of the range
of sputtered particle ejection locations. (b) Gaussian kernel density estimation
with a bin of roughly 1 angstrom to derive the probability density function which
is projected alongside the contoured KDE surface. Here, it is shown that the vast
majority sputtered particles are emitted within a 10 nm radius from the point of
impact.

ejected from within a 10 nm radius. The standard deviation of the lateral distribu-
tion is ~ 4.3 nm, which corresponds to the sputtered atom range d;. Similarly, to
determine d., the Ga ions are tracked and their coordinates are recorded when
they come to rest in the sample. The mean lateral range of the implanted ions is
given by r, = > ".y,/N, where y is the projection of the coordinates in the plane of
the sample and N is the number of ions simulated [62]. For 30 keV Ga™ ions in
AlGaAs, r; ~5.6 nm, which corresponds to the collision cascade range d..

Based on the above analysis of 30 keV Ga™ ions in AlGaAs, the sputtered
atom range limits lateral resolution to ~ 4 nm and intermixing (which causes
broadening of interfaces in the sample) to ~ 6 nm. Given the ion beam diameter
of ~ 10 nm in the experiment, this is in excellent agreement with the measured
resolution of ~ 16 nm seen in Figure 4.1 (¢). The same agreement is found using
other resolution measurement techniques on the same sample (see Appendix
B.2).

This behavior proposes a critical and fundamental relationship between the
resolution of any FIB-based technique and the minimum achievable signal or
yield. Figure 4.3 (a) shows how the d50 probe size dominates the signal con-
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tribution at low dwell times allowing for high resolution imaging, but Figure 4.3
(b) shows the impact of the cascade on resolution measurement as more ion
beam dose is accumulated. Even though the beam tail contributions are mini-
mized through the short 500 ns dwell time at any given pixel, each pass of the
beam results in surface removal and the acquired area begins to recede into the
region of recoiled atoms of the cascade from the initial passes. At these depths,
the atoms have become intermixed and have broadened the boundaries or the
effective minimum distance between the two strips, impacting the resolution mea-
surement vis-a-vis primary ion dose. The result from FIB-FS in Figure 4.1 is
limited by this effect due to the fundamental yield of the Al atoms and the sen-
sitivity of the hardware. In the measurement, the instrument settings and dwell
time allow for probe sizes that should yield resolutions ~10 nm, however, low
signal-to-noise at the extreme conditions demand that a higher dose be used
(11.6 pC/um?) to collect more sputtered atoms and the technique is pushed into
a collision cascade-limited regime below the initially irradiated surface.

It is important to note that the ion beam diameter is limited by the virtual size
of the ion source and the ion focusing optics (see Appendix A). In general, d,
increases with ion beam energy and reciprocal current, and it is a function of
the ion species. These limitations are technological and continuously improve in
modern FIB instruments. Conversely, the limitations imposed by sputtering and
intermixing are fundamental. They are determined by the ion mass and energy,
and by the masses and binding energies of atoms that make up the sample.
However, systematic studies of the effects of ion mass and energy on lateral
resolution are complicated by the fact that they affect not only d, and d., but also
d,. This is, however, not the case for depth resolution, which is independent of
d,. Hence, depth profiling elucidates the fundamental effects of ion species and
energy on FIB-FS spatial resolution.

4.3 Depth Resolution

A demonstration of FIB-FS depth profiling using a sample comprised of three
GaAs quantum wells embedded in AlGaAs is shown in Figure 4.6. A TEM image
of the sample is shown in Figure 4.6 (a). The quantum wells have thicknesses of
3.5, 5 and 8 nm. Figure 4.6 (b) is a 3D FIB-FS image of the sample generated
by summing, at each pixel, the FIB-FS Al emissions at 394.4 nm and 396.2 nm
(see Appendix B.2) excited by a 2 keV, 3.2 nA Ga*™ beam collected with the PMT,
UV-VIS optics, and Al filter. The 3D image stack consists of 2,467 2D FIB-FS
maps, each collected in a single scan lasting 1.13 s and a lateral field width of



4.3. DEPTH RESOLUTION 85

(c) 10000
8000
6000

4000

Counts [arb.units]

2000

0 ‘ 50nm ! 50 nm
1000 2000 3000 4000 5000
pC/um?

Figure 4.6: FIB-FS depth-profiling and 3D imaging of a layered quantum well
structure. (a) TEM image of a quantum well heterostructure comprised of three
GaAs quantum wells in AlGaAs. The quantum well thicknesses are 3.5, 5 and
8 nm. (b) 3D volume reconstruction of the quantum well heterostructure gen-
erated by summing, at each pixel, the FIB-FS Al emissions at 394.4 nm and
396.2 nm, excited by a 2 keV Ga™ beam (1.68 pC/um? per slice). All three GaAs
quantum wells are clearly resolved in the image (the lateral field width is 48 um).
(c) FIB-FS Al line profiles of the heterostructure in (b). The center-point of the
minima of the quantum wells are marked by a dashed line. A scale bar is draw
between the first and second minima and is shown to be identical for the second
and third. A second scale bar is made at the location of the 50% loss of Al signal
and attributed the 3.5 nm thickness of the first quantum well. The bar is scaled
according to the thicknesses of the subsequent quantum wells and placed over
the respective 50% loss. The difference in perceived width is due to the prefer-
ential sputter rate difference between the AlGaAs and GaAs layers that increases
with quantum well thickness and ion dose.
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50 um. The first 600 frames are removed to ignore most of the 260 nm GaAs
top layer, while each frame is cropped by 1 um at the outer rim to remove crater
edge/wall effects [195]. All three quantum wells are clearly resolved in the 3D
FIB-FS image, illustrating qualitatively the outstanding sensitivity and resolving
power of the technique.

In order to quantify the depth resolution and measure dependencies on ion
mass and energy, the NIST Standard Reference Material (SRM) 2135¢ is em-
ployed [196]. SRM 2135c is a sputter depth calibration standard comprised of
alternating Cr and Ni layers (see Appendix C). A 1D depth profile is measured
with VIS-NIR optics across a Ni-Cr interface by collecting the Cr FIB-FS signal
as a function of the ion dose used to sputter the sample, and resolution is de-
fined as the thickness of the measured interface. Specifically, resolution is the
full-width-at-half-maximum (FWHM) of the first derivative of the line spread func-
tion corresponding to a Cr FIB-FS signal rise time of 15%—85%. lon irradiation
was performed with Ga™, Xe™ and O™ beams starting at 30 keV and lowering the
landing energy at each interval. For each energy, profiling was collected from a
70x70 um box mill with 1 ps dwell time at 2.2 & 0.4 pA/um?, 3.0 £ 0.6 pA/um?
and 15.2 + 0.5 pA/um*for Ga™, Xe™ and O, respectively.

An overview of the analysis is shown in Figure 4.7. The Cr spectral signals are
integrated, and their count values are first plotted against the time-accumulated
dose of the mill and then normalized. The first transition from Ni to Cr is sliced
from the dataset for analysis. Since travel through the elemental layer is variable
by the sputtering rate, the line spread profile must be converted from a time/ion
dose domain to the spatial depth domain for comparison. The transformation is
accomplished under two assumptions: that the midpoint of the Ni and Cr layer
of the first transition of the FIB-FS data matches the midpoints of the Ni and Cr
layers in the NIST data and that the rate of change through the layer is directly
proportional to the percent change in the elemental composition by sputter rate.
The sampling rate of the acquisition remains constant throughout the transition,
so the transformation results in the Ni data points frequency being spread out in
z-space and the Cr being compressed. For consistency of alignment to the mid-
point of the layer, a fitting algorithm was used which uses a composite function
of a Gaussian and square wave during the peak and valley of the transition. The
second derivative of the composite fit is used to determine the edges of the tran-
sition and the midpoint between the two minimum values is used as the midpoint
of the Cr and Ni layers. The data is then fitted to a standard cumulative density
function (CDF) and the derivative is taken both numerically and empirically. The
full width at half maximum (FWHM = 2.355x0) is found, correlating to a 15%-85%
rise time transition between the layer. The same is repeated for the Auger sput-
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Figure 4.7: Method used to calculate the depth resolution for all primary ions on
NIST SRM 2135c, demonstrated using 8 keV Ga™ irradiation dataset. The resolu-
tion value is determined by taking the full width at half max of the first derivative of
the line spread function (b) of the profile of the first Ni-to-Cr layer transition shown
in (a) and compared to the profile provided by the certificate. The full width at
half maximum of the first derivative of the FIB-FS transition profile is found, corre-
sponding to the 85%-15% rise time to give the resolving power of the transition in
nm shown in (c¢). The resolution of the 8 keV profile shown is 18.07nm compared
to the 12.2 nm NIST reference (see Appendix C).

ter depth profile given in the SRM 2135c certification [196] for comparison (see
Appendix C).

Figure 4.8 shows the results of the depth resolution measurements. Starting
with 2 keV Gat, the FIB-FS depth profile resolution is 12.8 nm. This is in excellent
agreement with a reference measurement of 12.2 nm obtained from an Auger
electron spectroscopy depth profile generated using 1 keV Ar™ ions (see Figure
4.7). Increasing the Ga*t ion energy to 30 keV reduced the measured depth
resolution to 34.8 nm and changing the ion species to 30 keV Xe™ increased it to
25.6 nm. These trends are expected since the ion range increases with energy
and decreases with ion mass, unless the implanted ions are chemically active
and modify the binding energies of atoms in the sample, as in the case with
OT irradiation [197,198]. This result confirms that the FIB-FS spatial resolution
is limited fundamentally by the volume excited by the ions used to irradiate the
sample.



88 CHAPTER 4. FIB-FS CHARACTERIZATION

P
o

W
un
i

W
o
i

M
i
L

20 1

Depth Resolution [nm]
Mean Projected Range [nm]

Figure 4.8: Measured FIB-FS depth resolution (solid line) of the transition be-
tween the first Ni-to-Cr transition graphed as a function of beam accelerating
energy alongside the corresponding mean projected range in Ni (dashed line)
predicted by TRIM. The result is in qualitative agreement with sputter profiling
studies performed with SIMS showing strong correlation between the incident ion
range and the measured resolution. The exception is the O™ bombardment for
which TRIM does not account for chemical effects during irradiation which re-
duces the range through formation of oxide and increased lattice binding energy.
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Figure 4.9: Depth profiles of the quantum well structure shown in 4.6 taken at
different ion landing energies and ion masses showing the impact of collisional
mixing on the ability to resolve the layers. (a) Depth profile taken with 30 keV
Ga'™ and 9 nA. The 3.5 nm and 5 nm are smaller than the interaction volume of
the 30 keV beam and the layer is not able to be seen in the profile. (b) Depth
profile taken with 8 keV Ga' and 11.2 nA. The 3.5 nm is just barely visible while
the others are clearly seen. (c) Depth profile taken with 8 keV Xe™ and 6 nA
showing all layers. The slope of the profile into and out of each layer marked by o
and 7, respectively, are different for each ion mass and ion energy, demonstrating
the complicated interactions of ion-mixing, preferential sputtering, and knock-on
effects at the boundary.

4.3.1 Discussion

The depth resolution is limited fundamentally by intermixing caused by ion im-
pacts shown in Figure 4.8, however, this becomes even more evident when trying
to resolve layers smaller than the interaction volume of the primary beam. This
effect is readily seen in the 1D Al and Ga FIB-FS depth profiles shown in Figure
4.9. Here, the quantum well stack is profiled using different ion beam energies
and masses. In the first graph of Figure 4.9 (a), the sample is profiled using
the 30 keV Ga*™ beam and only the last quantum well is barely able to be seen.
When the energy drops to 8 keV in (b), the interaction volume of the ion beam
beneath the irradiating surface is decreased and less intermixing along the layer
boundary occurs allowing all three quantum wells to be resolved. When the mass
is increased by using Xe™ at the same energy in (c), the interaction volume is
decreased even further and all three layers are more easily seen in the depth
profiles.

An interesting phenomena appears at the interfaces of the AlGaAs and GaAs
layers. When entering or exiting each GaAs layer, the leading and trailing line
slopes o and 7 (shown in the plot) are non-zero and distinct. Because the range
of the ions is greater than the boundary transition of the AlGaAs layers, atomic
displacements in the sample and intermixing causes broadening of the interfaces.



90 CHAPTER 4. FIB-FS CHARACTERIZATION

(a) (b)
100 200
— Ga*
X+ 175
80 A +
— 0 150
o | )
£ 60l o125
> =)
3 § 100 .
- o] - =
] ] R T P
S 4044 e eIl
» 2 75 —e
50
20
25
0 T T T T T T 0 T T T T T v
5 10 15 20 25 30 5 10 15 20 25 30
Vace [keV] Vace [keV]
200 300
175 {
250
1501 .
= =~ 2004
£ 125 S
o f=2] ——
c c g Ny e
% 100 31501 7 e mm==EEE
> > e L L
8 75‘ 8 - ==
a 8 100
50
50 -
25
0 01— - v - r -
5 10 15 20 25 30 5 10 15 20 25 30
Vace [keV] Vace [keV]

Figure 4.10: Comparison of the rise length factor o; and decay length factor 7;
as a function of beam energy across multiple primary ion beams of the 5 nm
layer (column (a)) and the 8 nm layer (column (b)). The marker atom (Ga) being
traced through sputter profiling in the AlGaAs layer exhibits different behavior
under different systems. The rise and decay profiles both scale with incident
primary ion energy, but while the rise length o; seems to scale with mass, the
decay length factor 7; is relatively independent of mass.

This is only one factor that contributes the depth profiling analysis capabilities in
the FIB.

Altogether, there are 5 main attributes of the ion-solid interactions that can
impact the resolving power of a depth profiling technique and result in the dif-
ferences between primary ions: depth of origin from sputtered atoms emitting
photons, ion beam mixing/interface broadening, preferential sputtering, surface
texturing/topography formation, and instrumentation. Depth of origin has been
studied extensively for sputtered atoms and is known to be in the topmost atomic
layers of any material [55]. Instrumentation parameters such as dwell time, sam-
pling frequency, primary ion beam spot size, sputtered signal from the edges, and
quantum efficiency are the first order of limitation, but are easily mitigated. This
leaves ion beam mixing, surface topography, and preferential sputtering to result
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in the most fundamental limitations for FIB profiling.

On its own, surface topography will result in increased sputtering at edges
and features, leading to the formation of islands or craters that expose signal
from layers above or below the target plane and results in mixed/blended sig-
nals. In most cases, this is easily resolved with sufficient sample preparation and
cleaning or by cropping the edges of the profiled region. Preferential sputtering,
however, is a result of the inherent differences in sputtering rates between two
different elements from energy transfer mechanisms discussed in section 2.2.
In profiling applications, it leads to differences in endpoints for two elements in
the same compound, different perceived thicknesses for layers of differing com-
position when acquired under the same sampling frequency, and can produce
artifacts of enhanced or decreased emission at interstitial boundaries [199-203].
An example of this type of artifact is shown in Figure 4.6 (¢) where an increase in
Al signal is seen at the leading edge entrance of the AlGaAs layer where prefer-
ential sputtering and matrix effects increase the Al signal at the boundary until a
steady state is reached further in the layer. While troublesome, these effects are
commonly observed in SIMS and FIB milling applications and can be mitigated
through optimized experimental conditions such as primary energy and flux, as
well as through computational post processing corrections [204—206].

In cases where both layer thickness and preferential sputtering rates are known
and corrected for, only the unavoidable limitation of ion mixing remains. Sputter
profiling experiments with SIMS [195,198,207-210] have investigated this behav-
ior using tracer elements and have found that such mixing profiles are determined
by the atom dislocation and surface recession rates within the collision cascade.
Two major features of the profile that contribute to analysis complications are (i)
the rate of change between entering a new layer material described by the leading
edge of the profile and (ii) the rate of change when exiting each layer described
by the trailing edge. The onset into thin layers is described well with a Gaussian

function:
A

oV 2T

while the trailing edge is typically described by exponential decay of species i:

Gi(r) = exp [—(z — ut)*/207] (4.1)

Ii(x) = Aexp [—z/T]. (4.2)

Contributions from these limitations mark a key difference between sensitivity
and resolving power for which Figure 4.9 is an example. Different rates at the
leading and trailing edge of the AlGaAs layer are easily seen and mixing of the
layers as a result of recoiled atoms appear to extend the 3.5 nm GaAs layer well
into the 50 nm AlGaAs layer, making it difficult to know when the layer ends.
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Comparisons of the rise length factor o; and decay length factor ; fitted from
equations 4.1 and 4.2 for this sample under different ion species and energies
are shown in Figure 4.10 for the 5 nm and 8 nm layer transitions. The results
show that both the rise and decay profiles scale with incident primary ion energy,
in agreement with prior findings in SIMS [55, 197, 198, 203, 207, 208]. While a
similar trend might be expected for primary ion beam mass, such a dependency
is only readily observed for the rise length o; while the decay length factor 7;
tends to have similar values regardless of mass. Contributions from preferential
sputtering to the rise factor followed by the transition to a steady state of removal
can help explain this dependence, however, formalization of the complete picture
remains an active area of investigation for all FIB profiling applications.

4.4 Detection Limits

All elements in the periodic table are fluorescent, and detection of trace elements
present in the parts-per-million range should be feasible based on prior work
with broad-beam ion sources [31, 136]. To confirm this, methods established in
SIMS [211,212] are adopted for FIB-FS to demonstrate minimum detection limits
of 3.9 ppm and 0.8 ppm for K and Li, respectively.

Two NIST SRM samples with certified mass fractions of dozens of elements
were examined using a 30 keV Xe™ beam to explore the sensitivity and detection
limits of the FIB-FS technique.

Reference material SRM 93a [213] consists of 12 compounds embedded ho-
mogeneously in a borosilicate glass matrix. The matrix is comprised of 12.56%
B,0O3, 80.8% SiO,, 3.98% Na,0O, and 2.28% Al,O5;. However, of interest are trace
levels of K;O and MgO which have concentrations of 0.014% and 0.005% by
weight, respectively. FIB-FS spectra showing K and Mg emissions are shown in
Figure 4.11 and 4.12. Both UV-VIS and VIS-NIR optics were used for maximum
efficiency, while bandpass filters and high-resolution gratings were employed to
resolve the lines and to remove second order peaks and background emissions.
Multiple peaks from each element were detected (K: 3p54p (QP%%) — 3pSds (QS%)
at 766.5 nm and 769.9 nm, Mg: 3s3p (*P}) — 2p®3s?(!1S,) at 285.2 nm and
3s3d (*Dy,2,3) — 3s3p (*Pg, ) at 382.9 nm, 383.23 nm, and 383.83 nm).

Reference material SRM 612 [214] consists of 61 elements embedded homo-
geneously in a glass matrix, with weight fractions in the range of 10 to 80 mg/kg.
The matrix is comprised of 72% SiO,, 14% Na,O, 12% CaO, and 2% Al;Os. As in
the case of SRM 93a, VIS-NIR optics, selective filters, and high-resolution grat-
ings were used to delineate emissions from specific trace elements. This sample
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is of interest due to the presence of Li at a concentration of ~ 40 ppm. Figure 4.13
shows FIB-FS spectra with lines from Li transitions 1s2p (*P$ ;) — 15°2s (*S1) at
670.77 nm and 670.8 nm and 1s%3d (°Dy) — 1s2p(*P%,) at 610.35 nm and
610.36 nm. i

For SIMS, detection limits and sensitivity (detected atoms/cm?) are typically
quantified by converting secondary ion counts to atomic density using calibration
standards [211,212]. Following an analogous approach, the atomic concentration
n; (cm~3) of analyte 7 in matrix m can be defined by:

1
2

P
Py,

(RSF); (4.3)

n; =

where P, and P, are the photon counts from analyte i and matrix m, respectively.
RSF is a relative sensitivity factor that relates photon counts to atomic density.
It can be determined from a calibration sample with a known atomic density n,,
(cm~3) by comparing the ratio of photon yields 5 (photons/sputtered atom) of
analyte ¢ and matrix m such that (RSF) = n,,(5,./5;). Equation (4.3) can then be
written in terms of fractional concentrations C; and C,,,:
C; _ Pifn

C.  Pn.B

(4.4)

or for minimum concentrations:

Cimin) _ Pimin) Bm

(4.5)

Hence, by using a standard of known composition, 5,,/5; can be found by
comparing F; to P,, where P,, is the photon count rate from matrix element m
present at fractional concentration C,,.

For SRM 612, the photon count rates from Li transitions 1s*2p (*P% ,) —
15725 (*S1) at 670.77 nm and 670.8 nm are compared to those of Ca transitions
3p°3ddp (°F3) — 3p®3d4s (®°Dy2) at 649.38 and 649.96 nm. Substituting the con-
version rate from equation (4.4) into (4.5), where Fjmin) is determined by the limit
of detection defined as the sum of the limit of the background and 1.645 = std( A,;),
yields Ciiminy = 0.8 ppm.

For SRM 93a, the photon count rates from K transitions 3p%4p (*P% ,) —
3p°4s (*S1) at 766.5 nm are compared to that of the Si transition 3s*3p4s (iFQ"f) —
3s%3p? (*Sy) at 390.55 nm observed as the second order at 781.1 nm. Given the
fractional concentrations Cx = 0.0116% and Cs; = 37.77%, Ckmin) = 3.9 ppm.

The Mg detection limit was not quantified due to the presence of the in-
tense broadband emission seen in Figure 4.12. The spectrum is shown to il-
lustrate qualitatively the ability of FIB-FS to detect Mg present at a concentration
of 50 ppm.
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Figure 4.11: FIB-FS spectrum collected from NIST SRM 93a showing the de-
tection of potassium (peaks at 766.5 nm and 769.9 nm) present at a relative
concentration of 140 ppm (30 keV Xe™ 375 pC/um?).

For matrices in which the atomic density n,, is known, n; can be found and
written as a function of the sputtered volume V' [36]:

_ kB
VB

n; (4.6)
That is, sensitivity and sputtered volume (i.e., the achievable spatial resolution)
are inter-related. In the case of nanostructured materials, sensitivity is limited
by the volume that contains the analyte of interest. Moreover, since sensitivity
is inversely proportional to the volume removed by sputtering, it is therefore a
function of the required spatial resolution.

A useful characteristic of FIB-FS is the dynamic range and modularity of the
detection system compared to mass spectrometers. The spectral response can
be modified with filters and gratings to preferentially increase or decrease the ef-
fective dynamic range, and a sputtered atom can emit photons at a number of
wavelengths and efficiencies. This can be beneficial for comparing concentra-
tions by providing multiple opportunities to compare matrix and analyte peaks if a
particular pair are beyond the dynamic range of the detector.

In general, ultimate FIB-FS sensitivity will be determined by the collection
efficiency of the detection chain, the experimental conditions available (beam
current, exposure time, filters, etc.), the concentration of elements with nearby
spectral peaks (dynamic range), the required spatial resolution, and the inher-
ent photon yield (photons/sputtered atom) of the element to be detected. In the
case of FIB-FS, the highest photon yields occur in light alkali and alkaline earth
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Figure 4.12: FIB-FS spectrum collected from NIST SRM 93a showing the detec-
tion of magnesium (peaks at 383 nm and 285 nm) present at a relative concen-
tration of 50 ppm (30 keV Xe* 375 pC/um?).
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Figure 4.13: FIB-FS spectrum collected from NIST SRM 612 showing the detec-
tion of lithium (peaks at 610 nm and 670 nm) present at a relative concentration
of 40 ppm (30 keV Xe*t 37.5 and 18.7 pC/um? for the top and bottom spectra,
respectively).
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metals [136], making the technique favorable for applications like Li ion battery
research and complementary to techniques such as EDX. However, these values
are not universal - the emission efficiencies are influenced by sample matrix ef-
fects and electron transfer processes that vary with surface electronic structure,
vacuum pressure, incident ion energy, angle, and flux [27,79, 89, 163] discussed
in Chapter 2. In nanostructured materials, sensitivity also depends on ion dose,
and is limited ultimately by sputtering as it removes the material that is being
analyzed.

4.5 Conclusions

A new technique of elemental analysis has been developed in FIB-FS. The capa-
bilities of the technique enabled by the optical design and implementation onto a
FIB make it suitable for 3D tomography and elemental analysis at the nanoscale.
High spatial resolution, depth resolution, and sensitivity to detect trace level-
impurities have reinvented the way photons may be used in ion beam and charged
particle microscopy. Moreover, the analysis shows that, fundamentally, the res-
olution capabilities of the FIB-FS technique are not limited by processes other
than ion-solid interactions. This makes FIB-FS highly appealing as a nanoscale
analysis technique that is intrinsically compatible with FIB-based nanofabrication
methods.
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Chapter 5

FIB-FS Application: Li lon Batteries

5.1 Introduction

Detection of lithium, hydrogen, and trace metal dopants is critical to battery re-
search and development, yet existing analytical methods such as energy dis-
persive x-ray spectroscopy (EDX), electron energy loss spectroscopy (EELS), or
atom probe tomography (APT) fall short in providing a practical, streamlined so-
lution. The nature of the low energy characteristic x-ray emission from Li K at
55eV [215] combined with its low fluorescence yield wy of 1.06x10~* photons per
ionization [216] render traditional EDX virtually useless since any signal is either
absorbed before leaving the sample or absorbed in the window of the detector.
The recent rollout of sensitive windowless EDX detectors has enabled detection
of lithium [217], although with difficulty and confusion around the emission mech-
anism behind the Li K lines [215] while hydrogen detection remains physically
impossible. Furthermore, trace elements and contaminants - particularly those
confined to the surface or topmost layers of the region of interest - can go unde-
tected by EDX due to the large interaction volume of the electron beam and depth
of origin of the x-ray generation.

Time of flight secondary ion mass spectroscopy (ToF-SIMS) has emerged as a
powerful solution in this field with impressive analysis on LiCoO, [17,18,218—-221],
Li,Mn,Co,0, [222,223], and LiFePQO, [224], although it is not without its own chal-
lenges. Large and complex data collection [36,225] with mass interferences and
overlaps [226] often require experienced operators or spectrometrist oversight,
while matrix effects and sample charging complicate signal collection and acquisi-
tion [227]. Hence, there is continued interest in new characterization techniques,
particularly ones that are cheaper and compatible with processing methods and
non-destructive sample preparation [18—20].

The FIB-FS technique has high 3D spatial resolution, high sensitivity and the

99
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ability to detect light elements. Moreover, the technique is inherently compati-
ble with FIB nanofabrication and processing techniques, which have matured into
versatile methods used broadly for direct-write processing of nanostructured ma-
terials [21-26]. FIB-FS is complementary to electron beam techniques such as
EDX which are often employed on FIB-SEM systems, where its versatility in high
resolution imaging and sensitivity for Li and H detection allow it to bridge the gap
that exists for detection of these elements. The following sections demonstrate
these capabilities, deploying a novel method in the coupling of traditional EDX
with FIB-FS that enables full battery characterization not otherwise found with
existing techniques.

5.2 Cathode Analysis

The first sample analyzed is a lithium-nickel-manganese-cobalt-oxide (NMC) cath-
ode, of form Li(Ni,Mn,Co.M’,,)O, where M’ denotes dopants of Fe, Al, Zr, and
Mg at 0.02 at.% with = + y + z + m = 1. EDX yields a good understanding of
the Ni/Mn/Co/O bulk chemical composition and its spectral signals present a gen-
eral understanding of the base metal structure. Maps of the sample are shown
in Figure 5.1. The map was taken with an EDAX Octane Elite Plus SSD detector
with a silicon nitride window, using a SEM energy of 20 keV and a total dose of
573 pC/um?. Unfortunately, the most important features of interest are missed:
namely Li, H, and trace metal dopant distributions. Lithium mobility and transfer
between electrodes is the core process for generating electric power in the bat-
tery, so visualizing the lithium distribution within cathode and anode structures
becomes critical to study its interaction during development and failure analysis.
Similarly, detection and distribution of hydrogen in NMC cathodes is of interest
when pointing towards sites of electrolytic infiltration and decomposition. Ni™ sites
in particular have been shown to cause solvent hydrolysis from (OH)~, leading to
cracking and cation mixing and resulting in capacity fading and ultimate battery
failure [228,229]. EDX remains fundamentally blind to H detection and without a
windowless detector is unable to detect Li. FIB-FS, however, shows the results
from Li 2D and 3D maps as well as H from a cross-section of the NMC cathode
with ease in Figure 5.2. Of interest is the FIB-FS H map showing a particle is
rich in H which could likely be a candidate site for electrolytic decomposition or
compromised Nit site.

The maps in Figure 5.2 are generated from the Li doublet 1s2p(?P% ;) —
1s2s(*S1) transition at A = 670.776nm & A = 670.791nm shown in Figu2r’e2 5.3.

1
2

The hydrogen map was made from the first transition H-« in the Balmer series at



5.2. CATHODE ANALYSIS 101

Bremsstrahlung

Figure 5.1: EDX maps of a Li ion battery NMC cathode from 573 pC/um? 20 keV
SEM. Some bulk chemical properties of Ni, Mn, and Co can be seen in the cath-
ode under EDX, but the spatial resolution under the imaging conditions are limited
compared to the FIB-FS maps of the same sample. The increased performance
of the FIB-FS at the same dose is attributed to the surface sensitivity of the ions,
which maintains an interaction volume up to order of magnitude smaller than that
of the SEM at these energies. A background Bremsstrahlung map is provided for
comparison.
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Hm

Figure 5.2: Li and H distributions in an NMC cathode collected with FIB-FS. (a)
Top-down high resolution Li map of the NMC cathode showing Li distributions and
(b) subsequent 3D volume rendering from the same images under 30 keV Ga™ ir-
radiation (276 pC/um? total, 0.55 pC/um? per frame) on the FIB-SEM system. (c)
Cross-sectional secondary electron view of the inside of the cathode prepared
by the Ga® beam showing the crystal grains and a particle of interested on the
surface of the LiINIMnCoO crystal. (d) H map of the area taken with FIB-FS show-
ing the particle is rich in H and a candidate site for electrolytic decomposition or
compromised Ni site (30 keV Ga™*, 1.07 nC/um?). The cross-section is cut with
the same beam used for FIB-FS, allowing for in situ analysis.
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Figure 5.3: FIB-FS spectra of the NMC cathode collected in Survey Mode. Lithium
detection is much more efficient due to both its concentration, inherent photon
yield, and emission in the visible range of the spectrum where the quantum effi-
ciency of the optics is optimized.
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Figure 5.4: FIB-FS Hyperspectral maps of NMC lithium-ion battery cathode. Dis-
tributions of the mixed metal base (Ni and Co) as well as the trace metal dopants
(Fe and Al) are shown under 30 keV Gat bombardment (518 pC/um?). The Ni
and Co maps show significant improvement to the resolution and clarity of the
chemical maps over EDX maps due to the surface sensitivity of FIB-FS and the
higher detection limits of the trace metal dopants at these conditions allow for Al
and Fe detection when EDX fails.

656.279 nm (see Appendix 5.3). Figure 5.3 shows an example of how different
parts of the spectra and different acquisition times result in detection of different
elements. In the case of Li, the emission occurs in the VIS range, near 671 nm,
where the Ni/Co/Mn occur closer to the UV range between 300 nm and 400 nm.
Because of the spectral response of the optics, two different gratings — one blazed
at 500 nm and one blazed at 300 nm — and two different transmission optics —
VIS-NIR and UV-VIS — are used to improve the efficiency of the collection in their
respective dynamic ranges.

The NiMnCo mixed metal forms the base of the cell, but it is not uncommon
for developers to dope the structure with trace amounts of other metals for perfor-
mance and longevity improvements. Aluminum presence will lend to a heighten



5.2. CATHODE ANALYSIS 105

18.0K

16.0K

14.0K

12.0K

(a) 10.0K
B.0K|

6.0K

4.0K

20K AlK

0050 0.33 0.66 099 132 165 198 231 264 297 3.3¢

S8.0K
52.2K
46.4K
40.6K
34.8K
(b) aaoK NiL Nik
23.2k
17.4K I
116K

]
Cal
. Mn K CoK
5.8K Mnl ALK ‘ Fe K

0% 13 26 39 52 65 78 91 104 117 130

Figure 5.5: EDX summed spectra of a Li ion battery NMC cathode from 573
pC/um? at 5 keV (a) and 20 keV (b) SEM energies. Higher SEM energies result
in detection of the Ka major transitions, but lower spatial resolution while 5 keV
yields higher spatial resolution at the expense of spectral identification. Al and Fe
are force-identified and we note that the peak at 6.5 eV is the Mn Kp; transition
and not the Fe Ko, and Kas,.

initial capacity, while iron denotes anti-site defects, and structural stability is gen-
erally associated with magnesium [230,231]. As is the case with Li, the distri-
bution of these dopants is important to gain an understanding of their reactivity
during the charge and discharge cycles. Figure 5.4 are the results of a map
taken with 30 keV Ga™ at 518 pC/um?. Compared to the EDX maps, it is easy
to see an increase in the signal to noise, increased spatial resolution, and the
ability to detect the trace metals Al and Fe. In order to ensure the conclusion,
the mapping of the Al and Fe spectral bins are forced and compared to the back-
ground Bremsstrahlung signal. In this case, the map will plot the raw counts of the
spectral signal located at 1.87 keV for the Al Ko and 6.4 keV for Fe Ka to demon-
strate that any contributions to the map are mostly fluctuations of the background
Bremsstrahlung signal.

Comparison of the detection limits and spatial resolution between FIB-FS and
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EDX highlights a common trade-off experienced with EDX. For the energies re-
quired to detect the most efficient Ka transitions of the Ni, Co, Fe and Mn, the
interaction volume of the SEM limits the EDX spatial resolution to ~1um, whereas
the energy of the FIB yields an interaction volume ~30 nm allowing for high sur-
face sensitivity and higher resolution images. When the landing energy of the
electrons is lowered to 10 keV or 5 keV, an increase in the spatial resolution is
observed for Ni and Co, but the excitation energy is no longer able to efficiently
excite the Ka transitions. Figure 5.5 shows the sum spectra of the sample under
5 keV and 20 keV SEM energies at the same dose. While a much improved spa-
tial resolution is realized at 5 keV, the excitation of the sample elements is limited
to the lower energy La transitions and is more subject to spectral overlaps and
decreased signal to noise and confidence compared to the Ka major transitions
enabled at higher energy. At the higher energy the Fe Ka transition appears to be
observed, however, upon closer examination the peak is slightly shifted towards
6.5 keV instead of 6.4 keV indicating that it is more likely the Mn Kg; transition
at 6.49 keV as opposed to the Fe Ka; and Kay, peaks at 6.4 keV and 6.39 keV,
respectively. This is further evidenced by its lack of appearance in the map and
that we force the software to look for Fe and Al trace concentrations (see Al label
in Figure 5.5(a)).

Depth profiles of the dopants were also taken to confirm that the distribu-
tions are not a surface artifact or contamination, but a structural dopant persistent
through the NCM crystal body(see Figure 5.6). It is worth noting that this process
is not possible with EDX alone, as EDX is not a depth-profiling technique.

The distributions of the trace elements in Figure 5.4 are interesting since it
appears that the dopants are concentrated in specific lattice sites on the bulk Ni-
Co crystal. In order to confirm that the maps are consistent with the true form
and to benchmark the performance of FIB-FS to an established technique, the
sample was analyzed with a ToF-SIMS system. The results are in Appendix 5.3
and are in excellent agreement with the distributions found with FIB-FS.

5.3 Lilon Battery Validation

5.3.1 Hydrogen Detection Validation

Additional post process analysis can easily be done on the pixels in Hyperspectral
FIB-FS maps to confirm conclusions about local concentrations. One method is
averaging only the spectra of pixels contained in a region of interest to ensure the
map or count value is not an artifact or background noise. This process is used
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(a)

0

Figure 5.6: FIB-FS depth profile of Mg trace metal dopant distributions in NMC
lithium-ion battery cathode from 30 keV Ga™. (a) 2D frame averaged FIB-FS map
of the Mg dopant taken top-down (1.3 nC/um?). (b) 3D volume of the same data
showing that dopants are implanted throughout the sample volume (2.7 pC/um?
per frame).

in Figure 5.7 in order to confirm the presence of H in the questionable particle.
Here, the spectra contained in the orange box are averaged together to show the
hydrogen spectral peak located at 656.3 nm and confirm the spectral composition
of the region as opposed to any artifacts or broadband emission which might
appear in a simple raw count analysis.
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Figure 5.7: FIB-FS Hyperspectral map of NMC cathode and regional average
spectrum showing clear hydrogen concentration within the cross-sectional area.
Only the pixels contained in the orange square are considered.

5.3.2 ToF-SIMS Validation

With any new technique, it is important to cross-reference and benchmark the
claims with existing and established techniques. Since EDX was unable to verify
the trace element, Li, and H results found with FIB-FS in the battery sample, it
was tested with a Ga*™ FIB ToF-SIMS in a different lab. The following Figures
D.1, 5.9, 5.10 show the results from the ToF-SIMS measurements, providing the
supporting evidence that the results garnered from FIB-FS in Chapter 5 show the
true form of the sample structure.

5.4 Anode Analysis

In addition to analyzing an NMC cathode, a graphite/silicon (Si-C) anode was
examined. Analysis of these materials for their elemental distributions is impor-
tant to make interpretations of Li mobility back and forth from cathode to anode
during the cycling process or to determine production recipes based on the trace
element location in the binder. In particular, this anode is comprised of SiO,
and graphite particles suspended in a mixed CMC and PVDF binder, which dur-
ing production is baked at a temperature that allows the binder to distribute evenly
throughout the graphite particles and set. The temperature of this binder is critical
to allow the binder to set without separating the two components, which severely
degrades the operation of the anode if not properly set and distributed. The only
way to view the binder distribution is to map the chemical differences in the cross-
section to show uniformity and distribution. Since the chemical composition of
the two binders overlap and are complicated by the bulk reference material in
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Figure 5.8: Ga™ FIB ToF-SIMS elemental maps of the NMC cathode used in this
report taken with 30 keV 147 pC/um? conditions. Qualitative comparisons of the
chemical maps to those collected with FIB-FS confirm the elemental distributions.

graphite, the only way to visualize the binder is through the trace sodium in the
CMC binder (CgH3NaOg). Tackling of this problem with EDX and FIB-FS provides
an excellent solution that echoes the results of the cathode: FIB-FS picks up the
trace Na (1-2 wt.%) and the Li, while EDX picks up the C, O, and Si, making the
two techniques highly complementary.

Figure 5.11 shows the graphite/silicon anode cross section alongside the Li
| map at 670 nm and the Na | 2p°3p(*P§ ;) — 2p°3s(*S1) maps. Silicon and
graphite particles are suspended in a CM2(732 and PVDF binder and are identified
with the EDX results shown in Figure 5.12. Utilization of both EDX and FIB-FS in
this example reveal how correlative images are used to play to the strengths and
weaknesses of each technique.

Detection of sodium distributions within the sample is significant due to its
low concentration in the electrode (1 -2% for CMC). Despite its low presence,
its distribution shows a strong concentration at and around SiO, particles with a
mostly uniform displacement through the height of the binder. Since both Li and
Na show high concentration around the SiO, particles, which might indicate that
mobility of Li is reduced in these regions. If so, both the Na and Li can undergo a
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FIB ISE SE image, 430pA at 30kV

1H- TOF SIMS image

Figure 5.9: H= maps of the NMC cathode collected from ToF-SIMS for compari-
son. 30 keV Ga™, 317 pC/um? conditions.

¥ {jam]

Figure 5.10: Li* map of the NMC cathode collected from ToF-SIMS for compari-
son. 30 keV 147 pC/um? conditions comparable to the FIB-FS Li map.



5.4. ANODE ANALYSIS 111

Na | (588.9 nm) Li | (670.7 nm)

(a) (b) (c)

Figure 5.11: Cross-sectional FIB-FS analysis of Si-C anode. (a) Secondary elec-
tron image. (b) FIB-FS map of Na at 588.9 nm showing the Na distribution
throughout the sample. (c) FIB-FS map of Li at 670.7 nm. The cross-section
is cut with the same beam used for FIB-FS.

Figure 5.12: EDX maps of the Si-C anode cross-section showing C graphite, SiO,
particles, and a Na map for comparison.
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performance-reducing chemical process in which the oxidized surface becomes
terminated and contributes to the growth of insulating films on the anode which
ultimately impede charge transfer and reduce lifetime [224,232,233]. The image
is also surprising as the sample has been cycled and discharged, so little lithium is
expected to be present within the anode since most should return to the cathode.
Some lithium presence is expected at the surface where the anode is in direct
contact with the electrolyte, however, large distributions within the cross section
suggest local trapping sites along SiO..

5.5 Conclusions

To develop better performing batteries, understanding of failure mechanisms and
the effects of various dopants or chemistries on performance is critical. The mo-
bility of lithium from cathode to anode is what drives performance while its im-
mobility is what leads to degradation. Formation of defects through electrolysis
and hydrogen interactions lead to cracking, film development, and capacitance
degradation. Therefore, the ability to visualize lithium, hydrogen, and trace el-
ement distributions within both cathode and anode is fundamentally needed to
draw conclusions about battery performance and characterization. The results
presented here have demonstrated the capabilities of the FIB-FS technology to
be applied to battery applications and have been compared to existing techniques
of EDX and SIMS.

The biggest takeaway is not that FIB-FS is a catch-all technique, but rather
that it is an ideal complement to EDX. FIB-FS plays to its strengths by excelling at
areas of weakness for EDX. While EDX will easily detect heavy and electroneg-
ative elements in bulk quantities without sample damage or destruction, FIB-FS
provides excellent light element detection like lithium and hydrogen as well as
trace element mapping and extreme surface sensitivity leading to higher spatial
resolution. Like the ToF-SIMS, FIB-FS enables multimodality of the FIB, yet the
nature of spectroscopy with high resolution gratings and short bandpass filters
avoid mass/charge overlap challenges, sample charging, and provides a simple,
cost-effective, analysis add-on to FIB-SEM systems.



Chapter 6

Fundamental Insight from FIB-FS

6.1 Introduction

When a beam of charged atoms bombards the surface of a material, a variety
of particles will be ejected from the surface. Elastic collisions between the in-
cident ions and substrate surface atoms may cause some of the incident ions
to be backscattered, while inelastic collisions will cause the ejection of electrons
(secondary electrons or SEs) and substrate atoms in a process called sputtering
described in section 2.2. While the vast majority of sputtered substrate atoms
will be ejected into a neutral state, a fraction of the population may be ejected
in an ionized state in the form of secondary ions (Sls), which can then be col-
lected and separated by mass to perform elemental analysis in a process called
secondary ion mass spectrometry (SIMS) [16,36—-38]. A still smaller fraction of
the sputtered atoms will be ejected into an electronically excited state, whereby
upon deexcitation, will release a photon with energy indicative of its electronic
structure in processes described in section 2.3. These photons can be collected
and separated through spectroscopic techniques for elemental analysis in meth-
ods outlined in Chapter 3 and with the high-performance metrics in the nanoscale
regime presented in Chapter 4.

The limitations described in Chapter 4 are fundamental and depend directly
on the interaction of the incident ions with the substrate in the collision cascade.
Through the implantation volume and the probe size, the limitations are inher-
ently coupled to the photon emission yield (see section 4.2) and present another
fundamental limitation to the performance of FIB-FS. In other words, strength of
signal will determine the minimum amount of ion dose required to collect a spec-
trum, which subsequently determines the magnitude of ion-sample interactions.
Therefore, a deeper understanding of the mechanisms at play in the formation of
excited states in sputtered atoms is desired to establish the role of FIB-FS and its

113
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modes of operation in the workflow of modern FIB systems.

Despite a large body of literature surrounding photon and ion emission from
sputtered atoms, a unified understanding of the mechanisms that govern the both
the formation processes of sputtered ions and excited atoms has yet to come
forward. By the nature of their emission, secondary ion and photons are often
compared and models proposed to describe the mechanism of ionization have
been adopted and prescribed to photon emission. Two models — resonant elec-
tron tunneling [134, 145] and molecular bond-breaking [55, 156] — have had suc-
cess in their application to secondary ion emission by describing a delocalized
and localized interaction of the particles, respectively. Still, these two models
fail to describe all experimental observations, and SIMS remains subject to the
dynamic changes in the bombarding region and matrix effects inherent to each
unique sample [234,235].

When used to describe the mechanism leading to the excited state popula-
tion of sputtered atoms prior to the emission of photons (see section 2.3), each
has fallen short in accurately describing the body of experimental data for pho-
tons. Bond-breaking models are unable explain the excitation of states with en-
ergies that lie above the maximum energy allowed in the adiabatic to diabatic
transformation [96, 118, 125, 155], while reports on population distributions are
widely varied and provide conflicting evidence for resonant electron tunneling
models [79,80,161-164,164—174].

The capabilities of FIB-FS enable the exploration of the excitation mechanisms
in new ways. The high efficiency collection allows for observation of low-yield pho-
ton and ion emission at current and ion flux scales previously unexplored, while
the integration on a FIB allows for direct-write and controlled modification of the
sample surface at the nanoscale to probe local chemical impacts on the photon
emission. The following presents a study of both excited sputtered magnesium
neutrals (Mg ) and excited sputtered magnesium ions (Mg Il) in different oxygen
environments and under various primary ion species bombardment conditions.
Changes to the population distributions of excited states are reported by compar-
ing relative photon yields and find them to be dependent on primary ion mass,
energy, and flux regimes. By comparing signals from Sls, Mg I, and Mg Il in
such environments, it is shown that their emission cannot be explained with the
existing resonant electron transfer or other previously proposed models, and that
different mechanisms may exist for each species. Furthermore, the photon yield
behavior of Mg | and Mg |l signals under different primary ion energies and fluxes
provide evidence that these mechanistic effects contribute to the photon yield in
all measurements and that an optimization condition exists to maximize the ab-
solute photons yields. The results are discussed in the context of adsorbed and
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implanted oxygen concentration, and its impact on the analytical applications of
the FIB-FS technique.

6.2 Method

The experiments reported in this work have been performed on a Thermo Fisher
Scientific Hydra multi-ion species FIB-SEM system that has been outfitted with
both optical detection systems described in Chapter 3 and is outlined in Figure
6.1. The FIB originates from a plasma source and delivers ions at energies from
500 eV to 30 keV described in Appendix A. The system is equipped with Xe,
Ar, O, and N gases (99.999%) that can be interchanged in a matter of minutes
through vacuum systems in the plasma source cell and without venting the main
chamber sample region. The ions are focused to a spot on the order of 10s-
100s of nanometers (beam energy and mass dependent) through a series of
electrostatic lenses and precisely scanned across the sample surface. The main
specimen chamber pressure maintains 1.5 x 10~¢ Torr, consistent with operating
vacuums of Thermo Fisher systems.

The elliptical mirror depicted in Figure 6.1 (a) and the insertable mini-probe
described in section 3.3.1 with UV-VIS optics are used in two different schemes
to test the photon emission under different environments. The mirror is used to
collect photons with high efficiency for implantation and steady state irradiation
while the insertable mini-probe is used to collect photons in a variable gas en-
vironment modulated by an insertable gas injection system (GIS). The mirror is
retracted via the substage system to allow the insertable mini-probe to be pneu-
matically inserted and retracted from a port on the side of the main specimen
chamber. By mounting the insertable mini-probe body at a different angle to the
coincident point, the GIS nozzle is inserted past the optic and placed microns
away from the target surface. Oxygen gas is delivered through the nozzle, al-
lowing for photon transient behavior to be observed in situ. The detection chain
is absolute irradiance-calibrated with NIST-certified deuterium-tungsten and halo-
gen lamps for each grating and grating acquisition angle, which is used to correct
for the spectral response of the system and deliver an absolute photon yield mea-
surement [photons/sputtered atom].

Two different modes of photon collection are used: Hyperspectral Mode and
Kinetic Survey Mode. In Hyperspectral Mode, a predefined region and resolution
is set for the FIB to scan and the EMCCD exposure time is linked to the dwell time
through a NIST data acquisition card that interfaces with the FIB deflection board
such that a complete photon spectrum is collected at each pixel. A typical Mg
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Figure 6.1: Overview of the concepts involved in the emission of Mg | and Mg I
and their detection with FIB-FS. (a) Schematic illustration of the high efficiency
hardware developed and used to perform spectroscopic analysis on sputtered
particles. Photons emitted by the ejected atoms are coupled to a fiber optic by
positioning an elliptical mirror above the incident point, which is then transmitted
through a vacuum/atmosphere interface and into a spectrometer which is linked
to the FIB scan to collect spatially resolved spectra in a region of interest. (b)
Depiction of the various types of particles emitted during the ion bombardment
process. The majority of ejected particles consists of secondary electrons (SEs)
and sputtered neutral atoms, while smaller populations of backscattered primary
ions, positively and negatively charged secondary ions (Sls), excited sputtered
neutrals (Mg I), and excited sputtered ions (Mg Il) are ejected. When an excited
sputtered atom or excited sputtered ion leaves the surface, it can relax to a lower
state through emission of a photon with energy hv. () Typical spectrum from the
deexcitation process collected from Mg under 30 keV Xe*™ bombardment showing
Mg | and Mg Il transitions. (d) Grotrian diagram of the transitions observed in this
study and indicated in the preceding spectrum. The energy scale is referenced to
vacuum = 0 and the ionization energy of the ground state of Mg neutral and Mg
ion, respectively.
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spectrum is shown in Figure 6.1 (¢). In post processing, these spectra are aligned
to the shape of the scan pattern and the spectral lines of interest are integrated.
The resulting integrated count value is displayed in each pixel resulting in spatially
resolved maps of the integrated peak or transition (i.e. chemical map). In Kinetic
Survey Mode, the scan rate of the FIB and the exposure time of the EMCCD
camera are decoupled such that multiple spectra are acquired in series over a
defined length of time while the FIB continuously scans a region of interest with
a set of independent scanning parameters. The spectra are similarly analyzed,
yielding a time-resolved measurement of the integrated peaks/transitions.

Single crystal magnesium (0001) was chosen due to its relatively simple elec-
tronic structure: only a handful of transitions are allowed, being bound by strong
spin-orbit coupling and minimized cascade emission through the existence of the
3s3p 3P’ metastable state shown in Figure 6.1 (d). For each measurement, the
magnesium is sputter-cleaned with 1 pA of 30 keV Xe™ for 2 to 3 minutes to re-
move the native oxide layer and to equally amorphize the crystal structure prior
to irradiation, thereby reducing contributions from initial transients, channeling, or
time evolution of an amorphized layer. Sputter rates are empirically measured at
each energy and for each ion species by milling multiple boxes on the cleaned
region and measuring the volume removed with the SEM.

The absolute photon yields as a function of ion flux and incident ion beam en-
ergy reported here are performed in the Kinetic Acquisition Mode once a steady
state has been achieved under ion irradiation. lon flux is controlled by tuning the
surface area of irradiation with the scan parameters of the ion beam for a given ion
beam current. Since different ion accelerating voltages and primary ion sources
can lead to different currents for the same aperture, the currents are adjusted to
keep the ion flux range and respective surface area of irradiation within the maxi-
mum field of view determined by the collection optics. Each box mill is serpentine
patterned with 1 us dwell and 50% beam pitch overlap, such that each spectrum
contains hundreds to thousands of passes over the surface area. The spectra
are then averaged together to give the final yield value for a given exposure time
and repeated two more times and averaged again. Photon yields are calculated
by fitting the spectral peak to a composite Gaussian model and integrating the
resulting form. The photon counts are then corrected by the spectral response
of the detection chain and adjusted by the volume removed during the exposure
time. The atoms removed is determined by the empirically measured volume re-
moved and assumed Mg density of 1.74 g/cm3, yielding photons/sputtered atom
unit.
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6.3 Results

The sensitivity and accuracy of the FIB combined with its switchable source chem-
istry allows for direct writing and implantation of oxygen atoms into the magne-
sium surface at predefined areas. This is to investigate photon emission behavior
on a localized, site selective basis. Figure 6.2 shows a region of magnesium that
was first cleaned with a Xe™ plasma FIB, followed by irradiation with the O FIB
in a pattern, then switched back to Xe™ for a hyperspectral map. After sputter
cleaning with the Xe* plasma FIB, the ion source chamber is quickly pumped of
Xe gas with a turbomolecular pump, then filled with O gas and ignited to form an
O plasma. A bitmap of the UTS logo is loaded into the patterning engine and the
image is patterned into the region using the O* beam at 30 keV and 100 pA for
3 minutes. The source is then changed back to Xe™, and a 2D elemental map is
taken of the area in Hyperspectral Mode. The resulting spectra are integrated over
the Mg | 3s3d *D1 25 — 3s3p *Py 12 triplet and the Mg Il 2p54d 2D%7g — 2p3p QP%%
doublet peaks to create the chemical maps of the region from the same acquisi-
tion. The enhancement of the Mg | signal is clearly seen through the depiction
of the logo in the Mg | map, demonstrating a localized effect of the implanted
oxygen. The spectra in the regions defined by (a) and (b) of the figure are av-
eraged together and graphed below the image to further display the preferential
enhancement of the Mg | yield at 383 nm/384 nm (observed as second order
spectral lines at 766 nm/768 nm) as opposed to the Mg Il yield at 787 nm/789 nm
at the same pixel location, which sees no enhancement.

Time-resolved measurements of Mg | and Mg Il signals under increased oxy-
gen adsorbate concentrate through the injection of O, at the surface of the sub-
strate show similar increases in the Mg | yield, but a decrease in the Mg Il yield.
Figure 6.3 shows the transient behavior of the Mg | triplet from the 3s4s 3S; state,
the Mg Il doublet from the 2p°4d 2D%,g state, the O I triplet from the 25%2p*(*S°)3p °P3.5.1
state, and secondary ion signal under 30 keV Ar* irradiation at normal incidence.
Oxygen gas is injected during the 45-95 second timeframe and the counts are
normalized to give relative yields. In the first 45 seconds, the Ar™ beam removes
the native oxide layer present at the surface and an inverse relationship between
the Mg | and Mg Il emission is observed as it approaches the steady state. Oxy-
gen gas is introduced at 45 seconds and an order of magnitude enhancement
occurs in Mg | echoing the results of Figure 6.2, until the yields reach a new
steady state determined by O, gas arrival and removal. When the precursor is
shut off around 95 seconds, a similar process to the initial transient is observed
through the removal of surface oxide and knock-on implanted oxide during the
exposure.
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Figure 6.2: 2-D Hyperspectral maps of the excited magnesium neutral (Mg 1)
emission at 766 nm & 768 nm (second order of 383 nm/384 nm) and the excited
magnesium ion (Mg Il) emission at 787 nm & 789 nm from a region patterned
with the University of Technology Sydney logo using direct-write O implantation.
Oxygen atoms are implanted by the FIB only in the region defined by the UTS
logo and the letters “UTS”. Two regions are marked in the hyperspectral map (a)
and (b) where the spectra contained in those pixels are averaged and displayed
below. The spectra contained in region (a) show preferential enhancement of
the Mg | emission with no enhancement seen for region (b), showing a direct
influence of the localized implanted oxygen on the excitation mechanism for Mg |
and not Mg II.
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Figure 6.3: Transient measurements of the secondary ion emission (Sl) and pho-
ton emission from excited Mg neutrals (Mg I), excited Mg ions (Mg Il), and ex-
cited oxygen neutrals (O 1) sputtered under 30 keV Ar*. The Sl collection is not
mass-separated and includes detection of all positively charged ions leaving the
surface. Oxygen gas is introduced to the sample surface at the 45 second mark
and an immediate enhancement is observed in the Mg | and Sl signals, however,
a sharp decrease is seen in the Mg |l signal, demonstrating a reliance only on
the decreased sputtering yield as a result of the oxidized surface. Despite the
decrease in sputtering yield, the Sl and Mg | signals increase by an order of mag-
nitude — a result of a chemical enhancement preferential to Mg | and Sls.
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Surprisingly, an inverse behavior in the relative yield between the Sl emission
recorded by the ion detector and the Mg Il emission recorded by the spectrom-
eter. During oxygen exposure, an enhancement in the Sl emission is observed
in agreement with common observations for secondary ion emission in similar
experiments [100, 155,236], but a decrease in Mg Il is observed. It is commonly
known that O, gas on Mg and other metals will induce a decrease in the sputter-
ing rate between 2-5x [98, 100, 101]. The influence of the oxygen gas on the Mg
| and Sl yield has a mechanistic enhancement that is exponentially greater than
the decrease in the sputter rate, so an increase in signal is still readily observed
despite the lower sputtering yield. It is clear by Figures 6.2 and 6.3, however, that
no such chemical enhancement mechanism exists for Mg Il. Instead, the behavior
of Mg Il in Figure 6.3 is explained simply by the O, gas presence inducing a de-
crease in the overall sputter rate that is subsequently observed and uncorrected
for in the Mg Il relative photon plot.

While Figure 6.3 shows two extremes of oxygen concentration, Figure 6.4
explores a gradient of oxygen coverage through photon emission in the steady
state of various primary ion fluxes and mass. Three difference Mg | transitions
are monitored along with two Mg Il transitions to record the behavior at each con-
dition. The transitions lie at different energies relative to the vacuum as depicted
in Figure 6.1 (d). A clear decrease in the Mg | signal is observed with increasing
ion flux while only a slight decrease is seen in Mg Il under all primary ion species
except OF.

When put into the context of oxygen absorbate concentration, the results can
be compared to Figures 6.2 and 6.3 through the rate of removal at the surface.
For a given ion flux, the volume removal rate will increase with ion mass, while
for a given mass it increases with ion flux. A crossover point at roughly 3 pA/um?
shows more efficient photon yield for Mg Il at these conditions with Xe™, while
the same condition does not occur until 10 pA/um? for incident Ar* at the same
energy. Comparing to N* and O™, it is easy to see that the same level of flux de-
pendence is not achieved, and that a more consistent photon yield is maintained.
In the case of N*, the sputtering rate is so low that high fluxes are required to
overcome adsorbate rates. In the case of O", a regime is never achieved due to
the continual replenishment of implanted oxygen from primary ion beam. There-
fore, the results are consistent with the behavior associated with the charge state
of the sputtered atoms from Figures 6.2 and 6.3, extending the observation to
other excited states of the neutral and ionic species.
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Figure 6.4: Absolute photon yields [photon/sputtered atom] of sputtered magne-
sium neutrals (Mg |) and sputtered magnesium ions (Mg Il) plotted as a function
of incident ion flux [pA/um?] for 30 keV Art, Xe*, O", and N*. Two different
regimes are observed with a crossover point marked by the dashed line: ad-
sorbed oxygen-depleted and oxygen-rich surface composition. In the oxygen-rich
regions at low flux, Mg | is dominated by the chemical enhancement from the
oxygen presence while Mg Il is only impacted by the reduced sputtering rate. In
oxygen-depleted regimes, Mg | yield undergoes exponential decrease by the re-
duced concentration of oxygen and its impact on the chemical enhancement via
the flux.
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6.4 Discussion

While it is well known that the presence of O, gas can lead to an order of mag-
nitude increase in both Mg | and Sls, there are very few accounts of excited
secondary ions under such conditions. The vast majority of prior research ob-
serve metastable and short-lived excited states of sputtered neutral atoms, while
only a handful of authors ever report seeing photons from excited sputtered ions
[89,91,92,103,108,111,115,158-160]. Qualitatively, the behavior of Mg | re-
ported here is consistent with prior reports that show enhancement of the photon
signal from neutrals with increased oxygen presence through oxygen chamber
pressure and in comparisons between metals and their metal oxides counter-
parts [89, 98, 100,101,103, 108, 155, 158—-160, 236]. The response of the Mg Il
signal, however, is surprising and doesn’t show any mechanistic dependence on
the oxygen presence outside of pedestrian kinetic dependencies on the sputter-
ing rate. If it is believed that the population of electrons into excited states is
inherently a fundamental process of a departing particle, then it is expected that
the core mechanism of excitation should be the same between departing neutrals
(Mg I) and ions (Mg II). As such, any model used to successfully describe Mg |,
must also describe the dissimilar behavior of Mg Il based on some characteristic
difference between Mg | and Mg Il that acts as a variable to the probability for
excitation.

Looking to prior research, one variable that may be considered is the oxy-
gen adsorbate concentration that increases the yield through a molecular bond-
breaking process. The bond breaking model described by Yu [156] and extended
for photons by others [155], describes a charge exchange process at the cross-
ing of diabatic covalent potential-energy curves of the dissociation of a metal (M)
oxide (O) molecule M-O into M 4+ O~ when the atoms are moving away from
each other. The potential energy curve that describes the transition from its fun-
damental state of M-O will cross multiple potential energy curves that describe
excited states M* + O, see Section 2.3.3.

There are two natural consequences of this model. The first is an upper limit
of the excitation energy of the metal atom being bound by the ionization energy
I of the metal atom and the electronegativity £ A of oxygen: AE =1 — EA. The
second is that for simple wavefunctions, the transition matrix decays exponentially
with increasing energy (i.e. interatomic distance R), making population into high
lying excited states very unlikely. The bond-breaking model is well known to be
successful in describing SI enhancement from oxygen, so it is no surprise that the
Sl and the Mg | behavior in Figures 6.2 and 6.3 agree qualitatively. The existence
of Mg II, however, prohibits the application of this model by the imposed upper
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limit while the proclivity for Mg Il emission over Mg | in oxygen depleted regimes
in Figure 6.3 all but invalidate it.

Electron tunneling models describe these differing yield behaviors based on
the departing atom’s velocity and the electronic structure resonance with the bulk
valence and conduction bands. There are two channels that describe the prob-
ability of the atom leaving in an excited state: electron transfer from an excited
atom to empty states in the surface conduction band in a non-radiative resonant
ionization process proposed by van der Weg [105]

P(o) = exp (_i) 6.1)

av |

and resonant electron transfer from loosely bound electrons near the Fermi level
of the surface to an outgoing ionic core proposed by Veje [158]

av |

P(v)=1—exp (—i) (6.2)

where A and a are constants for transition rates of radiative transfer above the
surface and v, is the departing perpendicular velocity. Constant « is determined
by the overlap of the atomic and bulk metallic electron wave functions with A
being constant rate.

In the first expression (6.1), excitation is described as a static or constant rate
determine by the natural evolution of the collision cascade where only the sub-
sequent deexcitation of the atom may occur by resonant ionization to available
states above the Fermi level, followed by resonant neutralization into the ground
state or Auger-neutralization. In this situation, the sputtered atom’s probability to
escape without losing its excited electron through nonradiative transfer is deter-
mined by its normal velocity component — i.e. if the atom is moving away from
the surface faster, then the atom has less time to interact with the surface and
can escape the region, being forced to deexcite radiatively. The total photon
emission can then be described as being proportional to the maximum velocity
v [91,92,127]:

Y < J S exp (—i) (6.3)

AV,
where J is the ion current density and S is the sputtering yield. When the maxi-
mum velocity v,, corresponds to the maximum energy transferred from the ion of
mass M; and energy E to target atom M,:

7.72x10'2 M, Ey\ V2
Upy = ( Gf T M2;2 1) (cm/s) (6.4)

then the transfer rate of A/a can be found by fitting In [Y/(.JS)] vs 1/v,,. When
measuring photon yields with varying incident ion energy E; (or v,,), an expo-
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nential decrease is found at low energies and values for A/a are extrapolated
[87,89,91,92,127,148].

When used to describe enhancement from oxygen, non-radiative transfer de-
termined by A/a is blocked by the existence of a forbidden band gap in the case
of metal oxides or by a modified work function that raises or lowers the occupied
states at the surface in and out of resonance with the departing atom’s excited
state electronic structure [30,93-95,97,109, 125,128,237,238]. Together, the en-
hancement of oxygen along with the lower yields at low ion energy bombardment
have led the model to be used numerous times to describe neutral atom photon
emission.

The second expression (6.2) describes the reverse process in which the elec-
tron is transferred from the bulk/surface into the departing atom’s excited state. It
was proposed in order to explain disparity of results with the van der Weg model.
For example, the transition rates A/a found when changing ion bombardment en-
ergy in [91,92,127] are all almost identical despite the several eV differences in
the excited states and their positions above and below the Fermi level. While
Veje did not look at velocity explicitly when first proposing the model, he ob-
served preferential population of Mg ion excited states over the excited neutral
atoms. He related this distribution to the fact that the surface electronic structure
was in more in resonance with the final excited states of the ionic species than
the neutral states, attributing it to transfer from the surface to the atom by A/a.
Others report similar preferential populations in sputtered metastables and found
that excited states were actually travelling slower than the ground state atoms
for any given bombardment energy [79, 161-164, 164—170, 173, 174]. Further-
more, higher velocity distributions of excited states from oxidized surfaces were
reported [98,101,141,163], contrary to expectations from equation (6.1). In other
words, if the non-radiative pathways are blocked by oxygen, then slower particles
should be expected to survive. Thus, under the van der Weg model clean metals
should see faster velocity distributions while oxidized metals should see slower.
Under Veje’s model, however, the effect is alternatively explained by a lowering
of the work function that increases the rate of population into the faster moving
species [163].

Comparison of the current data to these models needs to consider all of these
prior observations. It is clear from Figures 6.2 and 6.3 that oxygen has a direct
and preferential enhancement of the Mg | state and not the Mg Il. When the model
proposed by van der Weg and described in Equation (6.1) is applied in these
experiments, it does not agree. If the work function of the Mg surface is taken
to be 3.64 eV [239-241], then the excited states of the 3d and 4s Mg | states in
Figure 6.2 and 6.3 are 1.94 eV and 1.1 eV above the Fermi energy, respectively,
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while the 4d Mg Il state is only 0.714 eV. Therefore, if a decrease in the work
function or a forbidden gap is introduced to block non-radiative transfer of the Mg
| states to the conduction band, it must also block the non-radiative transfer of the
Mg Il state so a relative enhancement of this transition is expected. This is not
the case and the reverse behavior is actually observed.

In fact, it appears as though Veje’s model might be a good fit. On the clean Mg
surface, the 4d Mg |l state is in resonance with the Fermi level of the bulk and sees
higher population than the higher lying Mg | 3d and 4s states. As oxygen is in-
troduced to specific sites in Figure 6.2, the electronic structure is locally modified
through a decrease in the work function around 1-2 eV such that the resonance
is matched with the Mg | 3d state, enhancing the photon emission while the Mg Il
state is then out of resonance. The same effect is experienced globally in Figure
6.3 to enhance the 4s state of Mg |.

Unfortunately, the model begins to fall apart when observing multiple states
of Mg | and Mg Il in oxygen-depleted and oxygen-rich environments like those
shown in Figure 6.4, which shows the enhancement of Mg | states by oxida-
tion from the ambient chamber pressure as function of ion flux. The adsorbate
concentration N, of adsorbate a in the steady state of a given pressure, temper-
ature, and sputtering rate is inversely proportional to the bombarding particle flux
N, x 1/ f [242].

By modifying the incident ion flux in the steady state in Figure 6.4, moderate
adsorbate concentration environments are probed. If a modification to the elec-
tronic structure of the surface is imposed as a function of adsorbate concentration,
then the states may be seen as going in and out of resonance with the sputtered
particle’s electronic structure. When considering the two Mg |l states with respect
to the Fermi level, there are two key observations that contradict a tunneling ef-
fect: (i) the fact that both 4d and the 3p states are inversely proportional to the Mg
| states despite their large difference in resonance with the bulk structures and
(if) the Mg | 3p and the Mg Il 4d state are only separated by 0.16 eV and are both
near resonance with the clean Mg Fermi level, but respond inversely to the same
perturbations. Even if the states prior electronic configuration instead of the final
configuration is considered - i.e. Mg | 3s3p is treated as Mg Il 2p°3p and Mg Il is
Mg Il 2p°3p - then all the states adjust by the respective ionization energy and
fall well below resonance level so the same argument holds. Any argument made
in favor of resonant transfer under the conditions of oxygen concentration, work
function changes, and resonances with the bulk electronic structure may hold for
one case in Mg |, but do not hold for both Mg | and Mg Il. In other words, either
resonant electron transfer is not a dominant process in any excitation mechanism
or there exists an entirely separate mechanism that populates the Mg Il states.
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Figure 6.5: Mg | peak ratios of the measured excited states relative to the singlet
ground state transition, showing a change in the population distribution of excited
states as a function of incident ion beam flux and ion mass. Since all each data
is taken in the same acquisition, the peaks are simply divided by the integrated
counts. Note that higher lying 3d state plateaus at higher flux (lower oxygen cov-
erage) than the 4s state when decreasing ion flux.

A closer examination on the states of Mg | can reveal further inconsistencies
with the resonant transfer model. By taking the data in Figure 6.4 and graphing
the raw photon counts relative to the ground state transition 3s3p'P to 352, a rel-
ative population distribution of the 4s and 3d excited Mg | states can be found.
Figure 6.5 shows the Mg | states relative to the ground state transition for each
of the primary ion masses. An interesting observation is the plateau of the 3d
state before the 4s state with decreasing ion flux. This is surprising considering
that the work function should be decreasing from 3.64 eV with increasing oxygen
at lower ion fluxes. Since the 3d state lies roughly 0.84 eV above the 4s state,
it is expected that the 3d state population should continue to increase with more
oxygen coverage and that the 4s state should begin to plateau at a higher flux
value, but the opposite is observed.
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It is important to note that the results presented above do not contradict prior
results. In fact, Veje observed the preferential population of Mg Il excited states
over the Mg | atoms and related this distribution to the surface electronic structure
in order to develop the resonant electron transfer model [158—160]. The key dif-
ferences are that Veje performed his experiments in the steady state at a single
ion flux and that he did not observe all Mg Il emissions (specifically he did not
measure the 4d state), using a snapshot to build the model. Figure 6.4 shows just
how variable the population of excited states can be at any given flux or current
density and highlights the importance of vacuum conditions. In later reports, Veje
was able to measure the Mg | and Mg Il vs oxygen pressure and his results are
mixed [103]; some transitions are enhanced with others are suppressed. While
Veje’s observation of the Mg Il 3p population matches the behavior shown here,
again the 4d state was not observed and the mixed results between the differ-
ences in the ionic vs the neutral species are left without discussion [89,103, 108].

The results also don’t immediately conflict evidence in prior reports related
to the photon yield as a function of incident ion landing energy. The reports
mentioned earlier show exponential decrease in photon emission with decreasing
incident ion landing energy. Figure 6.6 shows the results of the Mg | and Mg Il
absolute emission yields of the as a function of incident ion energy (3s3p 'S —
3s? 1P and 2p%3p 2P — 2p%3s %S, respectively). The results for Mg | show a
complete reversal at low energies, favoring emission. When the result is put into
context by the above data, the supposed discrepancy is explained as an artifact
of the oxygen concentration from the reduced sputtering rate at low ion landing
energies. The same argument applies: as the sputtering rate decreases with ion
landing energy, the adsorbate concentration will increase, resulting the enhanced
Mg | and decreased Mg Il. Thus, the same conclusion is made that either resonant
electron transfer is not a dominant process or there are two different mechanisms
at play. Furthermore, these effects are present at all stages of sputtering such
that other kinetic influences such as incident angle, edge-effects, and channeling
can impose shifts in the excited state population.

Still, the exponential decrease in photon emission at low incident ion energy
in prior reports is interesting, especially for experiments performed in UHV or
with non-oxidizing metals. Neither electron transfer model can explain both the
Mg results here and the reported experiments that have negligible oxygen ef-
fects, indicating that other velocity dependent mechanisms may be dominant. A
possible alternative explanation may be that the Mg Il may have vastly different
velocities than Mg |. In this case, any modifications to the electronic structure that
are experienced by Mg | may not be experienced by Mg Il since the probability
for population is dominated by a high velocity component v, . The velocity distri-
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Figure 6.6: Absolute photon yields of Mg | and Mg Il vs primary ion energy. The
left graph shows the photon yields from the 3s4s 3S — 2s3p 3P transition of Mg |
while the right graph shows the yields from 2p%3p 2P — 2p83s 2S transition of Mg
Il.

butions of the sputtered species were not measured in this experiment, but this
explanation seems unlikely due to the known measured velocities of secondary
ions and due to the population distributions in Figure 6.5.

Consideration of the first point is simple in that secondary ions tend to be
emitted in velocities similar to the ones recorded for excited atoms: most peak
between 1-8 eV [74,243-245]. To examine the second point, it is helpful to con-
sider the treatment of resonant transfer under the current logic. It is described
well in Cortona [163] as a probability function that acts on a velocity distribution of
the entire sputtered atom population for a given set of ion beam irradiation condi-
tions. In other words, the ion beam sputters all kinds of particles resulting in a total
velocity distribution and the probability of population into an excited state is deter-
mined by the state’s resonance with the bulk through factors A and a in Equation
(6.2). When the velocities of this state are measured, the result is a distribution
or subset of the original distribution - resonance only determines where along the
original distribution the current excited state’s velocity distribution lands. When
the resonance is changed, such as through the work function, the original distri-
bution doesn’t change, but only where the resonant transfer probability function
acts on it changes.

In the case being proposed, two separate velocity distributions on which the
resonant transfer probability function could act are needed. Generation of these
two separate distributions requires an ionization mechanism a priori with a ve-
locity distribution dependent on excited state energy or charge state. Mg | is
sputtered with velocity distribution X and Mg Il is sputtered with velocity distribu-
tion Y. The probability function is then free to act separately on distributions X and
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Y based on their resonance since the velocities themselves don’t change with
the ion flux. While the existence of an ionization mechanism as a prerequisite to
deliver separate velocity distributions might be possible, yet another subset would
be required to explain the plateau of the higher lying 3s3d state before the 3s4s
state in 6.5. Since the lower level should saturate based on the same resonance
mechanism as the work function decrease, this would require v, to be inherently
different between excited states within Mg | as well as within Mg Il. It would be
difficult to know where such a mechanism would end (e.g. fine, hyperfine), and
a much deeper consideration is needed than the simple models proposed so far.
One way to explore this would be to perform the same measurements above
at UHV to extract resonant transfer components A/a vs v, and compare to the
yields of the excited states to the electronic structure. This way, the states may
be compared without interference from the chemical effects of the background
chamber pressure and oxidation.

6.5 Conclusions and Impact to FIB-FS

To conclude, excited sputtered Mg neutrals and excited sputtered Mg ions are
influenced by the oxygen concentration at the point of emission. From an applica-
tion standpoint, the results are extremely pertinent given the experimental condi-
tions of modern FIB and SEM systems. The advancement in the optics of charged
particles has pushed the probe size of the ion beam to the nanometer scale with
high current density and high landing energy (30 keV) irradiation regimes. While
these conditions are optimized for milling and high resolution imaging, the results
shown here (particularly Figures 6.4 and 6.6) show that these conditions may
be less optimal from an efficiency standpoint for photon and Sl signal collection
in FIB-FS. Therefore, an optimization problem exists to maximize signal, reduce
sample damage, and minimize acquisition time for a given resolution and current
flux. These conditions are ultimately determined by the sample chemistry, pri-
mary ion beam kinetics, and specimen chamber pressure, which the user can
control to balance the tradeoffs between resolution and signal-to-noise. Based
on Figure 6.3, these conditions also exist for ToF-SIMS applications that operate
in the same regimes.

Furthermore, by comparison of Mg |, Mg Il, and Sl signals under different
oxygen environments and primary ion irradiation conditions, it is shown that the
existing models of molecular bond breaking and electron resonant transfer that
have been applied in both secondary ion formation and in excited state formation
cannot adequately describe the experimental data presented. Instead a different
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mechanism must be developed to describe the population of electrons into excited
states of sputtered atoms under these conditions. Such a model must take into
consideration the kinetic response of the surface under the ion from changes in
sputtering rate, surface oxide removal, and the electronic structures of the surface
and the departing atom.

Duvenbeck et al. [246,247] have provided the framework for a molecular dy-
namics model that may prove promising in this discussion. Their model expresses
the excitation of excited atoms and production of ions in an electronic stopping
power dominated regime where the excitations are characterized by the energy
density of electron-hole pairs and a conduction band that rapidly thermalizes, cre-
ating a local electronic temperature in the sp band. They show that these local
electronic temperatures can reach values high enough to form excited states and
ions. Such a model may qualitatively describe the different population distribu-
tions of Mg | and Mg Il seen here through the development of different electronic
“temperatures” that are dependent on the perturbations from the primary beam
kinetics. These are only building blocks and for now, the results presented here
serve to progress the knowledge of excitation mechanisms by opening opportu-
nities for experiments on modern FIB systems and by provide a framework for
operation of the FIB-FS technique in potential applications.
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Chapter 7
Conclusions and Outlook

The work described in this thesis has shown that FIB-FS can be placed among
the few techniques capable of overcoming inherent difficulties of nanoscale ma-
terial analysis. It has been done so by developing and implementing a novel
optical hardware and instrumentation scheme onto a FIB-SEM system with new
methodologies and in demonstrating both 3D nanoscale applications and new
fundamental insights. The capabilities of FIB-FS not only the meet the require-
ments of multidisciplinary applications of nanotechnology, but in some cases fea-
ture the technique as an ideal method. It is important, however, to consider what
FIB-FS is and what it is not. FIB-FS is not a catch-all technique capable of de-
tecting every element on the periodic table with excellent sensitivity or at trace
concentrations. It is not reliably quantifiable and it is not a simple plug-and-play
solution for every situation that requires minimal to no interpretation or oversight.
On the other hand, FIB-FS is excellent at detecting certain groups of periodic
elements like alkali, alkline earth, an rare-earth despite being poor at detecting
halogens and non-metals. While not reliably quantifiable, its surface sensitivity,
spatial resolution, and qualitive aspects position it as a powerful tool that is com-
patible with other techniques on the FIB-SEM platform. While not fool-proof, the
instrumentation was intentionally and deliberately designed to be modular and
versatile, with plug-and-play solutions available in some applications (e.g. filter +
PMT). These same design decisions allow FIB-FS to maintain both a wide range
of applications as well as a low cost of ownership.

While the most desirable next step for FIB-FS is in the form of quantifiable
detection, the understanding of the complex mechanisms of excitation is simply
not there yet. Therefore, the first integrations of FIB-FS are likely to be as a
marriage to EDX and as plug-and-play single element or PMT imaging modules
while its standalone power is continues as a lower-cost and affordable alternative
to SIMS. These employments can be improved with new imaging modules and

133



134 CHAPTER 7. CONCLUSIONS AND OUTLOOK

detectors to form new contrast and signal mixing under any FIB imaging or milling
procedures to gain free information.

Other areas of research involve the detection of molecules and isotopes from
sputtered species. Like atoms, molecules can be electronically excited during
sputtering and deexcited by the release of a photon. Unlike atoms, however, the
many rotational and vibrational states present a family of sub-levels for transition
and result in a broad spectral peak. While some molecular emission was ob-
served during this project such as C-H, B-H, Be-H, and C,, molecular emission is
relatively rare compared to atomic emission. Isotopes, however, are only as rare
as their abundancies. In most cases, the shift in the transition energy from the
hyperfine splitting from the different nuclear mass is so small that only the highest
spectral resolution instruments are able to detect it. Further research and devel-
opment of the technique in these areas will only improve and expand the reach of
FIB-FS.

The future of FIB-FS is entirely and completely open. It stands before a field
of applications that only continues to grow in its complexity and shrink in its scale.
Despite the performance shown here, FIB-FS is in its infancy with the majority of
its potential unrealized. What remains clear, however, is that the progress made
here has set the stage for FIB-FS to be a powerful and versatile technique, to be
kept in the company of modern nanoscale microscopy techniques.
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Appendix A

Focused lon Beams

A.1 Introduction

The foundation of focused ion beam-induced fluorescence spectroscopy (FIB-FS)
is built upon the operation and interaction of focused ion beams with matter. In
particular, the work presented in this dissertation discusses the photons that are
emitted when ions bombard the surface of a sample and compares excited state
populations and transient behaviors of the emission to the various other types
of particles emitted in the same event. Performance metrics of FIB-FS as well
as evaluation of physical mechanisms of the signal are directly coupled to the
hardware operation, instrument performance, and optical limitations of the FIB
column through the ion probe. In order to contextualize FIB-FS on the FIB-SEM
system, this appendix provides an overview of focused ion beams, their operation,
and architecture.

There are several comprehensive reviews of FIB technology and its applica-
tion [46,47,248-252] which elaborate in much greater detail than the following
overview. Each author reserves their own approach - some favoring optics, oth-
ers focusing on application or ion-sample interactions. It is from these references
that this general summary is sourced from.

A.2 FIB Architecture

The FIB is a multifaceted tool that delivers a steady beam of positively or neg-
atively charged particles to the surface of a substrate in a tightly focused spot
on the order of tens of nanometers. In essence, the FIB is a microscope that
demagnifies a source object to a small probe, but instead of transmitting and ma-
nipulating a beam of photons, the lenses are made to control ions. A FIB column
will consist of (at a minimum) a source, an extractor, an aperture (or apertures),
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a condensing or collimating lens, a deflection assembly typically consisting of oc-
tupoles or quadrupoles, and a final focusing lens. A typical system architecture is
shown in Figure A.1.

There are many different types of FIB microscopes, but the two used through-
out this report are those which transmit ions from a liquid metal ion source (LMIS)
and ions from a plasma cell (PFIB). The LMIS consists of a liquid metal on the
surface of a needle-like support base from which ions are drawn out by field-
induced ion formation at the tip. When high electric fields on the order of 10 V/nm
are applied to the tip of the needle, a conical body of liquid metal forms. lon for-
mation occurs and a liquid metal jet emits from the surface, while the liquid metal
thin film on the base of the needle acts as reservoir source for continual source
replenishment. The resulting jet is a high current density (~ 10'* A/m?), high-
brightness (current per steradian per unit area per volt), source with properties
of a virtual source size 50 nm in diameter, allowing for projection and demagnifi-
cation to nanoscale probe sizes with the appropriate optics. The gallium LMIS is
used for experimental work in this thesis and is widely implemented in the field of
FIB technology because of its low melting point, unreactive nature with the tung-
sten needle, the mass of Ga, and its low vapor pressure. A typical Ga™ LMIS
is shown in Figure A.2. Source contamination and gas scattering is preserved
through a series of ion getter pumps (IGPs) and differential pumping apertures
that maintain vacuum pressures around 10~% to 10~? Torr that separate the column
and source regions from the main specimen chamber, which typically operates at
10-% to 10~7 Torr.

Plasma ion beams have been used in broad ion beam (BIB) experimentation
for nearly 100 years, however, the integration into a FIB has only been more popu-
larized in recent years. This is mainly due to the limitations inherent in the source
end imparted on the optics, which make nanoscale probe sizes difficult compared
to the high-brightness LMIS sources. These source regions consist of a chamber
(cell) in which either an inductively coupled or capacitively coupled plasma is ig-
nited and maintained. The plasma cell is fitted with an aperture typically 100s of
microns in diameter from which to extract the plasma ions. As a result of the large
extraction aperture and angular intensity from which the ions are extracted, the
overall brightness of the source is lower than LMIS and this limits its demagnifica-
tion. The versatility of the plasma source chamber, however, allows for a range of
gases to be used: xenon, argon, and oxygen plasmas being most common. Each
of these ion sources provide a unique aspect to be lent to different applications.

After extraction, the ions are accelerated and follow a trajectory along the
optical axis of the column whose goal is imaging the virtual source onto the image
plane. Like any optical microscope, this is achieved through lensing, however, in
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Figure A.1: Basic system architecture of the FIB. The components and orienta-
tion of a modern FIB will vary from manufacturer and model, but contain the main
core elements of a source, extractor, lensing, and scanning components. Other
common elements include blanking dipoles, Faraday cups for beam current mea-
surements, chicane or mass filters, and dipoles for aberration optimization.
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Figure A.2: A typical A typical Ga™ LMIS. The assembly is placed in an extraction
region in which strong electric fields applied at the tip of of the emitter cause field-
ionization of the liquid metal for which ions may be extracted. Figure courtesy of
Thermo Fisher Scientific.

the case of charged particles these lenses are electrostatic or magnetic in nature
as opposed to being based on index of refraction. The most common electrostatic
lens is the Einzel lens or unipotential lens: a three-electrode lens in which the
energy of the ions are maintained in the image and object plane, while the middle
element performs the acceleration or deceleration of the ions. Depending on the
source extraction characteristics, 2 or 3 lenses may be used, each with a unique
voltage applied to the middle electrode to manipulate the beam envelope at a
given energy. In the case of a 2-lens system, the first lens may collimate or focus
the beam from its divergent emission cone through the defining aperture, while
the last lens focuses the beam on the final plane. For a 3-lens system, the first
and second lenses can operate together to focus and collimate (or vice versa) in
different modes to form a cross-over point.

Cross-over points are used in charged particle optics to either reduce the size
of the source object to be projected at the sample plane or to focus more ions
through an aperture to increase the ion beam current. Similar to ray optics, re-
ducing the source object will allow for a smaller image, however, unlike ray optics
trajectories of charged particles are implicitly affected by fields generated by the
neighboring charged particles. Grouping a bunch of charged particles close in
proximity (in a cross-over) and allowing them to interact for longer amounts of time
(e.g. at low landing energy) will introduce space charge and energy broadening
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due to the Boersch effect - both degrading performance. Trajectory displacement
through space charge interactions will vary with the type of beam distribution
(Gaussian, Holtsmark, pencil beam, etc.), but all are highly influenced by cur-
rent I, beam radius r, and potential V' where the lateral FWHM distribution of a
cylindrical slice can be described as:

I23[
H 4/3
¥/4/3r0/

(A1)

for a Holtzmark distribution, or

[3T0L
1/5/3
for a pencil beam, where C; is the spherical aberration coefficient and L is the
length of the segment. The Boersch effect, described as the change in axial

velocity resulting from the same ion-ion interactions can be described as:

O (A.2)
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for a Holtsmark distribution, or
AFEp m 1L
=0.642—— A.4
FE 8062 V2 ( )

for a pencil beam, where «, is the beam semi-angle and m is the ion mass.
Therefore, there exists a tradeoff between these contributions and a subsequent
optimized setting depending on the beam current and landing energy desired.
For the case of the high-brightness LMIS, a two-lens system minimizes space
charge and Boersch effect by increasing the volume over which the charge acts
and maintaining a collimated beam throughout the column.

Any lensing that will collimate or focus introduces both spherical and chro-
matic aberrations that become limitations to the current distribution in the beam.
The beam parameters (brightness B, energy V and energy spread 0FE) and the
application settings (current I and image angle «;) combine to impose these lim-
itations to the probe size via the Barth and Kruit [253] method. The diameter
of the beam containing 50% of the beam can be written as a function of these
aberrations:

dso = ((d53, + 52 )2 + d2,,)"* (A.5)
" _ 2,1 a1l
Demagnified source: dgre = ;(B - V)z o
. , Wy
Chromatic aberration: donr = 0-3400(7)%

Spherical aberration: dspn = 0.18C,a;
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(a) - (b) +

Figure A.3: Fields generated by the octupole electrode plates to enable deflec-
tion and stigmation. (a) Deflection dipole fields for scanning and beam shift. (b)
Quadrupole fields for astigmatism corrections.

Therefore, by limiting the image angle through aperturing, beam acceleration,
and focusing with lens elements, the demagnified image of the virtual source is
achieved at the sample plane. It is important to note that for different types of ion
sources and operation modes, different aberrations may dominate. For example,
in the plasma FIB space charge and Coulombic interaction between the ions may
contribute more and require different lens and column geometries to minimize
aberrations, reduce source size, or limit charge exchange with gas molecules
in the column. These finer details, however, go beyond the scope of this brief
overview.

After the first condensing lens, it is common to find architectures consisting
of dipoles, apertures, Faraday cups, and drift tubes. Apertures are used to block
ions from the emission cone and deliver a specific beam current. Steering dipoles
may be used to keep the ion beam on-axis through the center of the column to
correct for misalignments and minimize aberrations, while drift tubes might accel-
erate the beam to reduce Coulombic interactions. The Faraday cup is coupled
with a dipole to blank the beam during transitions from beam modes, to protect
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Upper Octupole Lower Octupole Focusing Lens Sample

Primary ion
incident ray
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Figure A.4: Ray diagram of the primary ion beam deflection in the lower column.
The dipole fields generated in Figure A.3 rock the beam about the lens nodal point
to enable scanning while reducing aberrations through the focusing element.

the sample from constant irradiation, and to provide a source of current measure-
ments. The blanking dipole is coupled with lower scanning and deflection in a fast
beam blanking regime in order to blank the beam when the scan pattern begins
a new scan line, is needed to avoid specific regions of interest, or returns to the
beginning of the pattern mill.

The last features of the column are the scanning and deflection determined by
the octupole plates and the focusing lens. The deflection is handled by a series
of electrodes that form fields to deflect the beam about the focusing lens nodal
point (where an incoming ray leaves the lens with the same angle as it enters).
Two sections of 8 electrode plates form the two octupoles. Each octupole plate
has voltages applied (up to ~100 V) which form quadrupole and dipole fields that
are superimposed to both scan the beam in accordance with its deflection angle
and to correct for beam astigmatism. Figure A.3 shows an example of the fields
generated by the octupole section and Figure A.4 demonstrates how incident rays
are deflected about the focusing lens nodal point for a given field of view (FOV)
to produce an aberration-limited spot.

There is not a one-size fits all schematic when it comes to the FIB, and its
development is constantly improving with companies like Thermo Fisher Scien-
tific, Hitachi, and Tescan all with their own unique performance and designs. In
the end, however, these handful of components provide the foundation on which
ion beam technology has transitioned from broad ion beam irradiation and beam
foil scattering experiments to focused beams with spots on the order of a few
nanometers to enable nanoscale precision and advanced material processing.
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Appendix B

BAM-L200 Certified Reference
Sample

B.1 BAM-L200 Structure

The BAM-L200 sample is accepted as a standard certified resolution sample for
sputter-based measurements [36, 192—194]. It consists of strip widths W, grating
periods P, and strip distances D, each of which to be used for different resolution
measurement techniques: knife-edge, image modulation of a square wave grat-
ing, full width at half maximum (FWHM) of a single strip, or strip-to-strip distance.
A SEM SE image alongside the illustrative pattern map is shown in Figure B.1
and depicts the orientation of the sample used to measure the spatial resolution
in this study. The metrics corresponding to the various patterns and periods are
reported in Table B.1.

Resolution measurements were performed with the FIB-FS hardware through
detection of the Al 3s4s (*S, ) excited state to the ground state 3s”3p (*P s) which
are located at 394.4 nm and 396.2 nm, respectively and are shown in 2tth spec-
trum in Figure B.2 — a typical spectrum of an AlGaAs sample.

B.2 Resolution From FWHM of Delta Strip

It is not uncommon to return different resolution metrics for the same beam con-
ditions under different analysis methods and therefore there is no official singular
universal method for reporting lateral resolution, but rather reporting of resolution
using any or multiple of the above-mentioned techniques. In a practical sense, the
ultimate test is the user’s eyeball and ability to look at an image and confidently
say that two features are separate and distinguished. In ToF-SIMS literature that
characterize the performance of lateral resolution [36—38] on the standard sam-
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Figure B.1: Structure and schematic of the BAM L200 resolution calibration sam-
ple. The BAM-L200 sample consists of nanoscale stripe patterns with gratings
of alternating GaAs and AlGaAs with varying periods for lateral resolution testing
and calibration. The layer stack is grown by Metal Organic Vapor Phase Epitaxy
and layer thickness certified by high resolution X-ray diffraction, optical reelection
spectroscopy, and transmission electron microscopy. Image provided in the certi-
fication data sheet [254].
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characteristic measured values (nm)
position 5 mm position 30 mm mean [2 + standard dev.
w1 B2 b/ | BYY B9/ L] 0.0
W2 692 676 | 637 697 691 19.9
W3 297 | 290 [ 297 | 290 | 282 | 290 297 253 7.1
W4 297 | 290 [ 297 | 290 | 2587 | 290 297 254 7.5
W5 19 | 19 19 | 20.5 19.4 1.5
W& 195 | 191 [ 195 ] 196 | 195 ] 195 | 188 | 195 195 3.9
W7 195 | 191 [ 195 ] 196 [ 195 ] 195 | 122 | 195 195 3.9
W& 3851385 37 | 385] 37 38.5 38.0 1.5
E] 3B ] 36 3.8 3.3 3.6 0.5
Wi 15 15 | 14 ] 14 14 13 14.2 1.5
Wii 4 3.4 3.4 3.4 34 3.5 0.7
Wiz 95 | 95 | 975 96 96 a5 96 1.8
P 594 | 580 | 590 | 580 [ 589 ] 580 594 587 13.1
P2 394 | 382 [ 392 | 392 [ 387 | 389 [ 380 ) 389 389 7.4
P3 277 272 | 272 274 | 27 273 4.4
P4 195 192 | 192 [ 191 | 196[ 122 ] 195 193 4.0
P5 133 137 [ 134 | 140 [ 137 ] 133 136 5.6
P& 95 95 | 97 | 99 96 | 98 96 | 97 a7 2.6
PT 67.5| B25] B8 B7 | 65.5| 68.5 67.5 2.3
P8 49 | 48 J505] 47 | 48 42 48.4 2.4
P 77 77| 76 77| 76 76.6 1.1
P10 57 58 | 57 57 | 56 57.0 1.4
P11 42 42 | 42 43 42 422 0.9
P12 <] 31 3 31 3 a1 31 3.0 0.0
P13 225225225 235|225 231|238 22.9 1.0
P14 1751685 ([ 17.4 175]171]18.4 17.5 1.0
P15 13.0] 12.3 137 [ 137128133 137137 13.3 1.1
P16 95 ] 82 95 [(102] &85 | 9.2 | 10.2] 8.5 9.4 1.4
P17 75 68 | 6.8 BB | 68 6.9 0.6
] 4541|4662 | 4552 4623 4631|4641 4642 28.0
D2 990 | 989 [ 977 | 973 [ 986 02 ] 994 | 982 ] 987 | 289 986 12.9
D3 498 400 | 486 | 493 400 [ 492 | 402] 492 | 497 452 7.0
D4 1269] 1265] 1270 1264] 1255 1260 12683] 1264 10.3
D5 238 | 241 238 | 233 [ 240 232 | 234 237 7.1
De 115 ] 115 M4 13| e 114 ] 114 141 113 114 19

Table B.1: Table of certified values in nanometers for the features on BAM-L200
sample reported in the certificate and their corresponding location on the sample.
In the experiment, the region of the sample imaged contains strip periods P7
through single line W12. Table is provided in the BAM-L200 certification report

[255].
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Figure B.2: FIB-FS spectrum of AlGaAs showing the Al doublet transition from
the 4s excited state to the 3p ground state at 394.4 nm and 396.2 nm and the
Ga doublet transition from the 5s excited state to the 4p ground state at 403.3 nm
and 417.2 nm. Due to the Ga presence in each heterostructure as well as the
primary ion beam, only the Al signal is used for chemical mapping in both the
lateral resolution and depth profiling measurements.
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Figure B.3: Line spread profile of the BAM-L200 sample with delta strip W10.
Here, the W10 strip has a given width of 14.2 nm from Table B.1, but is measured
to have a FWHM of 27 nm in the FIB-FS profile. The broadening of this line
from its original size is attributed to the same collision cascade intermixing effects
discussed in 4.2.

ple, strip-to-strip distance is the most reported alongside images of the strips for
visual confirmation as in Figure 4.1 in the 4.2. In any case, the same conclusion
of lateral resolution limitations from the collision cascade is returned by different
measurement methods. For example, the FWHM of the W10 single line width
returns a value of 27 nm (broadening from 14.2 nm) in Figure B.3, in agreement
with the reported collision cascade-limited effective probe size presented in sec-
tion 4.2.
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Appendix C

Depth Resolution of NIST SRM
2135c¢C

C.1 SRM 2135c¢ Structure

Depth resolution measurements were performed on the NIST certified depth pro-
filing sample Standard Reference Material (SRM) 2135c¢ depicted in Figure C.1.
The sample consists of alternating layers of Ni and Cr deposited thin-films with
certified thicknesses of 57 nm and 56 nm. Three different ion beams were tested
at different landing energies using a top-down box mill and a decoupled FIB-FS
spectrometer acquisition in Kinetic Survey Mode to record the Ni and Cr sig-
nals as the ion beam raster-scan milled through the layered structure for which
an example is provided in Figure C.2. Knife-edge measurements of the transi-
tion from a Ni to a Cr layer is used to determine the depth-resolution. To avoid
contributions from the surface oxide which can enhance the photon yield chemi-
cally [27,100,101,130] as well as to avoid the development of non-planar delay-
ering as a result of the different sputter rates between Cr and Ni, only the first
transition from Ni to Cr is considered.
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Figure C.1: Structure and layout of NIST SRM 2135c certified sputter depth pro-
filing standard of multilayered Ni/Cr alternating thin films. (a) Sectional view the
thin-film structure. The nominal thickness of each Cr layer is 57 nm and each
Ni layer is 56 nm. (b) Normalized Auger sputter depth profile obtained using
1 keV Art bombardment. Images are provided with the SRM certification data
sheet [196].
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Figure C.2: FIB-FS spectra of the SRM 2135¢ sample going from the first Cr layer
into the Ni layer showing the Ni and Cr signals in raw counts. Each spectrum is
an average of the frames over the time interval of the mill listed in the legend. The
main Cr signals observed are: 3d*(°D)4s4p(*P°)y "P3 5 , excited state triplet to the
ground state 3d°(°S)4sa’S; at 357.9 nm, 359.35 nm, and 360.5 nm, the excited
state triplet 3d°(°S)4pz"P3 5, to the ground state at 425.4 nm, 427.5 nm, 428.97
nm, and lastly the 3d°(°S)4pz°P?, ; excited state triplet to the 3d°(°S)4sa®S,
excited state at 520.45 nm, 520.6 nm, and 520.84 nm. The main Ni signals
observed are a mix of various transitions from the 34°(°*D)4p (°Pg , ,) and (°F3 )
excited states to the 3d”(*D)4s (*D; 5 3) excited states between 340 nm and 352
nm. Due to the large spectral distance between the Ni and Cr signals, a large
bandwidth-low resolution grating (~8 nm resolution) was used to capture both
signals, so the triplets and transition arrays are not able to be resolved at these
settings.
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Appendix D

Periodic Table of Emission

When it comes to elemental identification, optical detection spectral range, or sim-
ply knowing what to look for it would be beneficial to have a table summarizing
what elements can be identified, under which conditions and at what energies.
As previously stated, all elements can be detected by their fluorescence and the
energies of emission used for identification are found from well-known spectro-
scopic databases. Unfortunately, ideal conditions under which some elements
are more fluorescent than others or knowing all conditions one can expect to see
one element more than another one is still an area of investigation and heavily
dependent on the experimental conditions used (see Chapter 6). Instead, know-
ing what to expect for a set of standard conditions might be more benefitial. Be
is a graphic of the periodic table for a large list of elements taken under a set of
standard conditions defined by a 30 keV Ga™ irradation at 6.5 pA/uum? showing
the intensity of the most easily detectable emission lines to provide a basis for
elemental identification and methodology of the technique.
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Figure D.1: Periodic table showing relative intensity of the elements strongest
peak corrected for exposure time under the same irradiation conditions of 30 keV
Gat irradiation. White tablets have not been collected and grey tablets are omit-
ted due to the nature of samples coming in compound form.
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