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1.1 Introduction

Sputtering is among the most fundamental and widely used physical processes in
material modification, thin-film deposition, and surface engineering. Broadly defined,
sputteringis the ejection of atoms or molecules from asolid surface when it isbombarded
by energetic ions or particles. These ejected species can either escape into the vacuum
or redeposit onto nearby substrates to form thin films. As a versatile and controllable
technique, sputtering underpins many modern technologies, ranging from semicon-
ductor device fabrication through nanostructure engineering to advanced functional
coatings. Understanding the mechanisms that govern sputtering is essential not only
for optimizing deposition processes but also for tailoring materials at the atomic scale.
At its core, sputtering involves momentum transfer from incident energetic ions (often
noble gas ions such as Art or Kr') to atoms in a solid target, leading to the ejection of
surface atoms. The threshold condition for sputtering requires that the incident ions
have sufficient energy to overcome the surface binding energy of atoms in the target
material [1]. Unlike simple evaporation, sputtering is a nonequilibrium process driven
by particle bombardment, resulting in unique energy and angular distributions of the
emitted atoms. The sputtering yield—defined as the average number of atoms ejected
per incident ion—depends on various factors, including ion energy, incident angle, ion
mass, and the binding energy of the target atoms [2]. Since the sputtering mechanism
imposes no basic restriction on the nature of the target material, it can be applied to
metals, semiconductors, insulators, and even composite or multicomponent systems.
This universality makes it an indispensable tool in the technology of thin films.
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1.1.1 Historical Development of Sputtering Techniques

Sputtering was first noticed in the middle of the nineteenth century. Grove [3]
noticed the erosion of cathodes during the gas discharge, and this was later recog-
nized as sputtering. The early works were largely qualitative and related to cathode
erosion during glow discharges. Systematic studies became possible with the advent
of vacuum technology and electron microscopy during the twentieth century. The
first important theoretical steps were made by Thompson (1968), who estimated the
energy distribution, and by Sigmund (1969) [1], who proposed a collision cascade
model serving up to now as the basis of the sputtering theory. Experimental mea-
surements of the sputtering yield, performed during the 1960s and 1970s, allowed
validation and refinement of these models [4]. Technological development followed
closely. By the 1970s, magnetron sputtering emerged as a breakthrough, introducing
magnetic confinement of plasma electrons to enhance ionization efficiency and
deposition rates [5]. Radio-frequency (RF) sputtering allowed deposition of insu-
lating materials, while reactive sputtering enabled the formation of compound films
such as oxides and nitrides [6]. More recently, high-power impulse magnetron sput-
tering (HiPIMS) has been developed, offering high ionization of sputtered material
and improved film properties [7]. Thus, the history of sputtering reflects a dynamic
interplay between fundamental understanding and technological innovation.

1.1.2 Importance of Sputtering in Thin-film Deposition, Surface
Modification, and Nanotechnology

Sputtering plays a pivotal role in contemporary materials science and technology.
Thin films produced by sputtering are essential in microelectronics, optoelectronics,
energy conversion devices, and protective coatings. Some of the most prominent
areas where sputtering has had transformative impact include:

1.1.2.1 Thin-film Deposition

Sputtering is a primary technique for depositing thin films with high uniformity,
excellent adhesion, and controlled composition. Applications include metallization
layers in integrated circuits, transparent conducting oxides for displays, and barrier
coatings for packaging. Unlike evaporation, sputtering can deposit refractory mate-
rials with high melting points such as tungsten or titanium nitride [8].

1.1.2.2 Surface Modification

Beyond film growth, sputtering modifies surfaces directly. Ion bombardment can
clean substrates, alter surface roughness, or induce chemical and structural changes.
Ion-beam sputtering is widely used for surface patterning, depth profiling in analyt-
ical techniques such as secondary ion mass spectrometry (SIMS), and tailoring of
catalytic activity [9].

1.1.2.3 Nanotechnology
In nanoscience, sputtering provides a pathway to engineer nanoscale materials and
devices. Magnetron sputtering enables deposition of nanostructured thin films,
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nanocomposites, and multilayer heterostructures with tailored magnetic, optical,
or electronic properties [10]. Furthermore, sputtering-driven self-assembly of nano-
structures on surfaces has emerged as a powerful method for producing nanopat-
terned templates.

1.1.2.4 Energy and Emerging Applications

In the energy sector, sputtered thin films are crucial for solar cells, fuel cells,
and solid-state batteries [11]. Emerging applications include spintronic devices,
quantum computing components, and advanced biomedical coatings where pre-
cise control of film composition and morphology is critical. Overall, the versatility
and scalability of sputtering make it indispensable for both research and industrial
production.

1.1.3 Scope

As the opening chapter of this book, the aim here is to establish a mechanistic
foundation for sputtering that will guide the understanding of subsequent chapters
focused on specific processes, materials, and applications. This chapter begins with
the fundamental definition and historical perspective of sputtering, setting the stage
for more detailed discussion of physical models, experimental techniques, and tech-
nological developments.

The mechanistic understanding will be developed by:

« Reviewing the physics of ion-solid interactions and collision cascades.

« Explaining the theoretical models, from Sigmund’s seminal work to modern
computational approaches.

« Analyzing how experimental observations support or challenge existing
models.

« Identifying parameters that govern sputtering efficiency and surface morphology.

« Linking fundamental processes to practical deposition methods such as mag-
netron sputtering, reactive sputtering, and HiPIMS.

By bridging theoretical insights with practical applications, this chapter not only
highlights the importance of sputtering in modern science and technology but also
prepares readers to appreciate the deeper mechanistic details and advanced applica-
tions discussed in later chapters.

Sputtering is both an ancient phenomenon and a cutting-edge technology. From
Grove’s [3] early observations of cathode erosion to modern-day plasma-assisted
sputtering systems, its evolution reflects the close relationship between physics,
materials science, and engineering innovation. As we advance into an era of nano-
technology and quantum devices, sputtering continues to provide a powerful, flex-
ible, and indispensable method for designing materials with atomic-scale precision.
This chapter serves as the entry point for a comprehensive exploration of sputtering
mechanisms. By focusing on the interplay between theory, experiment, and appli-
cations, it aims to give readers a holistic framework for understanding and applying
sputtering in diverse scientific and technological contexts.
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1.2 Fundamentals of Sputtering

Sputtering is inherently a nonequilibrium surface phenomenon governed by the
interaction of energetic particles with solid targets. Figure 1.1 shows the basic
phenomenon of sputtering. In this process, atoms are ejected from the surface of
a solid target when it is bombarded by energetic particles. The sputtering process
operates through the formation of a glow discharge between two electrodes placed
within a sealed vacuum chamber. To initiate this discharge, the chamber is first
evacuated to a base pressure typically below 10~ Pa, after which an inert sputtering
gas (most commonly argon) is introduced. When a sufficiently high direct current
(DC) voltage is applied across the electrodes, the gas becomes partially ionized,
leading to the establishment of an electrical discharge. The positively charged ions
are then accelerated toward the target, which serves as the cathode, causing the
ejection of atoms from their surface along with the release of secondary electrons.
As this interaction continues, the system quickly stabilizes into a self-sustaining
steady-state discharge.

The technique typically takes place in a vacuum chamber, where a glow discharge
is established between two electrodes to generate the energetic species responsible
for the ejection. While the general concept involves ion bombardment ejecting
atoms, the underlying physics is complex and depends on atomic-scale processes
such as ion-solid interactions, energy transfer, cascade formation, and atom
emission dynamics. A mechanistic understanding requires an exploration of these
fundamentals, which are elaborated in this section.
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Figure 1.1 Basic phenomenon of sputtering. Source: Adapted from Ghazal H and Sohail N
(2023).
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Figure 1.2 lon-solid interaction schematic. Source: Zhao et al., (2019) / MDPI / CC BY 4.0.

1.2.1 lon-Solid Interactions

When energetic ions bombard a solid surface, they interact with the atoms in
the target primarily through two fundamental mechanisms: nuclear collisions
and electronic interactions. Figure 1.2 represents the ion-solid interaction
schematic. In nuclear or elastic collisions, the incident ion directly transfers
its momentum to the nuclei of the target atoms. This type of interaction dom-
inates in the low-to-intermediate energy range, typically from around 10 eV up
to 100 keV, which corresponds to the energy regime most relevant to sputtering
[1, 9]. During these collisions, the incoming ion can displace atoms from their
lattice sites, generating collision cascades that may eject atoms from the surface.
In contrast, electronic or inelastic interactions become increasingly important
at higher ion energies, generally above 100 keV. In this regime, the ion loses
energy primarily to the electronic subsystem of the material rather than to the
atomic nuclei. Transferred energy can lead to ionization, electronic excitations,
and localized heating, a process commonly referred to as electronic stopping [12].
While electronic interactions do not typically result in direct sputtering through
atomic displacement, they can influence the thermal and structural state of the
target material, thereby affecting sputtering efficiency and surface modification.
Together, these nuclear and electronic processes determine how energy is depos-
ited in the solid and govern the resulting physical outcomes during ion-solid
interactions.

The stopping power (S), representing energy loss per unit distance, is central to
describing these processes. It is expressed as:

s=(9E\ s +5 (1.1)
(Ge) =5+
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where S, is the nuclear stopping power, and S, is the electronic stopping power. For
sputtering-relevant energies (hundreds of electronvolts to a few kiloelectronvolts),
S, dominates, enabling efficient momentum transfer that ejects atoms from the
surface [2]. Furthermore, the penetration depth of ions depends on their energy and
mass, as well as the target material. For example, light ions such as Ar" penetrate
deeper than heavy ions at the same energy, influencing both sputtering yield and the
depth profile of damage.

1.2.2 Threshold Energy and Sputtering Yield

1.2.2.1 Threshold Energy

For sputtering to occur, the ion must transfer sufficient energy to overcome the
surface binding energy (U,) of target atoms. The minimum incident ion energy
required is referred to as the threshold energy (E,). It depends on:

« Atomic binding energy of the target material
« Mass ratio of projectile to target atom
« Ion incidence angle

Typical values of E, range between 20 and 100 eV for most metals and oxides [4].
For lighter ions (e.g., He*), higher incident energies are needed due to inefficient
momentum transfer.

1.2.2.2 Sputtering Yield
The sputtering yield (Y) quantifies the efficiency of sputtering and is defined as:

N.

ejected
Y=——— 1.2
N (1.2)

incident

where Nijected is the number of atoms ejected, and N, .4 1S the number of
incident ions.
Sigmund’s theory [1] provided the first quantitative model, relating sputtering
yield to nuclear stopping power and surface binding energy:
S, (E)

Y(E) x ”T (1.3)
0

This implies that the yield increases with higher nuclear stopping but decreases
with larger binding energy. Experimental studies confirm that sputtering yield gener-
ally increases with ion energy up to a certain value (a few kiloelectronvolts), beyond
which it saturates or decreases due to deeper ion penetration [2]. Additionally, angle
of incidence plays a critical role. At oblique angles (60°-80°), yields can be several
times higher than at normal incidence due to shallower penetration and increased
near-surface collisions [13].
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1.2.3 Momentum Transfer and Collision Cascades

The core of sputtering lies in momentum transfer between the incident ion and
target atoms. This interaction initiates a collision cascade, a sequence of succes-
sive collisions that redistribute energy and momentum in the near-surface region.
In the binary collision approximation (BCA), the interaction is modeled as a series
of two-body elastic collisions. This is valid in the keV range and provides the basis
for Monte Carlo simulations (e.g., transport of ions in matter [TRIM], SRIM codes)
[12]. During the cascade, some atoms may gain sufficient energy to overcome
U, and escape the surface, while others remain displaced within the lattice, cre-
ating defects. The efficiency of cascades depends on the mass ratio of projectile to
target. If the projectile is lighter, it transfers momentum inefficiently, resulting in
deep implantation rather than surface ejection. However, if the projectile mass is
comparable to or heavier than the target atom, efficient near-surface cascades are
generated, leading to higher sputtering yields [2]. Cascade theory also explains why
preferential sputtering occurs in alloys and compounds—Ilighter or more weakly
bound atoms are preferentially ejected, altering surface composition [9].

1.2.4 Primary vs. Secondary Sputtering Phenomena

Sputtering is not limited to primary ion-target interactions. Several secondary phe-
nomena contribute significantly to the overall process:

1. Primary Sputtering
= Atoms are directly ejected by collision cascades initiated by primary ion impacts.
= Dominant mechanism in conventional sputtering systems.
2. Secondary Sputtering Processes
= Ion-induced Desorption: Secondary particles (adsorbed gases or contami-
nants) are released from the surface under bombardment.
= Electronic Sputtering: At very high ion energies, electronic excitations can
result in bond breaking and atom ejection, especially in insulators.
= Knock-on Sputtering: Ejected atoms may reimpact the surface and cause
further sputtering, enhancing overall yield.
= Chemical Sputtering: In reactive environments (e.g., O,, N, plasmas),
chemical reactions between incoming ions and surface atoms can form vola-
tile species that desorb more easily [6].

These secondary processes become particularly important in reactive sputtering
and ion beam sputtering, where chemical and electronic contributions complement
physical sputtering.

1.2.5 Energy and Angular Distribution of Ejected Atoms

Thenature of ejected atomsis not uniform; instead, their energy and angular distributions
follow specific patterns that provide insight into the underlying mechanisms.
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« Energy Distribution
Thompson (1968) described the kinetic energy distribution of sputtered atoms
as [14]:
E
f(E) «

(E+U,)3 (1.4)

where U, is the surface binding energy of the target atoms. This distribution
implies the most sputtered atoms have low energies (1-10 eV). A small fraction
has higher energies (>20 eV), enabling surface diffusion or implantation
in nearby substrates. These energy levels are much higher than thermal evap-
oration energies (~0.1 eV), giving sputtered films unique properties such as
dense microstructures and good adhesion.
« Angular Distribution
Angular emission generally follows a cosine law relative to the normal surface:

I(0) o cos" (0) (1.5)

[T 1]

where “n” varies depending on ion energy and material. At low ion energy,
emission is close to cosine (n ~ 1). At higher energies or oblique incidence,
distributions become more forward-peaked due to directional momentum
transfer [14]. Angular effects are technologically important: they influence film
uniformity in sputtering systems and are exploited in ion beam shaping for
nanofabrication.

1.3 Types of Sputtering

Sputtering as a physical vapor deposition (PVD) technique has evolved through sev-
eral configurations, each designed to overcome specific challenges such as plasma
stability, deposition rate, target material restrictions, and film uniformity. Among
the most common sputtering techniques are DC sputtering, RF sputtering, and
magnetron sputtering. Each type of sputtering has its own operational principles,
benefits, and limitations, which influence its applicability in microelectronics,
optics, and thin-film device fabrication. Understanding the physics and engi-
neering aspects of these sputtering types is essential to select the right technique for
particular applications.

1.3.1 DC Sputtering

DC sputtering is one of the earliest and simplest forms of sputtering, widely
employed in research and industrial applications. In DC sputtering, a constant
voltage is applied between the target (cathode) and the substrate (anode), which
establishes a glow discharge in a low-pressure inert gas atmosphere, usually argon.
Positive argon ions are accelerated toward the negatively biased target, where they
transfer momentum and eject surface atoms through collision cascades. These
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atoms then condense on the substrate to form a thin film [5, 15]. DC sputtering
is efficient when working with electrically conductive targets such as metals and
conductive oxides. The continuous supply of electrons from the target helps sustain
the discharge, making the plasma stable under steady-state conditions. One of the
advantages of DC sputtering is its simplicity, relatively low cost, and ease of control,
which makes it suitable for large-area coatings and industrial-scale processes [16].
The sputtering rate can be easily tuned by adjusting the DC power, working gas
pressure, and target-substrate geometry. However, DC sputtering faces significant
limitations when applied to insulating targets such as ceramics and dielectric mate-
rials. During sputtering of insulators, charge accumulation occurs on the target sur-
face because electrons cannot freely flow to neutralize the positive ions bombarding
it. This results in a phenomenon known as “arcing,” which disrupts plasma stability,
damages the growing film, and reduces deposition efficiency [6]. To overcome this
limitation, alternative sputtering methods such as RF sputtering were developed.
Despite its limitations with insulating materials, DC sputtering remains a widely
used deposition technique in the microelectronics and decorative coating indus-
tries, where conductive targets are required. Applications include deposition of
aluminum, copper, titanium, and other metallic thin films for integrated circuits,
hard coatings, and optical reflective layers. The method also serves as the baseline
upon which more advanced sputtering techniques have been built.

1.3.2 RF Sputtering

To overcome the drawbacks of DC sputtering, especially for insulating targets, RF
sputtering was developed. RF sputtering is usually operated at 13.56 MHz. The
electrode polarity is alternately switched by an alternating high-frequency power
source that is linked to the target in RF sputtering. Even for dielectric materials,
this alternating polarity stabilizes the discharge by preventing charge accumulation
on the target surface by periodically attracting electrons to neutralize the accumu-
lated positive charge [16, 17]. Physics of RF sputtering involves both capacitive and
inductive coupling of the plasma. At high frequencies, electrons, being more mobile
than ions, can respond quickly to the oscillating electric field, while the heavier
ions remain relatively unaffected within a single RF cycle. This imbalance results
in the formation of a negative self-bias at the target, ensuring continuous ion bom-
bardment of the target surface [5]. This mechanism makes RF sputtering highly
versatile, enabling deposition of insulating oxides, nitrides, carbides, and ceramic
films. One important aspect of RF sputtering is the so-called “RF sheath” formed at
the target surface. The self-bias potential across this sheath accelerates ions toward
the target, creating the sputtering process. Meanwhile, secondary electrons gener-
ated during ion bombardment contribute to plasma maintenance, improving sput-
tering efficiency. The versatility of RF sputtering allows deposition of high-quality
films with good adhesion, stoichiometric transfer, and uniform thickness, making
it an indispensable tool in thin-film technology [6]. RF sputtering, however, is more
complex and expensive compared to DC sputtering due to the need for impedance
matching networks and specialized RF power supplies. Moreover, the deposition

9
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rate in RF sputtering is typically lower than in DC sputtering, particularly for con-
ductive targets, because of the alternating nature of the applied power. Nevertheless,
its ability to deposit films from insulating targets has made RF sputtering essential
in the fabrication of optical coatings, dielectric layers for microelectronics, and
advanced ceramic films. For example, SiO,, Al,O5, and TiO, thin films are often
deposited using RF sputtering for applications in integrated circuits, photonics, and
sensors [8].

1.3.3 Magnetron Sputtering

Magnetron sputtering represents a major advancement in sputtering technology,
introduced to enhance deposition rates and plasma confinement. In magnetron
sputtering, magnetic fields are used to trap secondary electrons close to the target
surface, thereby increasing the ionization probability of the sputtering gas. The
combination of electric and magnetic fields produces an E X B drift, forcing elec-
trons into helical trajectories near the target. This localized electron confinement
results in higher plasma densities near the target surface, increasing ion bombard-
ment and, consequently, the sputtering yield [5, 6]. The enhanced plasma confine-
ment in magnetron sputtering reduces the working gas pressure required for stable
operation, thereby increasing the mean free path of sputtered atoms and improving
film quality. Compared to conventional DC or RF sputtering, magnetron sputtering
achieves deposition rates up to an order of magnitude higher, making it highly effi-
cient for large-scale and high-throughput applications [16]. Magnetron sputtering
can be operated in either DC or RF modes, depending on the target material. DC
magnetron sputtering is widely used for conductive materials, while RF magnetron
sputtering is suitable for insulating targets. Another variant, mid-frequency mag-
netron sputtering (20-200 kHz), is employed for reactive sputtering of dielectric
films, reducing arcing issues associated with pure DC sputtering [18]. A significant
improvement in magnetron sputtering is the introduction of unbalanced mag-
netrons, where the magnetic field lines are designed to extend beyond the target
region, allowing more ion flux to reach the substrate. This modification enhances
film density, adhesion, and microstructural control [6]

Furthermore, modern HiPIMS represents a state-of-the-art development that
employs short, high-power pulses to achieve high ionization of sputtered species,
enabling dense and high-quality films with superior adhesion and smooth mor-
phology [19]. HiPIMS represents a significant advance over conventional sput-
tering techniques, providing dense plasmas with high ionization fractions. In
HiPIMS, very high peak power densities (on the order of kW/cm?) are applied in
short pulses, typically tens to hundreds of microseconds, with low duty cycles to
avoid target overheating. The short, intense power pulses in HiPIMS generate a
highly ionized sputtered flux, with ionization fractions exceeding 50% for many
metals, compared to less than 10% in conventional DC sputtering. This ionization
enhances control over film growth, enabling denser, smoother, and more adherent
coatings. The energetic ion bombardment also promotes better step coverage in
high-aspect-ratio structures, making HiPIMS highly attractive for semiconductor
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and microelectronics applications. HiPIMS plasmas are characterized by high
electron densities (>10'"/m?) and increased ion energies, resulting in improved
film densification and adhesion. Although HiPIMS deposition rates are typically
lower than those of DC sputtering due to reduced time-averaged power, recent
innovations such as modulated pulsed power supplies and hybrid processes are
addressing this limitation. Applications of magnetron sputtering are extensive,
including deposition of metals, oxides, nitrides, and multilayer coatings for micro-
electronics, hard coatings, optical filters, and decorative finishes. For example,
TiN and DLC (diamond-like carbon) coatings deposited by magnetron sputtering
are widely used in cutting tools, while multilayer interference coatings for optics
often rely on this technique [8].

Beyond DC, RF, and magnetron sputtering, several specialized sputtering tech-
niques have been developed to further improve control, deposition rate, and film
quality. Reactive sputtering introduces reactive gases (e.g., oxygen, nitrogen) into
the plasma to form compound films such as oxides and nitrides. Pulsed DC sput-
tering is employed to mitigate arcing during reactive sputtering of insulating films,
offering better plasma stability than continuous DC sputtering. HiPIMS, as men-
tioned earlier, has gained significant attention for producing highly ionized fluxes
of sputtered atoms, enabling dense microstructures and superior film properties.
Dual magnetron sputtering systems, where two magnetron targets are driven in
mid-frequency alternating polarity, are also used for reactive sputtering to balance
charge accumulation [19]. These modern innovations highlight the continuous
evolution of sputtering technologies to meet the demands of advanced materials
and nanotechnology applications. The different types of sputtering—DC, RF, and
magnetron—represent critical milestones in the evolution of thin-film deposition
technology. DC sputtering offers simplicity and efficiency for conductive targets, RF
sputtering extends the capability to insulating materials, and magnetron sputtering
significantly enhances deposition rates and film quality through plasma confine-
ment. HiPIMS and dual magnetron sputtering continue to push the boundaries of
performance, enabling high-quality thin films with precise control over composi-
tion and microstructure.

1.4 Theoretical Models of Sputtering

Understanding the theoretical basis of sputtering is essential for bridging experi-
mental observations with predictive modeling of thin-film growth, surface mod-
ification, and nanoscale structuring. Over the decades, several models have been
developed to describe the ejection of atoms under energetic ion bombardment,
ranging from analytical frameworks to computationally intensive simulations.
This section explores the most widely used theoretical approaches, beginning with
Sigmund’s classical model, and progressing toward modern atomistic and numerical
methods such as Monte Carlo simulations, BCA, and molecular dynamics (MD).
Their advantages, limitations, and ongoing challenges are highlighted to provide a
balanced view of the current state of sputtering theory.

11
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1.4.1 Sigmund’s Theory of Sputtering

The pioneering theoretical framework for sputtering was developed by Peter
Sigmund in the late 1960s and early 1970s. Sigmund’s theory laid the foundation by
treating sputtering as a momentum-transfer process arising from nuclear collisions
between incident ions and target atoms. The model assumes that when an energetic
ion penetrates a solid, it loses energy through successive binary collisions with the
lattice atoms. A portion of this energy is transferred to surface atoms located within
a so-called “collision cascade,” and if the transferred energy exceeds the surface
binding energy, atoms are ejected from the surface [1]. Mathematically, Sigmund
derived the sputtering yield YYY—defined as the number of atoms ejected per inci-
dent ion—as a function of the stopping cross section and surface binding energy.
The simplified expression is:

aS, (E)
Us

Y(E) x (1.6)
where S, (E) is the nuclear stopping cross section, Uj is the surface binding energy,
and « is a dimensionless constant depending on the ion/target mass ratio.

This theory provides a direct link between measurable sputtering yields and
fundamental material properties such as surface binding energy, ion mass, and inci-
dent ion energy. One of its strengths lies in its ability to qualitatively explain why
sputtering yields increase with ion energy up to a certain point, and why heavier
ions tend to produce higher yields compared to lighter ions at similar energies
[9]. However, the model has notable limitations. It is valid primarily for amor-
phous or polycrystalline materials, where atomic positions can be treated statisti-
cally. In crystalline solids, channeling effects—where ions penetrate deeper along
low-index crystallographic directions—can lead to deviations from predicted yields.
Furthermore, Sigmund’s theory neglects electronic stopping and thermal spike
effects, which are important at higher ion energies or when dealing with metals and
semiconductors. Despite these limitations, the framework remains the cornerstone
of sputtering theory and continues to influence subsequent models [2, 20].

1.4.2 Monte Carlo Simulations and TRIM

As computational resources advanced, statistical simulation approaches based on
the Monte Carlo method became increasingly popular for studying sputtering.
Monte Carlo simulations treat the trajectory of ions as a series of stochastic events
governed by probabilistic scattering laws. By simulating a large number of ion tra-
jectories and interactions, average quantities such as sputtering yield, depth distri-
bution of implanted ions, and energy deposition profiles can be obtained. One of
the most influential codes is TRIM, developed by [21]. TRIM uses BCAs within a
Monte Carlo framework to simulate ion-solid interactions. The program can cal-
culate implantation depth profiles, sputtering yields, and damage distributions for
a wide range of ion-target combinations. Its versatility has made TRIM the stan-
dard tool in both academic research and industrial applications, particularly in
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Table 1.1 Comparison between TRIM-predicted and experimentally measured sputtering
yields for selected ion-target systems.

lon-target  lonenergy Incidence  TRIM-predicted Experimental

system (keV) angle (°) yield (atoms/ion) vyield (atoms/ion)  References
Art>Cu 1 0 2.1 25403 [1]

Art = Si 1 0 0.8 1.0+0.2 [9]

Krt - Si 1 0 1.5 1.7+02 [14, 20]
Art > Al 1 0 1.1 1.2+0.1 [4]

Xet - Au 1 0 7.4 7.8 +04 [2]

semiconductor processing. For instance, TRIM simulations have been used to pre-
dict dopant profiles in silicon, to optimize sputter-etching parameters in microelec-
tronics fabrication, and to study surface modification in ceramics and polymers [12].
By comparing TRIM outputs with experimental measurements, researchers can
fine-tune sputtering parameters to achieve desired thin-film properties (Table 1.1).

The strength of TRIM lies in its efficiency and broad applicability. Yet, it has
limitations—particularly in handling dynamic surface changes. Since TRIM
assumes a static target, it cannot easily account for surface roughening, redeposi-
tion, or compound formation during sputtering. In recent years, dynamic versions
such as SDTrimSP (a dynamic TRIM code with sputtering and redeposition) have
been developed to address these issues [22]. Nevertheless, TRIM remains one of the
most widely cited and practically useful models in the sputtering community.

143 BCA

The BCA underpins both Sigmund’s theory and Monte Carlo methods such as TRIM.
In the BCA framework, the complex many-body problem of ion-solid interaction is
reduced to a series of independent two-body collisions between the incident ion and
individual target atoms. Each collision is treated using classical mechanics, with
scattering angles determined by interatomic potentials [23]. The advantage of BCA
lies in its relative simplicity. By assuming that collisions are independent, one can
calculate trajectories, energy transfers, and displacement cascades with manageable
computational resources. This makes BCA particularly attractive for high-energy
ion bombardment where collisions are well separated in time and space. However,
the approximation breaks down when collective effects become significant, such
as in dense collision cascades or when low-energy ions cause overlapping displace-
ment events. BCA also neglects electronic excitations and thermalization effects
that may influence sputtering yields and defect generation. Despite its limitations,
BCA continues to provide the theoretical foundation for many practical simulation
codes. When combined with experimental calibration, BCA models yield suffi-
ciently accurate results for many engineering applications, from ion implantation
to plasma etching.

13
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1.4.4 Molecular Dynamics Approaches

While BCA and Monte Carlo methods rely on simplifying assumptions, MD
simulations provide a more atomistic approach by solving Newton’s equations
of motion for a system of atoms under interatomic forces. In sputtering studies,
MD allows direct observation of how incident ions interact with a target surface,
leading to collision cascades, defect formation, and atom ejection. MD simulations
use interatomic potentials such as Lennard-Jones, embedded atom method (EAM),
or Tersoff potentials, depending on the material system under study. By explicitly
tracking atomic trajectories, MD provides detailed insights into sputtering mech-
anisms that are difficult to capture with analytical models. For example, MD has
revealed the importance of collective atomic motion, local heating (thermal spikes),
and surface morphology evolution during sputtering of metals and ceramics [24].
The strength of MD lies in its ability to capture complex processes such as redepo-
sition, defect clustering, and amorphization, which are often neglected in simpler
models. However, the method is computationally expensive. Typical MD simula-
tions are limited to systems of a few million atoms and time scales of nanoseconds,
restricting their applicability to relatively small spatial and temporal domains.
Hybrid approaches, where MD is combined with BCA or continuum models, are
increasingly being explored to overcome these limitations [25].

1.4.5 Limitations of Existing Models and Ongoing Challenges

Despite decades of development, no single theoretical framework can fully describe
sputtering across all energy regimes, material systems, and experimental condi-
tions. Each model has inherent limitations:
« Sigmund’s theory provides elegant analytical insights but oversimplifies by
assuming amorphous targets and neglecting electronic effects.
« Monte Carlo/ TRIM methods are powerful for statistical predictions but
struggle with dynamic surface evolution and compound formation.
« BCA captures binary interactions well but misses collective effects and thermal
phenomena.
« MD simulations offer atomic-level accuracy but are constrained by computa-
tional limits.

One of the central challenges remains the incorporation of electronic stopping
mechanisms. While nuclear stopping dominates at lower energies, electronic exci-
tations can play a major role in high-energy sputtering, especially for insulators and
semiconductors (Sigmund & Gras-Marti, 1981) [26]. Similarly, surface chemistry
effects, such as oxidation or compound layer formation during sputtering in reactive
environments, are often beyond the reach of current models. Ongoing research is
focused on multiscale modeling approaches that integrate the strengths of differ-
ent methods. For instance, BCA or Monte Carlo methods can provide initial con-
ditions for MD simulations, while continuum models describe long-term surface
evolution. The development of machine learning-assisted interatomic potentials
also holds promise for extending the accuracy and efficiency of MD simulations,
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enabling larger and longer simulations of sputtering processes [27]. Despite
significant progress, challenges remain in unifying these frameworks and extending
their applicability to dynamic, chemically complex, and multiscale environments.
Addressing these limitations will be essential for advancing sputtering as a precise
and predictive tool in thin-film deposition and nanotechnology.

1.5 Mechanistic Pathways in Sputtering

Sputtering is fundamentally governed by the interactions between incident ener-
getic ions and the solid target surface. The mechanistic pathways underlying this
phenomenon are complex, involving multiple physical processes that occur on
ultrafast timescales and within nanometer-scale collision cascades. These mecha-
nisms dictate not only the sputtering yield but also the energy distribution of ejected
atoms, the resulting film microstructure, and the evolution of surface morphology.
This section delves into the physical pathways of sputtering, emphasizing the inter-
play between elastic and inelastic collisions, energy regimes, ion species, surface
binding energies, preferential sputtering, and defect formation.

1.5.1 Elastic vs. Inelastic Collision Processes

When an energetic ion approaches the target surface, its interaction with target
atoms can be broadly classified into elastic and inelastic collisions. Elastic collisions
involve momentum transfer between the ion and the nuclei of the target atoms,
while inelastic collisions correspond to energy dissipation via electronic excitations
or ionization. In elastic collisions, the projectile ion undergoes a deflection after
striking a target atom, conserving total kinetic energy but redistributing momentum
within the lattice. These collisions are responsible for initiating collision cascades,
where recoiling target atoms displace others, leading to ejection of atoms at or near
the surface [1]. In contrast, inelastic collisions transfer part of the ion’s energy to
the electronic subsystem of the material, exciting valence electrons or producing
electron-hole pairs [28]. Although electronic energy loss is often dominant at high
ion energies (>100 keV), nuclear stopping (elastic scattering) remains the principal
sputtering mechanism in the typical sputtering regime of 100 eV to a few kiloelec-
tronvolts [2]. Figure 1.3 represents the schematic diagram illustrating the elastic and
inelastic collisions during ion-target interaction.

A key theoretical model that unifies these interactions is Sigmund’s theory
of sputtering, which treats sputtering because of energy deposition by an inci-
dent ion in the near-surface region [1]. The spatial distribution of this deposited
energy, coupled with the surface binding energy, determines the sputtering yield.
Importantly, the relative contributions of elastic and inelastic collisions vary with
ion energy, mass, and target composition. For example, heavy ions such as Xe*
favor nuclear stopping and thus higher sputtering yields, while lighter ions like
He™ predominantly lose energy via electronic processes, often producing minimal
sputtering.
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Figure 1.3 Schematic diagram illustrating the elastic and inelastic collisions during ion-
target interaction. World of Cats & Dogs. https://ena.our-dogs.info/facts-sh.html.

1.5.2 Sputtering Under Low-energy vs. High-energy lon
Bombardment

The incident ion energy plays a decisive role in controlling sputtering efficiency
and mechanism. At low energies (10-200 eV), the ion may not penetrate deeply
into the target, and sputtering occurs mainly via surface collision events. In this
regime, the sputtering yield is low because much of the projectile’s energy is dis-
sipated elastically in near-surface atoms, without sufficient recoil to overcome
surface binding energies. This is sometimes referred to as the threshold regime,
where sputtering can occur only if the ion energy exceeds the material’s effective
surface binding energy [9]. In the intermediate energy regime (200 eV-10 keV),
sputtering is most efficient. The ion penetrates a few nanometers to tens of
nanometers into the target, initiating collision cascades that transfer energy to
multiple atoms. The cascades result in the ejection of atoms when recoils reach
the surface with sufficient energy to overcome binding forces. Most practical
sputtering applications, such as magnetron sputtering, operate in this regime. At
high energies (>100 keV), ions penetrate deeply into the bulk material, depos-
iting much of their energy far below the surface. Although electronic stopping
becomes significant, the fraction of energy available for near-surface displace-
ment decreases, reducing sputtering efficiency. However, such energies are of
interest in ion implantation and radiation damage studies rather than thin-film
deposition [28].

1.5.3 Role of lon Species (Ar*, Kr*, Xe*, Etc.)

The choice of ion species in sputtering processes significantly affects the sputter-
ing yield and film properties. Noble gas ions such as Art, Kr*, and Xe* are most
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commonly employed because of their chemical inertness, which avoids unwanted
chemical reactions with the target or deposited film. The mass of the ions directly
influences the momentum transfer during collisions. Lighter ions (e.g., He", Ne*)
impart less momentum, leading to lower sputtering yields but potentially smoother
film morphologies due to reduced damage. Heavier ions such as Xe" deposit
energy more efficiently into the lattice, producing higher sputtering yields but also
increasing the probability of subsurface damage and defect formation [2]. Among
these, Ar™ has become the standard choice in magnetron sputtering due to its
balance of sputtering efficiency, availability, and cost-effectiveness. Kr* and Xe™,
while less common, are employed in applications requiring higher yields or special-
ized surface modifications.

1.5.4 Surface Binding Energy Considerations

The sputtering process is critically dependent on the surface binding energy (Uj)
of the target atoms, which represents the minimum energy required to eject an
atom from the lattice. Materials with lower binding energies, such as metals, gen-
erally sputter more easily than ceramics or covalently bonded semiconductors.
For example, the surface binding energy of copper (~3.5 eV) is considerably lower
than that of SiO, (~8.0 eV), making copper easier to sputter under identical ion
conditions [2]. Additionally, temperature effects can alter binding energies and,
consequently, sputtering yields. At elevated temperatures, thermal vibrations
weaken atomic bonds, lowering effective binding energies and enhancing sputtering.

1.5.5 Preferential Sputtering in Multicomponent Materials

In multicomponent targets such as alloys, ceramics, or compound semiconductors,
sputtering does not always proceed uniformly across constituent elements. Instead,
one species may sputter more readily than another, a phenomenon known as pref-
erential sputtering. This occurs when the components have significantly different
atomic masses, binding energies, or chemical affinities. For example, in GaAs’ sput-
tering under Ar" bombardment, Ga tends to sputter more efficiently than As due
to its lower binding energy. As a result, the surface composition becomes enriched
in the less easily sputtered species [29]. Preferential sputtering has important impli-
cations for film stoichiometry and surface chemistry. In thin-film deposition, it
may lead to compositional deviations between the target and the deposited layer.
Similarly, in surface analysis techniques such as SIMS, preferential sputtering can
complicate depth profiling by distorting apparent elemental distributions [30].

1.5.6 Sputtering-induced Defect Formation and Surface
Morphology Changes

Beyond atom ejection, sputtering modifies the structural and morphological charac-
teristics of the target surface. Ion bombardment introduces point defects, dislocations,
and vacancy clusters, particularly under high fluence conditions [28]. The defect
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Figure 1.4 A: AFM images of pristine and 100 keV Ar+ ion-irradiated Si samples. (a) Pristine
and irradiated samples with (b) 3 x 107, (c) 5 x 10/, (d) 7 x 10%,and (e) 9 x 10* ions/
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shown in B. Source: [32] / Beilstein Journal of Nanotechnology / CC BY 4.0.
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Figure 1.5 A:AFM images of pristine and 100 keV Ar* ion-irradiated Ge samples

(a) pristine, (b) 3 x 10%,(c) 5 x 10Y,(d) 7 x 10, and (e) 9 x 10" ions/cm? irradiated
samples (all images are in 5 ym x 5 pym scan size), B: shows the corresponding
wavelength distribution. Source: [32] / Beilstein Journal of Nanotechnology / CC BY 4.0.

density is strongly dependent on ion energy, mass, and target crystallinity. Sputtering
can also produce significant surface roughening. At low energies, smooth erosion
occurs, while at intermediate energies, collision cascades may generate ripple struc-
tures, cones, or even nanopatterns due to instability-driven surface evolution [31].
Such ion-induced self-organization has been exploited in nanofabrication to create
ordered surface patterns. Additionally, prolonged bombardment can lead to amor-
phization of crystalline surfaces, particularly in covalently bonded materials like Si or
GaN. These structural changes directly impact subsequent film growth, adhesion, and
functional properties. For this, Figures 1.4 and 1.5 show the atomic force microscopy
(AFM) images of pristine and 100 keV Ar* ion-irradiated Si and Ge samples for their
pristine and irradiated samples with (b) 3 x 107, (c) 5 x 107, (d) 7 x 107, and (e) 9
x 10'7 ions/cm? with corresponding wavelength distribution, respectively. Table 1.2
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different materials (metals, semiconductors, and ceramics).

Typical defects induced by  Characteristic surface  Remarks/physical
Material type sputtering morphologies origin
Metals » Vacancy clusters » Ripple-like or wavy High atomic
(e.g,,Cu, AL Ni, . surface roughening surfaces mobility leads to
and Ti) « Redeposition of « Grain boundary dynam?c surface
sputtered atoms grooving relaxation; .
« Dislocation loopsand ~ *® Hillock and cone defec.:t annealing
) formation possible at
stacking faults elevated substrate
temperatures
Semiconductors ¢ Point defects « Amorphous or Ton bombardment
(e.g., Si, (vacancies, roughened layers disrupts covalent
Ge, GaAs) interstitials) « Nanoscale pitsor ~ bonding; defect
« Dangling bonds and craters generation affects
surface amorphization . Faceting along ele(;tronic and )
« Interface mixing or crystal orientations optical properties
contamination
« Ton implantation
damage
Ceramics/Oxides « Oxygen vacancies « Columnar or Low atomic
(e.g., AL,O;, TIO,, . Nonstoichiometry porous morphology mobility and high
Zr0,, Si0,) (cation/anion loss) « Nodule or sputtering yield of
« Microcracks and voids cone-like growth ~ lighter elements
« Subsurface » Rough or granular (eg. O) cause
densification or sputter ~ texture nonstoichiometry
o and defect
redeposition clustering
Nitrides/ « Vacancies and » Dense columnar Ion energy
Carbides interstitials (especially grains and substrate

(e.g, TiN, SiC) N or Closs) « Faceted or textured ~Dbias strongly
« Substoichiometric surface influence film
regions « Occasionally de.nsification and
« Dislocation networks smooth amorphous  Microstructure
evolution

surface (at low
temperature)

summarizes the typical sputtering-induced defects and surface morphologies across

different materials (metals, semiconductors, and ceramics).

1.6 Mechanistic Parameters Influencing Sputtering

Sputtering is a complex physical process governed by a wide range of mechanistic
parameters that collectively determine the efficiency, quality, and reproducibility
of thin-film growth. Unlike simple thermal evaporation, where material removal is
dominated by vapor pressure and temperature, sputtering involves the interaction
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of energetic ions with a condensed solid, triggering momentum transfer, collision
cascades, and eventual ejection of atoms or clusters. Because of this ion-solid inter-
action nature, the dynamics of sputtering are highly sensitive to both material-
intrinsic properties of the target and extrinsic operating conditions such as ion
energy, incidence geometry, substrate environment, and plasma confinement. This
section provides a detailed discussion of these factors, integrating theoretical models
and experimental findings to explain how sputtering yields and film properties are
influenced under various regimes.

1.6.1 Target Properties

The intrinsic properties of the target play a central role in determining sput-
tering behavior. Among the most critical are the atomic mass of the constituent
elements, the degree of crystallinity, and the surface binding energy. The atomic
mass directly influences the momentum transfer during ion bombardment.
According to Sigmund’s theory of sputtering [1], the energy transferred in an elastic
collision between an incident ion of mass M; and a target atom of mass M, is max-
imized when the mass ratio approaches unity. Thus, targets with atomic masses
closer to that of the incident ion exhibit higher energy transfer efficiency, and con-
sequently, higher sputtering yields. For example, Art ions sputter materials such as
Ti, Ni, or Cu more efficiently compared to very light elements (C, B) or very heavy
elements (W, Au) because of suboptimal momentum transfer. The binding energy
(Ep) of surface atoms is another decisive parameter. Higher binding energy implies
stronger cohesive forces within the lattice, which raises the energy threshold for
sputtering. Materials such as graphite or oxides typically exhibit lower sputtering
yields under identical bombardment conditions compared to metals like Ag or Cu
due to differences in binding energy [2]. This dependency can be visualized in the
comparative Table 1.3.

Crystallinity and surface orientation also exert measurable effects. Experimental
observations reveal anisotropy in sputtering yields across crystallographic planes.
For example, in single-crystal Si, the {111} orientation exhibits lower yields than the
{100} orientation due to differences in surface atom density and binding configura-
tion [8]. Furthermore, polycrystalline targets, with grain boundaries and defects,
often demonstrate higher effective sputtering rates than single crystals because
defects serve as low-binding-energy ejection sites.

1.6.2 lon Energy and Incidence Angle

Perhaps, the most studied mechanistic parameter is the energy of incident ions. The
sputtering yield exhibits a nonlinear dependence on ion energy. At low energies
(below the threshold, typically < 20 eV), no sputtering occurs because the ions lack
sufficient energy to overcome the surface binding energy. As ion energy increases into
the 100 eV-1 keV range, sputtering yields rise sharply, reaching a plateau around sev-
eral keV depending on the material [9]. Beyond this regime, further increases in ion
energy may lead to deeper ion implantation and reduced surface sputtering efficiency,
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Table 1.3 Typical surface binding energies (E;) and corresponding sputtering yields (Y)
of selected materials under Ar" bombardment at 1 keV.

Surface binding Sputtering yield, Y
Material (target) energy, E; (eV/atom) (atoms/ion) References
Cu (Copper) 3.5 2.3 [1,4]
Al (Aluminum) 3.4 1.1 [9]
Ag (Silver) 2.9 3 [2]
Si (Silicon) 4.7 0.9 [4,22]
Ti (Titanium) 4.9 0.7 [22]
Au (Gold) 3.8 6.5 9]
Fe (Iron) 43 1.5 [1, 14]
Ni (Nickel) 44 1.3 [4]
Si0, (Silica) 6.4 0.5 [4, 22]
TiO, (Titanium 7.5 0.3 [9,21]

dioxide)

as much of the energy is dissipated below the surface. Another important factor is the
angle of incidence. When ions impinge at normal incidence (0°), momentum transfer
is directed primarily into the bulk, resulting in moderate sputtering yields. As the inci-
dence angle increases (30°-60°), sputtering yields often increase due to more effec-
tive near-surface energy deposition. However, at very grazing incidences (>80°), yields
decrease sharply because ions are reflected rather than absorbed. Experimental studies
confirm a maximum sputtering yield at incidence angles between 60° and 70° for
many metallic targets [2]. The dependence of sputtering yield on the incidence angle
of the incoming ions can be described by the semiempirical Yamamura model [2]. This
model accounts for the enhanced sputtering that occurs at oblique ion incidence due to
increased energy deposition near the surface. The relationship is given by:

Y(0) = Y(0) (cosd) ™ 1.7

where Y(0) is the sputtering yield at normal incidence, @ is the angle of incidence
(measured from the surface normal), and f is a dimensionless, material-, and
energy-dependent parameter typically ranging between 1 and 2. At grazing inci-
dence, sputtering yields generally increase due to the longer path length of ions near
the surface, while at very large angles (>70°), reflection and reduced penetration
depth lead to a drop in yield.

1.6.3 Substrate Temperature

The substrate temperature, although not directly influencing the sputtering yield at
the target, plays a significant role in determining film morphology and secondary sput-
tering effects. Elevated temperatures enhance surface diffusion of adatoms, thereby
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improving film crystallinity and reducing roughness [16]. However, at excessively
high substrate temperatures, resputtering of deposited atoms can occur, lowering the
net deposition rate. Thermal effects also influence defect dynamics. At low substrate
temperatures, sputtering-induced damage such as vacancies or interstitials may accu-
mulate, while higher temperatures enable dynamic annealing. For compound targets,
such as oxides or nitrides, substrate temperature determines the volatility of lighter
species (e.g., O, N), often leading to preferential sputtering. A notable example is the
deposition of TiN films: at low substrate temperatures, the films are typically amor-
phous and porous, while at moderate temperatures (300-500°C), dense columnar
grains are observed due to thermally activated surface diffusion [6].

1.6.4 Chamber Pressure and Gas Composition

Chamber pressure and gas composition dictate the plasma environment, which
in turn controls the ion energy distribution and mean free path. At low pressures
(<1 mTorr), ions experience fewer collisions, resulting in high-energy bombard-
ment at the target and substrate. This condition enhances sputtering efficiency
but may reduce plasma density, leading to nonuniform deposition. Conversely,
high pressures (>10 mTorr) produce frequent collisions, reducing ion energy at
the target but increasing plasma uniformity. Optimal sputtering typically occurs at
intermediate pressures (3-10 mTorr). The working gas composition also strongly
influences outcomes. Argon is the most common choice due to its inertness,
appropriate mass, and ionization efficiency. However, alternative gases can be
used to tailor sputtering. For example, Kr or Xe ions (heavier than Ar) deliver
higher sputtering yields due to more effective momentum transfer, while lighter
ions such as He are less efficient. In reactive sputtering, O, or N, is introduced
alongside Ar to form compound films like oxides or nitrides. Control over the
partial pressure of reactive gases is critical; excessive O, leads to target poisoning
(formation of insulating oxide layers on metallic targets), which reduces deposi-
tion rates and destabilizes plasma [33].

1.6.5 Magnetic Confinement Effects

The introduction of magnetic fields in magnetron sputtering represents a major
advance in enhancing plasma density and sputtering efficiency. By confining
secondary electrons near the target surface through crossed E X B fields, magne-
trons sustain higher ionization rates at lower operating pressures [34]. The degree
of magnetic confinement influences both the ionization efficiency and the erosion
profile of the target. Stronger confinement increases the local plasma density,
thereby enhancing sputtering rates. However, it also leads to the well-known
“race-track” erosion pattern on targets, which reflects the localized confinement
of ions. In advanced systems such as HiPIMS, magnetic confinement is critical to
sustaining high-density plasmas with nearly 100% ionization of the sputtered flux
[7]. This enables better film densification and adhesion, albeit at reduced deposition
rates compared to DC magnetron sputtering. Figure 1.6 illustrates the electron tra-
jectories in a magnetron showing confinement loops and race-track erosion zones.
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Figure 1.6 Illustration of electron trajectories in a magnetron showing confinement loops
and race-track erosion zones.

1.6.6 Time Evolution and Steady-state Considerations

Sputtering is not a static process but evolves dynamically over time as the target and
plasma conditions change. Early stages of sputtering may involve surface cleaning
and conditioning, where contaminants or oxides are preferentially removed. Once
steady state is achieved, the sputtering yield stabilizes, but this equilibrium depends
on several competing processes. One such phenomenon is preferential sputtering
in multicomponent targets. For example, in a TiO, target, oxygen atoms (lighter,
weaker binding) are preferentially sputtered compared to Ti, leading to surface
enrichment of Ti over time. Eventually, a steady-state composition develops that
differs from the bulk stoichiometry [35]. Another time-dependent effect is target
poisoning during reactive sputtering. As mentioned earlier, reactive gases such
as O, or N, form compound layers on the target, drastically altering its sputter-
ing characteristics. The transition between metallic and poisoned modes is often
hysteretic, making process control challenging. Time-resolved diagnostics such
as optical emission spectroscopy or mass spectrometry are therefore employed to
monitor and stabilize reactive sputtering processes. Finally, prolonged sputtering
leads to target erosion and morphology evolution. Erosion grooves, redeposition,
and microstructural modifications affect the angular distribution and energy of
sputtered species, thereby influencing long-term deposition uniformity. Figure 1.7
represents the time-resolved schematic of sputtering yield evolution in a Ti target
under O, reactive sputtering, showing metallic, transition, and poisoned regimes.

1.7 Experimental Observations and Characterization

The experimental characterization of sputtering processes forms the essential bridge
between theoretical models and practical applications. While the physics of sputtering
has been extensively modeled through collision cascade theory, MD, and Monte Carlo
simulations, it is the systematic collection of experimental evidence that validates,
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Figure 1.7 Time-resolved schematic of sputtering yield evolution in a Ti target under O,
reactive sputtering, showing metallic, transition, and poisoned regimes.

corrects, or refines such models. Reliable measurements of sputtering yield, surface
composition, topography, and plasma characteristics are indispensable for under-
standing the fundamental mechanisms of atom ejection as well as for optimizing
thin-film deposition processes in microelectronics, optics, protective coatings, and
energy devices. In this section, the discussion is organized around the measurement
of sputtering yield, surface analytical techniques, plasma diagnostics, and the crucial
correlation between theoretical predictions and experimental outcomes.

1.7.1 Measurement of Sputtering Yield

Sputtering yield, defined as the average number of atoms ejected per incident ion,
is the most direct metric of sputtering efficiency. Its measurement requires precise
control over both the ion beam characteristics and the quantification of the ejected
or deposited species. Several approaches have been developed, each with their
advantages and limitations. One of the earliest and most straightforward methods
involves gravimetric analysis, where the mass loss of a sputtered target is measured
before and after ion bombardment using a high-precision microbalance. This tech-
nique offers direct yield values but demands a long sputtering time to ensure mea-
surable mass differences, especially when dealing with materials of low sputtering
rates. For instance, metals like tungsten or molybdenum may require extended ion
exposure before detectable mass loss occurs. Another widely used approach relies
on profilometry. In this method, a sputtered crater is created by ion bombardment,
and the depth and volume of the crater are subsequently measured using stylus
profilometry or optical profilometry. When combined with the known ion fluence,
this allows accurate calculation of sputtering yield. The method is particularly use-
ful for localized yield measurements and has been applied extensively in calibrating
sputter depth profiling techniques. A third powerful method is based on quartz
crystal microbalance (QCM) monitoring, which detects the deposition rate of sput-
tered material onto a quartz crystal sensor. By measuring the frequency shift of the
crystal resonance, the deposited mass can be deduced with nanogram sensitivity.
This technique is highly valuable in thin-film deposition systems, where real-time
monitoring of sputtering yield under plasma conditions is required. It allows
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simultaneous correlation of yield with process parameters such as gas pressure, bias
voltage, or target material.

Rutherford backscattering spectrometry (RBS) can also be employed indi-
rectly, by analyzing the depletion of specific elements from the sputtered surface.
Although less common, this approach provides element-specific information,
which is particularly useful in multicomponent systems such as alloys, oxides,
or ceramics. It should be emphasized that sputtering yield is strongly dependent
on several parameters: incident ion energy, angle of incidence, ion species, and
target binding energy. For instance, yields generally increase with energy up to
a few kiloelectronvolts before saturating, and the angular dependence typically
shows a maximum at oblique incidence around 60°. Systematic yield measure-
ments thus serve not only as quantitative benchmarks but also as fingerprints of
the underlying sputtering mechanisms.

1.7.2 Surface Analytical Techniques

Since sputtering intrinsically alters the surface of a material, the characterization of
composition, morphology, and microstructure before and after ion bombardment
is essential. A suite of advanced surface analytical tools provides complementary
insights.

X-ray photoelectron spectroscopy (XPS) is one of the most powerful techniques
for probing the chemical composition and electronic states of sputtered surfaces.
By analyzing the binding energies of emitted photoelectrons, XPS can quan-
tify elemental composition within the top few nanometers and reveal changes
in oxidation states or chemical bonding induced by sputtering. For example,
preferential sputtering often results in surface enrichment of lighter elements,
which can be directly tracked by XPS. In addition, depth profiling combined with
sputtering allows three-dimensional chemical mapping of multilayer structures.

Auger electron spectroscopy (AES) offers complementary capabilities with
higher surface sensitivity, probing the outermost atomic layers. Because AES
can be performed with fine electron beams, it also provides spatially resolved
chemical mapping at the micron or even submicron scale. When coupled with
sputter depth profiling, AES becomes a key technique for analyzing thin-film
stacks in microelectronics.

Scanning electron microscopy (SEM) plays a central role in examining the mor-
phology of sputtered surfaces and deposited films. Ion bombardment often leads
to roughening, ripple formation, or nanostructuring depending on the sputter-
ing conditions. SEM allows direct visualization of these features, offering both
qualitative insights and quantitative data when combined with image analysis
software. High-resolution SEM has been extensively used to monitor the growth
of columnar structures in sputtered films.

AFM extends surface characterization to the nanometer scale, providing quantitative
topographical maps with vertical resolution better than 1 nm. AFM measure-
ments of surface roughness (root mean square values), ripple periodicity, or
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nanoparticle formation after sputtering offer critical input for correlating surface
evolution with ion energy and fluence. For example, AFM studies have shown
that ripple wavelength scales with the square root of ion energy, consistent with
predictions from the Bradley-Harper model.

By combining these techniques—XPS/AES for composition, SEM for microstruc-
ture, and AFM for nanoscale morphology—a comprehensive understanding of
sputtering-induced surface changes can be established.

1.7.3 Plasma Diagnostics

While sputtering is fundamentally a surface process, the plasma environment
that delivers energetic ions plays a decisive role. Therefore, plasma diagnostics
are essential for correlating sputtering behavior with plasma characteristics such
as ion energy distribution, electron density, and excitation states. The Langmuir
probe is the most widely used diagnostic tool for measuring plasma parameters. By
sweeping the probe bias and recording the current-voltage characteristics, one can
extract electron temperature, plasma density, and floating potential. These parame-
ters directly influence the energy with which ions are accelerated toward the target.
For instance, higher plasma density typically translates into enhanced ion flux and
higher sputtering rates. Optical emission spectroscopy (OES) provides a nonin-
trusive method to probe plasma composition and excitation states. By monitoring
characteristic emission lines, OES can identify the presence of sputtered species
in plasma as well as the degree of ionization of the working gas. For example, in
reactive sputtering of metal oxides or nitrides, OES allows real-time monitoring
of oxygen or nitrogen emission lines, enabling control over the transition between
metallic and compound sputtering regimes. Advanced techniques such as mass
spectrometry (MS) and laser-induced fluorescence (LIF) have also been applied in
research contexts to probe ion energy distributions and metastable populations in
sputtering plasmas. These diagnostics deepen our understanding of energy transfer
processes, especially in HiPIMS, where highly ionized sputtered fluxes are observed.
Plasma diagnostics are therefore indispensable for process optimization. They not
only confirm theoretical expectations about ion fluxes but also reveal complex, non-
linear behavior that arises in reactive plasmas, magnetron geometries, and pulsed
power conditions.

1.7.4 Correlation Between Theory and Experiments

The final and most critical step in sputtering research is establishing meaningful
correlations between theoretical predictions and experimental observations.
Theoretical models—such as Sigmund’s linear collision cascade theory, Monte
Carlo simulations using TRIM/SRIM codes, and MD simulations—provide predic-
tions of sputtering yield, angular distributions, and energy spectra of ejected atoms.
However, discrepancies often arise due to assumptions such as homogeneous tar-
gets, neglect of surface chemistry, or idealized ion distributions. Experimental yield
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measurements frequently validate the overall trends predicted by theory, such as
the dependence on ion energy and incident angle. Yet, deviations are observed at
low energies, where surface binding energies and chemical effects become dom-
inant, or at high energies, where nonlinear cascade effects emerge. For example,
experimental studies on compound targets reveal preferential sputtering of lighter
elements, a phenomenon not captured in early models but later incorporated into
more advanced simulations. Similarly, surface analytical data provide benchmarks
for validating theoretical models of surface evolution. The ripple patterns observed
by AFM after oblique ion bombardment match predictions from the Bradley-Harper
continuum model, though additional effects such as ion-induced viscous flow or
redeposition often need to be included to achieve quantitative agreement. Plasma
diagnostics also contribute to theory—experiment correlation by validating assump-
tions about ion fluxes and energy distributions. For instance, Langmuir probe and
OES measurements in HiPIMS plasmas have confirmed the presence of dense ion-
ized metal fluxes, consistent with models of self-sputtering and plasma recycling.
Thus, the iterative interplay between theory and experiment continues to refine
our understanding of sputtering. The integration of experimental diagnostics with
computational models is now standard practice, enabling predictive control over
sputtering processes for advanced applications.

1.8 Applications of Sputtering

Sputtering has evolved from a laboratory-scale technique for studying ion-solid
interactions into a cornerstone of modern thin-film and nanomaterials processing.
Its versatility arises from the capacity to deposit a wide range of materials—
including metals, semiconductors, dielectrics, and complex oxides—with excellent
control over film thickness, composition, and microstructure. This section explores
the breadth of sputtering applications, spanning from conventional thin-film depo-
sition in electronics to advanced roles in energy conversion, miniaturized devices,
and emerging quantum technologies.

1.8.1 Thin-film Deposition in Semiconductors, Dielectrics, and
Metals

The primary and most widespread application of sputtering lies in the deposition
of thin films. Insemiconductor technology, sputtered films form the basis of micro-
electronic devices, memory structures, and integrated circuits. Aluminum, for
example, has been traditionally deposited by DC magnetron sputtering to create
interconnects due to its high conductivity and ease of processing [8]. In more
advanced nodes, copper interconnects and barrier layers such as Ta, TiN, and W
are routinely fabricated by sputtering. The reliability of sputtering for depositing
these materials lies in its line-of-sight nature, compatibility with lithography-
defined features, and ability to produce dense, adherent films. Beyond metals,
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dielectrics such as SiO,, Al,05, and HfO, are sputtered to provide insulating
and gate layers in transistors and capacitors [36]. The conformality of sputtered
films is often improved by combining sputtering with ion-assisted deposition,
ensuring stoichiometric control and minimal defect formation. Sputtering of
ferroelectric oxides such as Pb(Zr,Ti)O; (PZT) and BaTiO; has also enabled
the commercialization of nonvolatile ferroelectric random-access memories
(FeRAM) [37]. Semiconductor thin films such as amorphous silicon (a-Si), GaN,
and ZnO are also accessible by RF or reactive sputtering, expanding the port-
folio of electronic and optoelectronic devices fabricated by this method. Table
1.4 listed the examples of thin films deposited by sputtering in the semicon-
ductor industry.

Table 1.4 Examples of thin films deposited by sputtering in the semiconductor industry.

Material/film Sputtering mode Application Key advantages
Al (Aluminum) DC magnetron Metal High conductivity, good
sputtering interconnects and  adhesion, compatible with Si;
contact layers large-area uniform deposition
Ti (Titanium) DC or RF Adhesion/barrier  Excellent adhesion and diffusion
sputtering layer between Si barrier properties
and Cu/Al
TiN (Titanium  Reactive DC Hard coatingand  High hardness, chemical
nitride) magnetron diffusion barrier in stability, good barrier
sputtering Cu metallization performance
W (Tungsten) DC magnetron  Gate electrode and Low resistivity, high melting
sputtering via plug filling point, good thermal stability
SiO, (Silicon RF magnetron  Dielectric and Excellent insulation, optical
dioxide) sputtering passivation layers  transparency, and film
uniformity
Si;N, (Silicon RF reactive Dielectric, High dielectric strength and
nitride) sputtering diffusion barrier, chemical inertness
and encapsulation
layers
ITO (Indium RF or DC Transparent High optical transparency and
tin oxide) magnetron conducting films electrical conductivity
sputtering for displays and
Sensors
Ta (Tantalum) DC magnetron  Barrier and Strong adhesion, stable barrier
sputtering adhesion layer for  properties, good conformality
Cu interconnects
Cu (Copper) DC magnetron  Interconnect Low electrical resistivity,
sputtering metallization excellent conductivity for ULSI
circuits
HfO, (Hafnium RF magnetron  High-k dielectric =~ High dielectric constant,
oxide) sputtering in MOSFETs good interface quality, CMOS

compatibility
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1.8.2 Optical Coatings and Transparent Conducting Oxides

Another major application of sputtering is the fabrication of optical coatings, rang-
ing from antireflection layers to decorative finishes and functional optics. Because
sputtering can produce films with controlled thickness on the nanometer scale, it
is highly suited for interference coatings on glass and polymers. Dielectrics such
as TiO,, Si;N,, and MgF, are routinely sputtered to construct multilayer stacks
with tailored refractive indices [38]. Transparent conducting oxides (TCOs) such as
indium tin oxide (ITO), aluminum-doped ZnO (AZO), and fluorine-doped SnO, are
almost exclusively deposited by sputtering in both research and industry [39]. Their
dual functionality—high optical transparency and good electrical conductivity—
makes them indispensable in displays, touch panels, and solar cells. Magnetron
sputtering provides a scalable and reproducible method to produce TCO films with
uniform thickness across large-area substrates, a requirement for flat-panel display
and photovoltaic (PV) manufacturing. Recent progress in reactive sputtering has
expanded the scope of optical coatings, enabling the preparation of nitride- and
oxide-based films with superior durability and tailored bandgaps [40]. HiPIMS
has further improved the quality of optical coatings, producing dense films with
minimal defects and enhanced adhesion to substrates [41].

1.8.3 Nanostructuring and Surface Modification

Sputtering is not limited to thin-film deposition; it also serves as a versatile tool for
nanostructuring and modifying surfaces. By carefully tuning deposition parameters
such as pressure, substrate bias, and power, films with tailored porosity, columnar
structures, or nanopatterned morphologies can be achieved [42]. These structures
are particularly relevant for catalysis, plasmonics, and sensor technologies, where
surface area and nanoscale ordering dictate functionality. In ion beam sputtering
and glancing angle deposition (GLAD), directional fluxes of sputtered atoms are
exploited to engineer nanorods, nanopillars, and helical structures [43]. These nano-
structures exhibit unique optical and mechanical properties, enabling applications
in photonic crystals, biosensors, and superhydrophobic coatings. Surface modifica-
tion via sputtering also includes doping of substrates with foreign atoms, creation of
self-cleaning or antimicrobial surfaces, and texturing to enhance adhesion or wetta-
bility. Another significant application is the production of hard coatings such as TiN,
CrN, and DLC. These coatings, fabricated by reactive sputtering, are widely used in
cutting tools, biomedical implants, and protective layers in consumer devices due to
their high hardness, low friction, and chemical stability [44].

1.8.4 Microelectromechanical System and Nanoelectromechanical
System Devices

Microelectromechanical systems (MEMS) and nanoelectromechanical systems
(NEMS) represent another field where sputtering plays a crucial role. These devices,
which integrate mechanical and electrical functions at small scales, require thin
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films with precise thickness control, stress management, and compatibility with
silicon processing. Sputtering enables deposition of structural layers (e.g., polysili-
con, metals), sacrificial layers, and functional coatings such as piezoelectrics and
conductors [45]. Aluminum and gold films deposited by sputtering are frequently
used for interconnects in MEMS. Piezoelectric films such as AIN and ZnO are sput-
tered to fabricate resonators, filters, and sensors [46]. Moreover, multilayer stacks
of ferroelectric materials are sputtered to achieve high-performance actuators and
energy harvesters in MEMS/NEMS platforms. The compatibility of sputtering with
lithography-based patterning and wafer-scale processing makes it indispensable in
commercial MEMS fabrication lines.

1.8.5 Energy Applications: PV, Batteries, and Fuel Cells

Sputtering is extensively applied in the energy sector, particularly in PV, batteries,
and fuel cells. In thin-film solar cells, TCOs deposited by sputtering serve as trans-
parent electrodes, while absorber layers such as CdS, ZnO, and Cu(In,Ga)Se, are
prepared using reactive or cosputtering [47]. The ability to deposit multilayer
heterostructures with precise stoichiometry is critical for maximizing PV efficiency.
For example, sputtered ZnO:Al films provide superior transparency and conduc-
tivity in tandem solar cells [48]. In lithium-ion batteries, sputtered thin films of
LiCoO,, LiPON (lithium phosphorus oxynitride), and transition metal oxides are
employed in solid-state microbatteries [49]. These films act as cathodes, electrolytes,
or protective coatings, enabling long cycle life and safety in miniaturized energy-
storage devices. Similarly, sputtering of solid oxide fuel cell components, such as
yttria-stabilized zirconia (YSZ) electrolytes and perovskite electrodes, enhances
cell efficiency and mechanical durability [50]. The recent push toward hydrogen
economy has also highlighted sputtering as a method to deposit catalysts for
hydrogen evolution and storage, particularly Pt-based nanostructures with tailored
morphology [51]. This intersection of energy materials and sputtering underscores
its critical role in sustainable technologies.

1.8.6 Emerging Applications in Quantum Devices and Spintronics

The frontier of sputtering applications is found in quantum technologies and spin-
tronics. In spintronic devices, materials such as magnetic tunnel junctions (MTJs),
Heusler alloys, and multiferroic oxides are sputtered to form nanoscale heterostruc-
tures that exploit electron spin in addition to charge [52]. Sputtered CoFeB/MgO/
CoFeB trilayers, for instance, form the backbone of modern magnetic random-access
memory (MRAM), offering nonvolatility, high speed, and scalability [53]. Figure 1.8
shows the schematic of the fabricated MTJs using sputtering. Quantum devices,
including superconducting qubits and topological insulators, also rely on sputtering
to deposit high-purity films with controlled interfaces. Nb, Al, and NbN films depos-
ited by sputtering are used as superconducting layers in Josephson junctions and
quantum circuits [54]. Furthermore, reactive sputtering enables the preparation of
nitride-based superconductors and hybrid materials, essential for next-generation
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Figure 1.8 Schematic of the fabricated MTJs. (a)-(c) A SyF free layer is sandwiched by
asymmetric double MgO barriers. The bottom electrode is Ta or W, and the top electrode is
Ta/Pt. The Co2FeAl and CoFeB thicknesses in the SyF free layer varied from 0.5 to 1.5 nm
for each stack by wedge across the wafer. Source: Reproduced from [56] / with permission of
|OP Publishing.
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quantum computing architectures. Sputtering has also been applied in producing
2D materials and layered heterostructures, which are increasingly investigated for
quantum sensing. For instance, sputtered transition metal dichalcogenides (TMDs)
like MoS, can be integrated with conventional semiconductors for hybrid quantum
devices [55].

1.9 Challenges and Future Perspectives

Sputtering, being the versatile and widely adopted technique for thin-film deposi-
tion and surface modification, lays at the heart of modern materials science. Despite
its maturity and broad applications, sputtering is still plagued by fundamental and
practical limitations that preclude it from reaching its full potential. These problems
cover everything from theoretical bounds to material-specific constraints, process
scalability, and integration issues with emerging technologies. Nowadays, within the
available theoretical models, such as Sigmund’s collision cascade theory and Monte
Carlo simulations like TRIM/SRIM, the predictability of sputtering behavior in com-
plex alloys, oxides, or nanostructured material remains limited, while MD approaches
are computationally demanding. A second important issue deals with the control of
defects and stoichiometry: point defects, vacancies, and compositional deviations
affect film properties, in particular in reactive sputtering, where target poisoning and
plasma nonuniformity may occur. Advanced methods such as HiPIMS improve film
density and smoothness, but real-time diagnostics and feedback control remain cru-
cial for precise film engineering. At the industrial scale, sputtering requires uniform
large-area deposition, high efficiency, and optimized power consumption—all needs
to which hybrid magnetron and pulsed systems start to answer. Integration with
state-of-the-art fabrication techniques like ALD, CVD, and additive manufacturing
not only opens up perspectives toward multifunctional coatings but also implies syn-
chronization to avoid interface defects and thermal mismatch. Emerging applications
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in the field of quantum materials and spintronics push sputtering toward atomic-level
precision, putting high demands on plasma control and integration within in situ
characterization and machine-learning-based process optimization. Lastly, environ-
mental sustainability nowadays urges the development of low-energy, gas-efficient,
recyclable sputtering systems. Overcoming these challenges through interdisciplinary
research will make sputtering continue to be one of the key techniques for the fabrica-
tion of next-generation materials and devices.

1.10 Conclusion

Sputtering has evolved into one of the most versatile and indispensable methods
in modern materials science, as it bridges between fundamental ion-solid interac-
tion physics and practical thin-film applications. The method is defined by complex
processes like collision cascades, momentum transfer, and secondary emissions,
allowing great precision in film composition, thickness, and morphology. Advanced
variants, including magnetron, RF, reactive, and HiPIMS, have considerably
expanded its capability to deposit metals, dielectrics, semiconductors, and multicom-
ponent materials with excellent uniformity and adhesion. The technique has played
a very important role in micro- and optoelectronics, protective coatings, and nano-
structured surface engineering and finds emerging applications in MEMS/NEMS,
energy devices, spintronics, and quantum materials. Still, predictive modeling and
defect/stoichiometry control and large-scale process optimization are among a few
challenges lying ahead. Integration with complementary methods like atomic layer
deposition or additive manufacturing provides pathways to overcome such limita-
tions and realize hybrid, multifunctional material systems. Given the advancement
of technological frontiers toward nanoscale precision and sustainable manufac-
turing, sputtering will keep acting as one of the key platforms for materials innova-
tion, linking scientific understanding to practical device realization.
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