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Unit 1 — Introduction to Surface Science

1.1 Historical development and significance of surface science

Surface science emerged in the 1960s, combining chemistry, physics, and materials science to study
material interfaces. Advances in ultra-high vacuum tech and analytical tools like LEED and XPS enabled
researchers to examine clean surfaces at the atomic level.

The field revolutionized our understanding of surface phenomena, catalysis, and material properties.
Discoveries like surface reconstruction and plasmons, along with imaging techniques like STM and AFM,
have driven innovations in electronics, energy, and biotech.

Evolution of Surface Science

Emergence as a Distinct Field

* Surface science emerged as a distinct field in the 1960s, building upon earlier studies in surface
chemistry, physics, and materials science

* The establishment of dedicated surface science journals (Surface Science), conferences
(International Conference on Solid Surfaces), and professional societies (American Vacuum Society) in
the 1970s and 1980s helped consolidate the field and foster collaboration among researchers

* Surface science became recognized as a crucial area of study for understanding the properties and
behavior of materials at their interfaces with the environment or other materials

* The interdisciplinary nature of surface science, combining principles from chemistry, physics, and
materials science, contributed to its growth and impact across various fields

Technological Advancements Enabling Surface Science

* The development of ultra-high vacuum (UHV) technology in the 1960s enabled the study of
well-defined, clean surfaces under controlled conditions

» UHV conditions (pressures below 107-9 torr) allowed researchers to prepare and maintain atomically
clean surfaces for extended periods

* UHV technology facilitated the use of surface-sensitive analytical techniques that require low
background pressures, such as low-energy electron diffraction (LEED) and Auger electron
spectroscopy (AES)

» Advances in surface-sensitive analytical techniques, such as LEED, AES, and X-ray photoelectron
spectroscopy (XPS), facilitated the growth of surface science

» LEED provided information on the atomic structure and symmetry of surfaces
* AES enabled the elemental analysis of surfaces and the detection of surface contaminants

* XPS allowed for the determination of the chemical composition and oxidation states of surface species
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Milestones in Surface Science

Foundational Work and Discoveries

* Irving Langmuir's work on adsorption and surface chemistry in the early 20th century laid the
foundation for modern surface science

» Langmuir developed the concept of a monolayer, a single layer of atoms or molecules adsorbed on a
surface

» He introduced the Langmuir adsorption isotherm, which describes the relationship between the
surface coverage of adsorbates and the pressure of the gas phase

* The discovery of surface reconstruction, such as the Si(111)-7x7 structure, demonstrated the
complexity and unique properties of surfaces compared to bulk materials

« Surface reconstruction refers to the rearrangement of surface atoms to minimize surface energy,
resulting in structures that differ from the bulk crystal structure

* The Si(111)-7x7 reconstruction, observed using LEED and STM, revealed a complex surface
structure with 49 atoms in the unit cell, highlighting the intricacy of surface phenomena

Revolutionary Imaging Techniques

* The development of the scanning tunneling microscope (STM) by Gerd Binnig and Heinrich Rohrer in
1981 revolutionized the study of surfaces by enabling atomic-scale imaging and manipulation

* STM utilizes the quantum tunneling effect to measure the local electronic structure of surfaces with
sub-angstrom resolution

» STM allowed researchers to directly visualize individual atoms and molecules on surfaces and study
their electronic properties and interactions

* The invention of atomic force microscopy (AFM) in 1986 expanded the capabilities of surface science
to include non-conductive materials and biological systems

* AFM measures the force between a sharp tip and the sample surface, enabling topographic imaging
and force measurements with nanometer-scale resolution

* AFM has been widely applied to study the surface morphology and mechanical properties of a wide
range of materials, including polymers, ceramics, and biological samples (DNA, proteins)

Discoveries in Surface Phenomena

» The observation of surface plasmons, collective oscillations of electrons at metal surfaces, opened up
new avenues for studying light-matter interactions and developing plasmonic devices

« Surface plasmons are excited by the interaction of light with the free electrons in metal surfaces,
resulting in enhanced electromagnetic fields localized at the surface

« Surface plasmon resonance (SPR) has been exploited for various applications, such as biosensing,
surface-enhanced Raman spectroscopy (SERS), and nanophotonic circuits

* The study of surface reactions and catalysis has provided fundamental insights into the mechanisms
of chemical processes occurring at surfaces

Fiveable archived study guides Page 3



« Surface science techniques have elucidated the role of surface structure, composition, and defects in
catalytic reactions (Haber-Bosch process for ammonia synthesis)

» The development of model catalysts, such as single-crystal surfaces and nanoparticles, has enabled
the rational design of catalytic materials with improved activity and selectivity

Significance of Surface Science

Fundamental Understanding of Surfaces

« Surface science has provided fundamental insights into the atomic and electronic structure of
surfaces, leading to a better understanding of surface reactivity, catalysis, and materials properties

+ Studies of surface reconstruction, adsorption, and desorption have revealed the complex interplay
between surface geometry, electronic states, and chemical bonding

« Surface science has elucidated the role of surface defects (steps, kinks, vacancies) in determining the
reactivity and stability of surfaces

* Insights from surface science have contributed to the rational design of catalysts for chemical and
energy applications, such as heterogeneous catalysis and fuel cells

» Understanding the structure-activity relationships in catalytic surfaces has guided the development of
more efficient and selective catalysts

« Surface science studies have led to the optimization of electrode materials in fuel cells and batteries,
improving their performance and durability

Technological Advancements and Applications

» Advances in surface science have enabled the development of novel materials with tailored surface
properties, such as self-assembled monolayers (SAMs) and nanostructured surfaces

* SAMs are highly ordered molecular assemblies formed by the adsorption of organic molecules on
surfaces, offering precise control over surface functionality and wettability

» Nanostructured surfaces, such as nanoporous materials and nanowire arrays, exhibit unique
properties (high surface area, enhanced reactivity) that are exploited in catalysis, sensing, and energy
storage applications

« Surface science has played a crucial role in the development of semiconductor devices, such as
transistors and solar cells, by elucidating the properties of surfaces and interfaces in these systems

» Understanding the electronic structure and band alignment at semiconductor interfaces has been
essential for optimizing the performance of electronic and optoelectronic devices

« Surface passivation techniques, such as the formation of oxide layers or the deposition of protective
coatings, have been developed to improve the stability and reliability of semiconductor devices

Interdisciplinary Impact

« Surface science has also impacted fields beyond materials science, such as biology and medicine, by
providing tools for studying the interactions of biomolecules with surfaces and developing biocompatible
materials

« Surface-sensitive techniques (SPR, quartz crystal microbalance) have been adapted for biosensing
applications, enabling the detection of biomolecular interactions and disease biomarkers
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« Surface modification strategies, such as the immobilization of biomolecules or the creation of
antifouling coatings, have been developed to control the biocompatibility and functionality of medical
implants and diagnostic devices

» Advances in surface science have contributed to the development of environmental remediation
technologies, such as photocatalytic water splitting and CO2 reduction

» Understanding the surface chemistry of photocatalysts (TiO2) has led to the design of more efficient
materials for solar-driven hydrogen production and pollutant degradation

« Surface science insights have guided the development of catalysts for the electrochemical reduction
of CO2 to value-added chemicals and fuels, addressing the challenges of carbon capture and utilization

Contributions to Surface Science

Pioneers and Nobel Laureates

* Irving Langmuir (1881-1957): Pioneered the study of adsorption and surface chemistry, earning the
Nobel Prize in Chemistry in 1932

» Langmuir's work on the adsorption of gases on solid surfaces laid the foundation for the quantitative
understanding of surface phenomena

* He developed the Langmuir adsorption isotherm, which describes the relationship between the
surface coverage of adsorbates and the pressure of the gas phase

* Gerd Binnig (1947-) and Heinrich Rohrer (1933-2013): Invented the scanning tunneling microscope
(STM), for which they received the Nobel Prize in Physics in 1986

+ Binnig and Rohrer's development of the STM revolutionized surface science by enabling the direct
imaging and manipulation of individual atoms and molecules on surfaces

* The STM has become an indispensable tool for studying the atomic-scale structure and electronic
properties of surfaces, as well as for nanoscale fabrication and lithography

» Gerhard Ertl (1936-): Elucidated the mechanisms of surface reactions and catalysis, particularly the
Haber-Bosch process, and was awarded the Nobel Prize in Chemistry in 2007

« Ertl's work on the adsorption and dissociation of molecules on metal surfaces provided fundamental
insights into the mechanisms of heterogeneous catalysis

*» He used surface science techniques to study the elementary steps of the Haber-Bosch process for
ammonia synthesis, leading to the optimization of industrial catalysts

Theoretical Contributions

+ John Pendry (1943-): Developed the theory of surface plasmons and metamaterials, which has led to
advances in nanophotonics and optical computing

 Pendry's theoretical work on surface plasmons has provided a framework for understanding the
interaction of light with metallic nanostructures

* He pioneered the concept of metamaterials, artificial materials with engineered optical properties
(negative refractive index), opening up new possibilities for controlling light at the nanoscale

» Kyozaburo Tamaru (1923-2006): Developed the theory of surface phonons and the vibrational
properties of adsorbed molecules on surfaces
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» Tamaru's theoretical work on surface phonons, the vibrational modes localized at surfaces, has been
crucial for understanding the dynamics and energy transfer processes at surfaces

* He also contributed to the development of the dipole selection rule for surface-enhanced Raman
scattering (SERS), providing a foundation for the interpretation of SERS spectra

Experimental Advances

« Shirley Chiang (1946-): Pioneered the use of scanning tunneling microscopy and spectroscopy to
study the electronic properties of surfaces and interfaces, particularly in semiconductor systems

+ Chiang's work has provided insights into the electronic structure and band alignment at semiconductor
interfaces, which is crucial for the development of electronic and optoelectronic devices

+ She has also contributed to the understanding of surface states and the role of defects in determining
the electronic properties of surfaces

* Maki Kawai (1953-): Advanced the understanding of surface chemistry and catalysis using scanning
probe microscopy and spectroscopy techniques, with applications in energy and environmental science

» Kawai's research has focused on the atomic-scale characterization of catalytic surfaces and the
mechanisms of surface reactions, particularly in the context of energy conversion and storage

» She has developed novel scanning probe techniques, such as tip-enhanced Raman spectroscopy
(TERS), to study the local chemical properties of surfaces with nanoscale resolution

1.2 Basic concepts and terminology in surface science

Surface science explores the fascinating world of interfaces between materials. It focuses on the unique
properties of atoms and molecules at surfaces, which differ significantly from those in the bulk.

Understanding surface science is crucial for many applications, from catalysis to electronics. We'll dive into
key concepts like adsorption, surface energy, and atomic structure, exploring how they shape the behavior
of materials at their boundaries.

Fundamental concepts in surface science

Definition and scope of surface science

« Surface science is the study of physical and chemical phenomena that occur at the interface of two
phases (solid-liquid, solid—gas, solid—vacuum, liquid-gas)

* Focuses on the top layer of atoms or molecules in a material and their interactions with the
environment

* Encompasses a wide range of phenomena, including adsorption, desorption, surface reconstruction,
and surface reactivity

Key terminology in surface science

+ Surface atoms have fewer neighboring atoms compared to bulk atoms, which are located in the
interior region beneath the surface

+ Adsorption is the adhesion of atoms, ions, or molecules from a gas, liquid, or dissolved solid to a
surface (physisorption, chemisorption)
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+ Desorption is the release of a substance from a surface, the opposite process of adsorption (thermal
desorption, photodesorption)

« Surface reconstruction refers to the rearrangement of surface atoms to minimize surface energy,
resulting in a different structure than the bulk (7x7 reconstruction of Si(111), herringbone reconstruction
of Au(111))

+ Relaxation is the slight adjustment of the interlayer spacing between the top few layers of surface
atoms compared to the bulk spacing

» Dangling bonds are unsatisfied valences on surface atoms that play a key role in adsorption and
surface reactivity

Surface vs bulk properties

Differences in atomic coordination and structure

« Surface atoms have a different coordination number (number of nearest neighbors) compared to bulk
atoms, resulting in distinct physical and chemical properties

* Surfaces often exhibit different crystal structures or reconstructions compared to the bulk due to the
minimization of surface energy (1x1, 2x1, c(2x2) structures)

« Surface atoms have higher energy than bulk atoms because they have fewer bonds and are less
stable

Differences in reactivity and electronic properties

« Surfaces are more reactive than the bulk due to the presence of dangling bonds and the lower
coordination of surface atoms

« Electrical and optical properties can differ between the surface and bulk due to changes in electronic
structure at the surface (band bending, surface states)

» Melting points and phase transitions may occur at lower temperatures for surfaces compared to the
bulk (surface melting, surface phase transitions)

Surface energy and its relevance

Definition and origin of surface energy

« Surface energy is the excess energy at the surface of a material compared to the bulk, originating
from the reduced coordination of surface atoms and the presence of dangling bonds

* Surface energy is a measure of the thermodynamic stability of a surface, with higher surface energy
indicating a less stable surface

» Expressed in units of energy per unit area (J/m*2 or eV/nm*2)

Impact of surface energy on material properties and behavior

» The surface energy determines the shape of crystals and nanoparticles, as high-energy surfaces tend
to be minimized during growth (Wulff construction)

« Surface energy drives surface segregation, where impurities or alloying elements concentrate at the
surface to lower the overall energy
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« Adsorption is influenced by surface energy, as adsorbates can lower the surface energy by forming
bonds with surface atoms (dissociative adsorption of H2 on metal surfaces)

« Surface energy affects wetting and spreading phenomena, with liquids spreading more readily on
high-energy surfaces (contact angle, Young's equation)

« Surface reconstructions and relaxations occur to minimize surface energy by rearranging surface
atoms

Atomic structure of surfaces

Surface reconstructions and relaxations

« Surfaces can have different atomic structures than the bulk, such as reconstructions, relaxations, or
terminations

« Surface reconstructions involve the rearrangement of surface atoms to form a different periodic
structure than the bulk to minimize surface energy (Si(001) 2x1 reconstruction, GaAs(001) 2x4
reconstruction)

* Relaxation refers to the small changes in the interlayer spacing between the top few layers of surface
atoms compared to the bulk (contraction or expansion of interlayer distances)

Surface composition and defects

« Surface composition can differ from the bulk due to surface segregation, where certain elements
preferentially migrate to the surface (segregation of Ag to the surface of Cu-Ag alloys)

» Adsorbed species, such as gases or liquids, can modify the surface structure and composition
(oxygen adsorption on metal surfaces, self-assembled monolayers)

« Surface defects, such as steps, kinks, and vacancies, play a crucial role in surface reactivity and
adsorption (catalysis at step edges, nucleation at defect sites)

* Techniques like low-energy electron diffraction (LEED), scanning tunneling microscopy (STM), and
atomic force microscopy (AFM) are used to probe the atomic structure of surfaces

1.3 Surface phenomena and their importance in various fields

Surface phenomena are crucial in various fields, from industrial processes to advanced materials. They
occur at interfaces between phases, influencing properties like adsorption, surface tension, and wetting.
Understanding these phenomena is key to optimizing processes and developing new technologies.

Surface science plays a vital role in catalysis, corrosion prevention, and nanomaterial design. It's also
essential in biological systems, affecting cell adhesion, protein interactions, and drug delivery. Mastering
surface phenomena enables innovation across multiple disciplines and industries.

Surface phenomena and their manifestations

Surface phenomena at different interfaces

 Surface phenomena occur at the interface between two phases (solid-gas, solid-liquid, or liquid-gas
interfaces)

* Influenced by the unique properties of the surface atoms or molecules
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+ Adsorption: adhesion of atoms, ions, or molecules from a gas, liquid, or dissolved solid to a surface,
forming a thin film

* Reverse process called desorption
« Surface tension: elastic tendency of a fluid surface to minimize its surface area

 Caused by the greater attraction of liquid molecules to each other than to the molecules in the air
(water, mercury)

Surface properties and their impact

» Wetting: ability of a liquid to maintain contact with a solid surface

+ Resulting from intermolecular interactions when the two are brought together (water on glass, oil on
metal)

« Surface roughness and topography significantly influence surface phenomena (adsorption, wetting,
and friction)

* Increased surface area and altered surface energy
« Surface diffusion: movement of adsorbed species along the surface

* Plays a crucial role in various surface processes (crystal growth, catalysis)

Surface phenomena in industrial processes

Catalysis and surface phenomena

« Catalysis: a substance (the catalyst) accelerates a chemical reaction without being consumed

« Surface phenomena play a critical role in heterogeneous catalysis (catalyst and reactants are in
different phases)

 Adsorption of reactants onto the catalyst surface is a prerequisite for heterogeneous catalysis
* Allows the reactants to interact with the active sites on the catalyst surface (platinum, palladium)
« Surface properties of the catalyst determine its catalytic activity and selectivity

» Composition, structure, and defects (zeolites, metal oxides)

Corrosion and surface phenomena

« Corrosion: gradual degradation of materials, usually metals, due to chemical or electrochemical
reactions with their environment

« Surface phenomena significantly influence the corrosion process

» Formation of a passive oxide layer on a metal surface can protect it from further corrosion

+ Acts as a barrier between the metal and the corrosive environment (aluminum, stainless steel)
« Surface defects can act as preferential sites for corrosion initiation

» Grain boundaries and dislocations
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Surface phenomena in other industrial processes

* Control of surface phenomena is essential for optimal performance and product quality in various
industrial processes

« Coating, printing, and oil recovery

* In coating processes, the wetting behavior of the coating material on the substrate surface determines
the uniformity and adhesion of the coating

« Paint on walls, protective coatings on metal surfaces

* In enhanced oil recovery, the alteration of rock surface wettability can improve oil displacement and
recovery efficiency

« Surfactants, polymers, and nanoparticles used to modify rock surface properties

Surface properties in advanced materials

Nanomaterials and surface properties
» Nanomaterials exhibit unique properties that differ from their bulk counterparts
+ At least one dimension in the nanoscale range (1-100 nm)
* High surface area to volume ratio
« Surface energy and surface stress play a significant role in the stability and shape of nanostructures
* Nanoparticles, nanowires, and nanotubes

» Surface composition and functionalization of nanomaterials can be tailored to achieve desired
properties

» Enhanced solubility, biocompatibility, or specific targeting capabilities (gold nanoparticles, carbon
nanotubes)

Advanced materials and surface engineering

« Control of surface texture and chemistry is crucial for achieving the desired functionality in advanced
materials

» Superhydrophobic surfaces, self-cleaning coatings (lotus leaf effect, nanostructured surfaces)

« Surface engineering techniques are employed to modify and optimize the surface properties of
materials for specific applications

* Plasma treatment, molecular beam epitaxy, and atomic layer deposition
Surface interactions in biological systems

Cell adhesion and migration

+ Cell adhesion and migration are mediated by surface interactions between cells and the extracellular
matrix

* Crucial for tissue development, wound healing, and immune responses
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* Cell surface receptors recognize and bind to specific ligands on the extracellular matrix
* Integrins initiate intracellular signaling cascades that regulate cell behavior

« Surface topography and mechanical properties of the substrate can influence cell adhesion,
spreading, and differentiation

 Micropatterned surfaces, hydrogels with tunable stiffness

Protein adsorption on biomaterial surfaces

+ Protein adsorption on biomaterial surfaces is a critical factor in determining the biocompatibility and
performance of medical implants and devices

+ Can trigger immune responses and influence cell attachment and growth on the implant surface
(titanium, polyethylene)

« Surface modification strategies are employed to control protein adsorption and improve the
biocompatibility of medical implants

* Polymer coating, biomolecule immobilization (polyethylene glycol, RGD peptides)

Surface interactions in drug delivery and biosensing

* In drug delivery systems, the surface properties of nanocarriers can be engineered to enhance drug
loading, stability, and targeted delivery

* Liposomes, polymeric nanoparticles (PEGylated liposomes, functionalized nanoparticles)

+ Development of biosensors and diagnostic devices relies on the specific surface interactions between
the sensor surface and the target analytes

* Proteins, nucleic acids, or cells (surface plasmon resonance, quartz crystal microbalance)

1.4 Overview of surface characterization techniques

Surface characterization techniques are crucial tools for understanding material properties at the atomic
level. From spectroscopic methods like XPS to microscopic techniques like SEM, these tools provide
invaluable insights into surface composition, structure, and behavior.

Choosing the right technique depends on what you want to know about your surface. Combining multiple
methods often gives the most complete picture. Understanding the strengths and limitations of each
technique is key to interpreting the data accurately and avoiding common pitfalls.

Surface characterization techniques

Classification and principles

« Surface characterization techniques are broadly classified into spectroscopic, microscopic, and
probe-based methods, each providing unique information about surface properties

* Spectroscopic techniques (XPS, AES, SIMS) provide chemical composition and electronic structure
information of surfaces

* XPS and AES utilize the photoelectric effect and Auger electron emission, respectively, to provide
quantitative elemental composition and chemical state information with a sampling depth of a few
nanometers
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» SIMS uses a focused ion beam to sputter surface atoms and analyze the ejected secondary ions,
offering high sensitivity for trace element detection and depth profiling capabilities

* Microscopic techniques (SEM, TEM, AFM) offer high-resolution imaging and topographical analysis of
surfaces

* SEM employs a focused electron beam to generate high-resolution images of surface topography and
morphology, with a resolution typically in the nanometer range

* TEM requires thin samples and uses a high-energy electron beam to provide atomic-scale imaging,
crystallographic information, and chemical analysis through various imaging and spectroscopic modes

* Probe-based methods (STM, AFM) enable the study of surface properties at the atomic scale,
including surface structure, electronic properties, and local interactions

« STM and AFM rely on the tunneling current and force interactions between a sharp probe and the
surface, respectively, to map surface topography and local electronic properties with atomic resolution

Other surface characterization techniques

« X-ray diffraction (XRD) is used for crystallographic analysis, determining crystal structure, phase
composition, and strain in materials, with applicability to both bulk and thin film samples

» Contact angle measurements provide information on surface wettability, which is important for
studying adhesion, coating, and surface functionalization

* Ellipsometry is employed for measuring thin film thickness and optical properties, based on the
change in polarization state of light upon reflection from the surface

» Thermal analysis techniques, such as thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC), can provide insights into surface reactions, adsorption/desorption processes, and
phase transitions

Principles and capabilities of surface analysis

Spectroscopic techniques

* XPS and AES provide quantitative elemental composition and chemical state information of surfaces
with a sampling depth of a few nanometers

» XPS utilizes the photoelectric effect, where X-rays excite core-level electrons, and the kinetic energy
of the emitted photoelectrons is measured to determine the binding energy and chemical state of
surface atoms

* AES relies on the Auger electron emission process, where an electron is ejected from an inner shell,
and the subsequent relaxation of an outer-shell electron results in the emission of an Auger electron
with element-specific kinetic energy

» SIMS offers high sensitivity for trace element detection and depth profiling capabilities

» SIMS uses a focused ion beam (typically Cs+ or O-) to sputter surface atoms, and the ejected
secondary ions are analyzed based on their mass-to-charge ratio using a mass spectrometer

» Dynamic SIMS allows for depth profiling by continuously sputtering the surface while monitoring the
secondary ion intensity as a function of sputtering time

Fiveable archived study guides Page 12



Microscopic techniques

* SEM generates high-resolution images of surface topography and morphology, with a resolution
typically in the nanometer range

* SEM uses a focused electron beam to scan the surface, and the resulting secondary electrons,
backscattered electrons, and X-rays are detected to form images and provide compositional information

* SEM can operate in various imaging modes (secondary electron, backscattered electron, and
energy-dispersive X-ray spectroscopy) to highlight different surface features and chemical contrasts

* TEM provides atomic-scale imaging, crystallographic information, and chemical analysis through
various imaging and spectroscopic modes

* TEM uses a high-energy electron beam (typically 100-300 keV) that transmits through a thin sample,
and the resulting electron-sample interactions are used to form images and diffraction patterns

* High-resolution TEM (HRTEM) can resolve individual atomic columns, while scanning TEM (STEM)
allows for chemical mapping and spectroscopy at the atomic scale

Probe-based techniques

+ STM and AFM map surface topography and local electronic properties with atomic resolution

» STM relies on the quantum tunneling effect, where a sharp conductive tip is brought close to the
surface, and the resulting tunneling current is measured as a function of tip position to map the surface
topography and local density of states

* AFM uses a sharp tip attached to a cantilever to measure the force interactions between the tip and
the surface, providing topographic and mechanical property information at the nanoscale

+ STM and AFM can operate in various modes (contact, non-contact, and tapping) to suit different
sample properties and measurement requirements

» Contact mode AFM involves direct contact between the tip and the surface, while non-contact and
tapping modes use oscillating tips to minimize sample damage and improve resolution

* STM can be performed in constant current or constant height mode, with the former providing better
topographic resolution and the latter offering faster scanning speeds

Selecting appropriate surface characterization techniques

Considerations for technique selection

* The choice of surface characterization technique depends on the specific information required,
sample properties, and the desired spatial and temporal resolution

» Elemental composition and chemical state analysis: XPS and AES are widely used, with XPS being
more surface-sensitive and providing detailed chemical bonding information

* Trace element detection and depth profiling: SIMS is preferred, particularly for analyzing dopant
distributions or contamination in materials

+ Surface morphology and defect analysis: SEM is a versatile technique for studying a wide range of
materials, from metals to polymers and biological samples
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» Atomic-scale imaging and chemical mapping: TEM is essential, especially for investigating
nanostructures, interfaces, and phase transformations

« Surface structure and local electronic properties: STM and AFM are indispensable, with applications in
catalysis, molecular electronics, and self-assembly

* Crystal structure, phase identification, and strain analysis: XRD is crucial, particularly for thin films,
nanostructures, and polycrystalline samples

Combining multiple techniques

» Combining multiple surface characterization techniques provides a comprehensive understanding of
surface properties and phenomena

* XPS and SIMS can be used together to obtain both surface-sensitive chemical information and
depth-resolved elemental composition

+ SEM and AFM can be employed to study surface morphology at different length scales, with SEM
providing a larger field of view and AFM offering higher resolution and 3D topographic information

* TEM and XRD are often used in tandem to investigate the structure-property relationships in
materials, with TEM providing local crystallographic and chemical information, and XRD offering global
phase and strain analysis

+ Correlative microscopy approaches, such as combining SEM with AFM or TEM with STM, enable the
direct comparison of surface features across different length scales and measurement modalities

Interpreting surface characterization data

Data interpretation principles

« Interpreting surface characterization data requires a deep understanding of the underlying physical
principles, instrumental factors, and potential artifacts associated with each technique

* XPS and AES spectra: Peak positions and shapes reflect the binding energies and chemical
environments of specific elements, with consideration for surface charging, background subtraction,
and peak fitting procedures

» SIMS data: Mass-to-charge ratios of secondary ions are analyzed, considering matrix effects, and
elemental concentrations are quantified using appropriate standards and data reduction methods

+ SEM images: Contrast mechanisms based on secondary electron emission, backscattered electron
intensity, and sample preparation effects are considered to interpret surface topography, grain
structure, and defects

» TEM data: Bright-field and dark-field imaging, electron diffraction patterns, and spectroscopic data are
interpreted based on electron-sample interactions and the relationship between structure and
properties

« STM and AFM data: Real-space images of surface topography and electronic structure are interpreted
based on the tunneling current, force interactions, and tip-sample convolution effects

* XRD data: Diffraction peaks are indexed, lattice parameters are determined, and phase composition
and strain are quantified using structure factor calculations and Rietveld refinement techniques
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Challenges and limitations

« Surface characterization data interpretation can be challenging due to various factors, such as sample
preparation, instrumental artifacts, and the complexity of surface phenomena

» Sample preparation: Surface contamination, oxidation, and damage during sample preparation can
significantly influence the measured surface properties, requiring careful control and optimization of
sample preparation protocols

« Instrumental artifacts: Factors such as beam damage, surface charging, and tip-sample interactions
can introduce artifacts in surface characterization data, necessitating proper instrumental calibration
and data correction procedures

« Surface complexity: The presence of surface defects, adsorbates, and heterogeneous phases can
complicate the interpretation of surface characterization data, requiring the use of complementary
techniques and theoretical modeling to deconvolute the contributions from different surface species

« Limitations of individual techniques should be considered when interpreting surface characterization
data

* XPS and AES: Limited spatial resolution (typically a few micrometers), difficulty in analyzing insulating
samples, and the need for ultra-high vacuum conditions

» SIMS: Matrix effects, preferential sputtering, and the requirement for standard samples for quantitative
analysis

« SEM: Limited surface sensitivity, difficulty in analyzing non-conductive samples, and the potential for
electron beam damage

* TEM: The need for thin samples, potential artifacts from sample preparation, and the difficulty in
interpreting complex nanostructures and interfaces

+ STM and AFM: The influence of tip geometry and chemistry on the measured surface properties, the
need for conductive samples (STM), and the sensitivity to surface contamination and environmental
factors
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Unit 2 — Fundamentals of Surface
Structure and Composition

2.1 Atomic and electronic structure of surfaces

Surfaces have unique atomic arrangements and electronic structures due to their reduced dimensionality.
These differences from bulk materials lead to fascinating properties like surface states, reconstructions,
and altered work functions that impact reactivity and other behaviors.

Understanding the atomic and electronic structure of surfaces is crucial for many applications.
Surface-sensitive spectroscopy techniques like photoemission spectroscopy allow us to probe these
structures, revealing insights into surface chemistry, catalysis, and material properties.

Atomic arrangements at surfaces

Unique atomic arrangements and bonding

+ Surfaces have lower atomic coordination numbers compared to bulk materials resulting in unsaturated
bonds and altered atomic arrangements

« Surface atoms often exhibit different bond lengths and angles compared to bulk atoms due to the
asymmetric environment at the surface

» The reduced dimensionality at surfaces leads to unique electronic and geometric structures such as
surface states and reconstructions

» The broken symmetry at surfaces can result in the formation of surface dipoles which influence the
work function and reactivity of the surface

Influence of crystallographic orientation

» The atomic structure of surfaces is influenced by the crystallographic orientation with different crystal
faces exhibiting distinct atomic arrangements and properties

» Examples of different crystal faces with unique properties:

* (111) face of FCC metals (Cu, Ag, Au) has a hexagonal close-packed arrangement and is typically the
most stable and least reactive

* (100) face of BCC metals (Fe, W) has a square lattice arrangement and is more open and reactive
compared to the (110) face

+ (0001) face of HCP metals (Ti, Zn) has a hexagonal close-packed arrangement similar to the (111)
face of FCC metals

Surface relaxation and reconstruction

Concept and driving forces

« Surface relaxation refers to the small adjustments in the positions of surface atoms to minimize the
surface energy while maintaining the same symmetry as the bulk

Fiveable archived study guides Page 16



« Surface reconstruction involves a more significant rearrangement of surface atoms resulting in a
different symmetry and periodicity compared to the bulk

* Relaxation and reconstruction occur to minimize the energy of the surface by reducing the number of
unsaturated bonds and optimizing the atomic configuration

* The extent of relaxation and reconstruction depends on factors such as the material, crystal face, and
environmental conditions (temperature, pressure)

Impact on surface properties

« Surface reconstructions can have a significant impact on the electronic structure, work function, and
reactivity of the surface

» Examples of surface reconstructions and their effects:

+ Si(111)-7x7 reconstruction forms a complex arrangement with 12 adatoms per unit cell, leading to a
reduced surface energy and altered electronic structure

 Au(110)-2x1 reconstruction involves the missing row formation, resulting in a more stable surface with
anisotropic electronic and chemical properties

» Ge(001)-2x1 reconstruction forms dimer rows, reducing the number of dangling bonds and modifying
the surface band structure

Electronic structure of surfaces

Surface states and their influence

* The electronic structure of surfaces differs from that of the bulk due to the reduced symmetry and
altered atomic arrangements at the surface

« Surface states are electronic states that are localized at the surface and have energies within the
bandgap of the bulk material

* Surface states arise from the unsaturated bonds and altered atomic arrangements at the surface and
they can be probed using surface-sensitive spectroscopic techniques

» The presence of surface states can influence the electronic, optical, and chemical properties of the
surface such as conductivity, adsorption, and catalytic activity

» Examples of surface states and their effects:

» Shockley surface states on the (111) face of noble metals (Cu, Ag, Au) form a two-dimensional
electron gas with enhanced conductivity

» Tamm surface states on the (100) face of 11I-V semiconductors (GaAs, InP) can act as charge trapping
centers and affect device performance

Work function and its dependence on surface properties

* The work function is the minimum energy required to remove an electron from the surface to the
vacuum level and it is a fundamental property of surfaces

» The work function depends on the surface dipole which is influenced by factors such as the atomic
structure, surface composition, and adsorbates
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« Variations in the work function across different crystal faces and surface reconstructions can have
implications for electron emission, charge transfer, and surface reactivity

* Examples of work function variations:

» The work function of the (111) face of FCC metals is typically higher than that of the (100) face due to
the more close-packed arrangement

+ Adsorption of electropositive elements (alkali metals) on surfaces can significantly lower the work
function, while electronegative elements (halogens) can increase it

Surface-sensitive spectroscopy techniques

Photoemission spectroscopy (PES)

* Surface-sensitive spectroscopic techniques exploit the short inelastic mean free path of electrons in
solids to selectively probe the surface region

» Photoemission spectroscopy (PES) techniques such as X-ray photoelectron spectroscopy (XPS) and
ultraviolet photoelectron spectroscopy (UPS) are used to study the electronic structure of surfaces

* In PES, photons with specific energies are used to excite electrons from the surface and the kinetic
energy distribution of the emitted electrons is measured to obtain information about the occupied
electronic states

» Angle-resolved photoemission spectroscopy (ARPES) provides information about the energy and
momentum of surface electronic states allowing the mapping of the surface band structure

Other surface-sensitive techniques

* Inverse photoemission spectroscopy (IPES) is used to probe the unoccupied electronic states above
the Fermi level by measuring the photons emitted when electrons transition from higher-lying states to
lower-lying unoccupied states

» Scanning tunneling spectroscopy (STS) is a local probe technique that measures the local density of
states (LDOS) at the surface with atomic resolution by varying the bias voltage between the tip and the
sample

* The interpretation of surface-sensitive spectroscopic data requires consideration of factors such as
surface selection rules, matrix element effects, and final state effects

» Examples of surface-sensitive spectroscopy applications:

» XPS is widely used for surface chemical analysis, providing information about the elemental
composition and chemical states of surface species

* ARPES has been instrumental in the study of topological insulators, revealing the presence of
spin-polarized surface states

2.2 Surface crystallography and Miller indices

Surface crystallography and Miller indices are key to understanding atomic arrangements on surfaces.
These concepts help us describe how atoms line up and interact at material boundaries, which affects their
properties and behavior.

Miller indices use simple numbers to represent complex crystal planes and directions. This notation system
is crucial for studying surface structures, from stable low-index surfaces to more reactive high-index ones,
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and how they reconstruct or form superstructures.

Miller Indices for Crystal Planes and Directions

Defining and Interpreting Miller Indices

+ Miller indices are a notation system used to describe the orientation of crystal planes and directions in
a crystal lattice

* The three Miller indices (h, k, 1) are always written in lowest terms, their greatest common divisor
should be 1

* Negative Miller indices are denoted by a bar over the index (7T, 0, 0)

 Equivalent planes and directions in a crystal are denoted by curly braces {1, 0, 0} or <1, 0, 0>

Determining Miller Indices for Planes and Directions

+ Miller indices for a plane are determined by finding the intercepts of the plane with the crystallographic
axes and taking the reciprocals of these intercepts

« For example, if a plane intercepts the x, y, and z axes at (2, 3, 6), the Miller indices would be (3, 2, 1)

* Miller indices for a direction are described using square brackets [1, 0, 0] and are determined by the
components of a vector parallel to the direction

« For instance, a direction with a vector component of (1, 1, 1) would have Miller indices of [1, 1, 1]

Low-Index vs High-Index Surfaces

Characteristics of Low-Index Surfaces

 Low-index surfaces have Miller indices with small integer values, typically (h, k, I) where h, k, 1 <3
* Examples include (1, 0, 0), (1, 1, 0), and (1, 1, 1) planes

» Low-index surfaces generally have lower surface energies and are more stable than high-index
surfaces due to their higher atomic density and fewer dangling bonds

* The stability and reactivity of surfaces are influenced by their Miller indices, with low-index surfaces
being more commonly studied in surface science

Properties of High-Index Surfaces

* High-index surfaces have Miller indices with larger integer values, where at least one of h, k, or 1 >3
* Examples include (3, 1, 0), (5, 3, 2), and (11, 3, 1) planes

+ High-index surfaces often exhibit more complex atomic structures, such as stepped or kinked
surfaces, which can be described as combinations of low-index planes

* For instance, a (5, 3, 2) surface can be considered as a combination of (1, 1, 1) and (1, 0, 0) planes

+ High-index surfaces typically have higher surface energies and are less stable compared to low-index
surfaces due to their lower atomic density and more dangling bonds
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Surface Terminations: Structure and Symmetry

Atomic Structure of Surface Terminations

« Surface termination refers to the atomic plane at which a bulk crystal is cleaved or cut to create a
surface

* The atomic structure of a surface termination depends on the crystal structure and the Miller indices of
the surface plane

» Common surface terminations for face-centered cubic (FCC) crystals include (1, 0, 0), (1, 1, 0), and
(1, 1, 1) planes, each with distinct atomic arrangements and symmetries

* For body-centered cubic (BCC) crystals, common surface terminations include (1, 0, 0), (1, 1, 0), and
(1, 1, 1) planes, which differ in their atomic structure and symmetry from FCC surfaces

Symmetry of Surface Terminations

» Hexagonal close-packed (HCP) crystals have common surface terminations such as (0, 0, 0, 1) basal
plane and (1, 0, T, 0) prism plane, each with unique atomic arrangements

» The symmetry of a surface termination can be described by its two-dimensional space group, which
considers the periodic arrangement of atoms and the presence of rotation, reflection, and glide
symmetry elements

 For example, the (1, 1, 1) surface of an FCC crystal has a hexagonal symmetry with a p6mm space
group

» Understanding the symmetry of surface terminations is crucial for predicting and interpreting the
properties and behavior of surfaces, such as adsorption, catalysis, and epitaxial growth

Surface Crystallography and Reconstructions

Formation of Surface Reconstructions

« Surface reconstruction occurs when the atomic structure of a surface differs from the bulk-terminated
structure to minimize surface energy, often resulting in a periodic arrangement with a larger unit cell
than the bulk

* The formation of surface reconstructions is influenced by the Miller indices and atomic structure of the
surface termination

 Low-index surfaces may undergo reconstructions to minimize dangling bonds and surface energy

» Examples include the (7x7) reconstruction on Si(1, 1, 1) or the (1x2) and (1x3) reconstructions on
Au(1, 1, 0)

+ High-index surfaces can form stepped or faceted structures that consist of low-index terraces
separated by atomic steps, which may also undergo reconstructions

Surface Superstructures and Characterization Techniques

* Superstructures are ordered arrays of surface features, such as adsorbates or surface defects, that
form a periodic structure with a larger unit cell than the underlying substrate
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» Adsorbates can form ordered superstructures on surfaces, with the periodicity and symmetry
determined by the interaction between the adsorbate and the substrate surface structure

* For instance, the adsorption of oxygen on Ni(1, 1, 0) can lead to the formation of a (2x1)
superstructure

« Characterizing surface reconstructions and superstructures requires techniques sensitive to surface
structure

» Low-energy electron diffraction (LEED) provides information on the periodic structure and symmetry of
surfaces

+ Scanning tunneling microscopy (STM) and atomic force microscopy (AFM) offer real-space imaging of
surface atomic arrangements and superstructures

2.3 Surface defects and their influence on properties

Surface defects are imperfections in a material's atomic structure that can significantly impact its
properties. From steps and kinks to vacancies and adatoms, these defects play a crucial role in chemical
reactivity, catalysis, and electronic behavior of surfaces.

Understanding surface defects is key to manipulating material properties for various applications. Their
formation, stability, and impact on growth processes are influenced by thermodynamic and kinetic factors,
making them essential in fields like semiconductor devices and nanotechnology.

Surface defect types

Classification of surface defects

« Steps are one-dimensional defects formed by the termination of a crystal plane, resulting in a series of
parallel ledges on the surface

* Kinks are zero-dimensional defects that occur at the edges of steps, where the step changes direction
or is interrupted

* Vacancies are point defects created by the absence of an atom from its regular lattice site on the
surface

» Adatoms are individual atoms adsorbed on the surface, occupying positions that do not coincide with
the regular lattice sites (Cu adatoms on Cu(111) surface)

« Other types of surface defects include dislocations (line defects), grain boundaries, and stacking faults
(twin boundaries in FCC crystals)

Characteristics and impact of surface defects

« Surface defects are imperfections or irregularities in the atomic arrangement of a surface that disrupt
the periodic structure of the crystal lattice

* Defect sites often exhibit higher reactivity compared to flat terraces due to their lower coordination
number and the presence of unsaturated bonds (kink sites on metal catalysts)

* The altered electronic structure at defect sites, characterized by localized electronic states or modified
work functions, can affect the adsorption and desorption behavior of molecules (oxygen adsorption at
vacancy sites on TiO2(110))
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* Defects can introduce new electronic states within the band gap of semiconductors, influencing their
electronic properties and potentially enhancing or degrading device performance (surface defects in
ZnO nanorods for gas sensing)

Defect formation and stability

Thermodynamic factors
» The formation and stability of surface defects are influenced by thermodynamic considerations

* The creation of surface defects increases the surface free energy, as it disrupts the regular bonding
pattern and introduces additional unsatisfied bonds

* The equilibrium concentration of surface defects is determined by the balance between the increase in
surface free energy and the entropy gain associated with the presence of defects

» Temperature plays a crucial role in the formation and stability of surface defects. At higher
temperatures, the equilibrium concentration of defects increases due to the higher thermal energy
available for their formation (vacancy formation on metal surfaces at elevated temperatures)

Kinetic factors and surface orientation

« Kinetic factors, such as surface diffusion and atom exchange processes, govern the dynamics of
defect formation, migration, and annihilation

+ The stability of surface defects depends on the surface orientation, with some orientations exhibiting
higher defect densities due to their inherent atomic structure (higher step density on vicinal surfaces
compared to low-index planes)

« Surface diffusion enables the migration of adatoms and vacancies, leading to the formation of larger
defect structures or the annihilation of defects (island formation and ripening on semiconductor
surfaces)

» Atom exchange processes, such as the hopping of atoms between different lattice sites, contribute to
the dynamics of defect formation and stability (adatom-vacancy pair formation and recombination)

Impact of surface defects

Chemical reactivity and catalytic activity
« Surface defects significantly influence the chemical reactivity and catalytic activity of surfaces

» Adatoms and vacancies can act as active sites for adsorption and catalytic reactions, as they provide
additional binding sites and can lower the activation energy barriers for certain processes (CO oxidation
on supported metal nanoparticles)

» The presence of surface defects can lead to preferential adsorption and reaction pathways, enabling
selective catalysis and the design of catalysts with enhanced activity and specificity (structure-sensitive
reactions on stepped surfaces)

Electronic properties and device performance

+ Defects can introduce new electronic states within the band gap of semiconductors, influencing their
electronic properties and potentially enhancing or degrading device performance
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« Surface defects can act as traps for charge carriers, affecting the electrical conductivity and
recombination processes in semiconductor devices (surface defects in solar cells and light-emitting
diodes)

*» The presence of defects can modify the work function of surfaces, influencing the electron emission
properties and the performance of electronic devices (field emission from carbon nanotubes with
defects)

Defects in growth processes

Epitaxial growth and nanostructure formation

* Surface defects play a crucial role in various growth processes, including epitaxy and self-assembly

* In epitaxial growth, surface defects such as steps and kinks act as preferential nucleation sites for the
adsorption and incorporation of adatoms, influencing the growth mode and morphology of the deposited
film (step-flow growth of graphene on SiC)

« Step edges can guide the growth of one-dimensional nanostructures, such as nanowires, through a
process called step-flow growth (GaAs nanowires grown on Si(111) surfaces)

+ Defects can act as templates for the self-assembly of nanostructures, such as quantum dots or
molecular arrays, by providing energetically favorable sites for nucleation and growth (self-assembled
monolayers on Au(111) surfaces)

Defect engineering in growth processes

* Vacancies and other point defects can facilitate mass transport and atom exchange during growth,
enabling the formation of coherent interfaces and strain relaxation (misfit dislocation formation in
heteroepitaxial systems)

* The intentional introduction or control of surface defects can be used to manipulate the growth
process and obtain desired morphologies, such as the formation of quantum dot arrays or the growth of
metamaterials (strain-induced quantum dot formation in Ge/Si heterostructures)

+ Defect engineering techniques, such as surface patterning or the use of surfactants, can be employed
to control the density and distribution of surface defects during growth processes (surfactant-mediated
growth of smooth thin films)

2.4 Surface composition analysis methods

Surface composition analysis methods are crucial for understanding material properties. XPS and AES are
powerful techniques that reveal elemental makeup and chemical states of surfaces. These methods
provide valuable insights into surface structure and composition, essential for various scientific and
industrial applications.

XPS uses X-rays to probe surfaces, while AES employs electron beams. Both techniques offer unique
advantages in terms of depth, resolution, and information provided. Understanding their strengths and
limitations helps researchers choose the right tool for specific surface analysis needs.
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Surface composition analysis with XPS

Principles and applications of XPS

* XPS is a surface-sensitive quantitative spectroscopic technique that measures the elemental
composition, empirical formula, chemical state, and electronic state of the elements within a material

* Irradiates a solid surface with a beam of X-rays while simultaneously measuring the kinetic energy
and number of electrons that escape from the top 1 to 10 nm of the material being analyzed

* Requires ultra-high vacuum (UHV) conditions to minimize surface contamination and increase the
mean free path of the emitted photoelectrons

+ Can detect all elements with an atomic number (Z) of 3 (lithium) and above, with detection limits for
most elements in the parts per thousand range

XPS spectra and data interpretation

* The binding energy of the emitted electrons is characteristic of the element from which the
photoelectron originated, providing elemental identification

« Shifts in binding energies provide information about the chemical state of the element

» Commonly used to analyze a wide variety of materials, including inorganic compounds, metal alloys,
semiconductors, polymers, elements, catalysts, glasses, ceramics, paints, papers, inks, woods, plant
parts, make-up, teeth, bones, medical implants, bio-materials, viscous oils, glues, and ion-modified
materials

* Peak positions in the spectrum identify the elements present, while the peak areas can be used to
determine their relative concentrations

« Survey scans provide a quick identification of the elements present on the surface, while
high-resolution scans offer more detailed information about the chemical states and electronic structure
of specific elements (carbon, oxygen)

Surface elemental composition with AES

AES principles and capabilities

» AES is a surface-sensitive analytical technique that uses the emission of low-energy electrons in the
Auger process to obtain information about the chemical composition of the surface layers of a sample

» Sample is probed with an electron beam, causing core-level electrons to be removed, leaving behind
holes

+ An electron from a higher energy level can fall into this hole, releasing energy

 This energy can be taken away by another electron, an Auger electron, which has a kinetic energy
characteristic of the element from which it came

+ Capable of measuring the elemental composition of the top few atomic layers of a surface with a
sensitivity of about 0.1 atomic percent

AES depth profiling and applications

+ Can be used for depth profiling by combining it with ion sputtering to remove surface layers

Fiveable archived study guides Page 24



* Allows for determining the composition as a function of depth into the sample

« Often used in materials science, semiconductor industry, nanotechnology, metallurgy, and corrosion
studies to determine the surface composition and depth profile of various materials

* Peak positions in the spectrum correspond to the kinetic energies of the Auger electrons, which are
characteristic of the elements present on the surface

» Peak-to-peak heights or areas can be used for quantitative analysis

* Depth profiles show the variation of elemental composition as a function of depth, revealing the
distribution of elements in the near-surface region of the sample (oxide layers, coatings)

XPS vs AES for surface characterization

Probing depth and information provided

* Both XPS and AES are surface-sensitive techniques, providing information about the top few atomic
layers of a surface

* XPS probes deeper (1-10 nm) compared to AES (0.5-2 nm)

» XPS provides quantitative elemental composition, chemical state information, and electronic state
details, while AES primarily provides elemental composition information

Elemental detection and spatial resolution

* XPS can detect all elements except hydrogen and helium, while AES can detect all elements except
hydrogen and is more sensitive to lighter elements than XPS

* XPS has a lower spatial resolution (10-100 pm) compared to AES (10 nm with a field emission gun)

Analysis time and sample requirements

* AES has a faster analysis time and is more suitable for depth profiling due to its higher lateral
resolution and faster sputtering rates

» XPS requires a larger sample area and is more sensitive to sample charging effects than AES

Interpreting XPS and AES data

Data interpretation considerations

« Data interpretation in both XPS and AES requires consideration of factors such as surface
contamination, sample charging, matrix effects, and the presence of overlapping peaks from different
elements or chemical states

« Surface contamination can affect the accuracy of the measured elemental composition and chemical
states

» Sample charging can cause shifts in peak positions and distort the measured spectra, especially for
insulating samples

 Matrix effects arise from the interaction of the emitted electrons with the surrounding atoms, which can
influence the measured peak intensities and shapes
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Quantitative analysis and chemical state information

* In XPS, the peak areas can be used to determine the relative concentrations of the elements present
« Sensitivity factors are used to convert peak areas to atomic percentages

» Chemical shifts in peak positions provide information about the chemical state of the elements
(oxidation state, bonding environment)

* In AES, peak-to-peak heights or areas can be used for quantitative analysis
* Sensitivity factors are used to convert peak heights or areas to atomic percentages

» Chemical state information is limited compared to XPS, but can be obtained by analyzing the shape
and position of the Auger peaks (chemical shifts, satellite peaks)
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Unit 3 — Surface Thermodynamics and
Wetting Phenomena

3.1 Surface energy and tension

Surface energy and tension are key concepts in surface science, influencing how materials interact at
interfaces. These properties arise from imbalanced forces at surfaces, affecting phenomena like wetting,
adhesion, and capillarity in solid-liquid systems.

Understanding surface energy and tension is crucial for various applications, from designing
water-repellent coatings to developing microfluidic devices. We'll explore their thermodynamic origins,
measurement techniques, and factors that influence these properties in different materials.

Surface energy and tension

Definition and context

« Surface energy is the excess energy at the surface of a material compared to the bulk, arising from
the imbalance of forces acting on atoms or molecules at the surface

« Surface tension is the tendency of a liquid surface to minimize its surface area due to the cohesive
forces between liquid molecules, resulting in a force per unit length along the surface

* In solids, surface energy is a measure of the work required to create a new surface by breaking the
bonds between atoms or molecules

* In liquids, surface tension is a measure of the force required to increase the surface area of the liquid
by a unit amount

» The surface energy of solids and the surface tension of liquids play crucial roles in phenomena such
as wetting, adhesion, and capillarity at solid-liquid interfaces (contact angle, spreading, and capillary
rise)

Importance in solid-liquid interfaces
« Surface energy and tension determine the wettability of a solid surface by a liquid

* High surface energy solids are more easily wetted by liquids (hydrophilic surfaces)

* Low surface energy solids are more difficult to wet and exhibit hydrophobic behavior (Teflon,
self-cleaning surfaces)

» Adhesion between a solid and a liquid depends on the relative magnitudes of the solid surface energy
and the liquid surface tension

+ Capillary forces arising from surface tension can cause liquids to rise in narrow spaces (capillary
action in porous materials, microfluidic devices)
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Thermodynamic origin of surface energy

Coordination environment and intermolecular forces

« Surface energy originates from the difference in the coordination environment of atoms or molecules
at the surface compared to those in the bulk

» Atoms or molecules at the surface have fewer neighboring particles to interact with, resulting in an
imbalance of attractive and repulsive forces

» The surface energy is the excess free energy per unit area required to create a new surface, which is
equal to the work done against the intermolecular forces to bring the surface atoms or molecules from
the bulk to the surface

Relationship between surface energy and intermolecular forces

» The magnitude of surface energy depends on the strength and nature of the intermolecular forces,
such as van der Waals forces, hydrogen bonding, and electrostatic interactions

» Substances with stronger intermolecular forces typically have higher surface energies, as more
energy is required to break the bonds and create a new surface (metals, ceramics)

» Substances with weaker intermolecular forces have lower surface energies (organic compounds,
polymers)

Calculating surface energy and tension

Experimental techniques for surface energy of solids

* Surface energy of solids can be determined using techniques such as contact angle measurements,
sessile drop method, or inverse gas chromatography

+ Contact angle measurements involve placing a liquid droplet on a solid surface and measuring the
angle formed between the liquid-solid interface and the liquid-vapor interface at the three-phase contact
line (Young's equation)

*» The sessile drop method involves analyzing the shape of a liquid droplet on a solid surface using the
Young-Laplace equation to determine the surface energy

* Inverse gas chromatography measures the retention times of probe molecules with known surface
properties to determine the surface energy of the solid

Experimental techniques for surface tension of liquids

« Surface tension of liquids can be measured using techniques such as the Wilhelmy plate method, Du
Nouy ring method, or pendant drop method

» The Wilhelmy plate method involves measuring the force acting on a thin plate partially immersed in a
liquid, which is related to the surface tension (Y = F/Lcos 6)

» The Du Nouy ring method uses a wire ring that is pulled through the liquid-air interface, and the force
required to detach the ring from the surface is measured to determine the surface tension

* The pendant drop method analyzes the shape of a liquid droplet suspended from a needle tip using
the Young-Laplace equation to calculate the surface tension (AP = Y(1/R1 + 1/R3))
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Effects on surface energy and tension

Temperature effects

» Temperature affects surface energy and tension by influencing the kinetic energy and intermolecular
distances of the particles

* As temperature increases, the increased thermal motion of the particles reduces the cohesive forces,
leading to a decrease in surface energy and tension

» The temperature dependence of surface tension can be described by the E6tvos rule (
yV?3 = k(T. — T)) or the Guggenheim-Katayama equation (Y = yo(1 — T/T)11/%)

Pressure effects

* Pressure has a relatively minor effect on surface energy and tension compared to temperature

* Increasing pressure slightly increases the density of the liquid, leading to a small increase in surface
tension

* The effect of pressure on surface energy in solids is generally negligible under normal conditions

Composition effects

» Composition plays a significant role in determining the surface energy and tension of mixtures and
solutions

 The addition of surface-active substances (surfactants) can dramatically reduce the surface tension of
liquids by adsorbing at the interface and lowering the imbalance of forces (soaps, detergents)

* In solid solutions or alloys, the surface energy can be influenced by the segregation of specific
components to the surface, depending on their relative surface energies and atomic sizes (surface
enrichment, Gibbs adsorption)

* The presence of impurities or contaminants can also affect the surface energy and tension by altering
the intermolecular interactions at the surface (oxidation, corrosion)

3.2 Wetting and contact angle measurements

Wetting and contact angle measurements are key to understanding how liquids interact with surfaces.
They reveal crucial information about surface properties, influencing everything from paint adhesion to oil
recovery. These concepts are fundamental to grasping the broader principles of surface thermodynamics.

Contact angles help quantify wetting behavior, with various measurement techniques providing insights
into surface energy and wetting parameters. Factors like surface roughness and treatments can
dramatically alter wetting, leading to special behaviors like superhydrophobicity, which has wide-ranging
applications in materials science.

Wetting in Surface Science

Fundamentals of Wetting

» Wetting interaction between a liquid and a solid surface determines how the liquid spreads or adheres
to the surface
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 Contact angle characterizes the degree of wetting, formed between the liquid-solid interface and the
liquid-vapor interface at the three-phase boundary

» Complete wetting: contact angle is 0°
« Partial wetting: contact angle is between 0° and 90°
» Non-wetting: contact angle is greater than 90°

» Wetting behavior determined by the balance of adhesive forces (between the liquid and solid) and
cohesive forces (within the liquid)

Importance of Wetting in Applications

+ Crucial in various applications (adhesion, coating, printing, oil recovery) as it affects the performance
and quality of materials and processes

* Examples:
+ Adhesion of paint or coating to a surface
* Spreading of ink on paper in printing processes

« Efficiency of oil recovery from porous rocks

Contact Angle Measurement

Sessile Drop and Wilhelmy Plate Methods

+ Sessile drop method: placing a liquid droplet on a solid surface and measuring the contact angle using
a goniometer or image analysis software

» Wilhelmy plate method: measures the force exerted on a thin plate partially immersed in a liquid,
related to the contact angle through the Wilhelmy equation

» Advancing and receding contact angles can be measured by increasing or decreasing the volume of
the liquid droplet

* Provides information on surface heterogeneity and hysteresis

Other Measurement Techniques

 Captive bubble method for hydrophobic surfaces: an air bubble is placed beneath the solid surface
immersed in a liquid, and the contact angle is measured

« Tilting plate method: solid surface is tilted until the liquid droplet starts to move

» Advancing and receding contact angles are measured at the front and back of the droplet, respectively
* Examples:

» Measuring the contact angle of water on a superhydrophobic surface using the sessile drop method

 Determining the advancing and receding contact angles of an oil droplet on a polymer surface using
the tilting plate method
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Interpreting Contact Angle Data

Surface Energy Determination

* Young's equation relates the contact angle to the interfacial tensions between the solid, liquid, and
vapor phases, allowing the calculation of surface energy

* Owens-Wendt method and van Oss-Chaudhury-Good (OCG) method: commonly used to determine
the surface energy components (disperse and polar) from contact angle measurements with multiple
liquids

« Zisman plot: represents the cosine of the contact angle versus the surface tension of various liquids,
used to estimate the critical surface tension of a solid

Wetting Parameters and Graphical Representations

» Work of adhesion: work required to separate the liquid-solid interface, calculated from the contact
angle and the liquid surface tension using the Young-Dupré equation

» Wetting envelope: graphical representation of the wetting behavior of a solid surface, showing the
range of surface tensions and polarities of liquids that can wet the surface

* Examples:

« Calculating the surface energy of a polymer using the Owens-Wendt method with contact angle data
from water and diiodomethane

« Constructing a wetting envelope for a metal surface to determine the range of liquids that can wet it

Factors Influencing Wetting

Surface Roughness and Heterogeneity

« Surface roughness affects wetting by altering the actual surface area and creating air pockets
between the liquid and the solid

* Wenzel state: homogeneous wetting, where the liquid fills the surface asperities
 Cassie-Baxter state: heterogeneous wetting, where the liquid sits on a mixture of solid and air pockets

* Wenzel equation relates the apparent contact angle to the intrinsic contact angle and the roughness
factor (ratio of the actual surface area to the projected surface area)

+ Cassie-Baxter equation describes the apparent contact angle on a composite surface consisting of
solid and air fractions

» Chemical heterogeneity (hydrophobic and hydrophilic domains on a surface) can lead to contact angle
hysteresis and pinning effects

Surface Treatments and Special Wetting Behaviors

« Surface treatments (plasma treatment, chemical functionalization, self-assembled monolayers) can
modify the surface energy and wetting behavior by altering the chemical composition or structure of the
surface
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» Superhydrophobic surfaces: water contact angles greater than 150° and low contact angle hysteresis,
achieved by combining surface roughness and low surface energy materials

» Mimicking natural surfaces like lotus leaves
* Examples:

» Creating a superhydrophobic coating on a fabric surface by applying a rough, low surface energy
material

* Modifying the wetting behavior of a glass surface by applying a self-assembled monolayer of a
hydrophobic silane

3.3 Adsorption isotherms and surface phase transitions

Adsorption isotherms and surface phase transitions are key concepts in surface science. They describe
how molecules stick to surfaces and form layers under different conditions. Understanding these
processes helps us predict and control surface behavior in various applications.

These phenomena are crucial in surface thermodynamics and wetting. They explain how surfaces interact
with gases and liquids, influencing everything from catalysis to water repellency. By studying isotherms
and phase transitions, we can design better materials for specific uses.

Adsorption isotherm types and coverage

IUPAC classification of adsorption isotherms

* The International Union of Pure and Applied Chemistry (IUPAC) classifies adsorption isotherms into
six types (I to VI) based on their shape and the underlying adsorption mechanisms

* Type | isotherms exhibit a rapid initial rise followed by a plateau, indicating a strong
adsorbate-adsorbent interaction and the formation of a monolayer

« Characteristic of microporous materials with a limited surface area (zeolites, activated carbon)

* Type Il isotherms show a gradual increase in adsorption with increasing pressure, suggesting the
formation of multilayers

* Typical of non-porous or macroporous materials with strong adsorbate-adsorbent interactions
(graphite, silica)

* Type lll isotherms are convex to the pressure axis, indicating weak adsorbate-adsorbent interactions
and the formation of multilayers

* Less common and observed in systems with non-porous or macroporous materials and non-polar
adsorbates (water on hydrophobic surfaces)

* Type IV isotherms display a hysteresis loop, which is associated with capillary condensation in
mesopores

* Characteristic of mesoporous materials with strong adsorbate-adsorbent interactions (mesoporous
silica, alumina)

* Type V isotherms also exhibit a hysteresis loop but with weak adsorbate-adsorbent interactions

* Less common and observed in systems with mesoporous materials and non-polar adsorbates (water
on mesoporous silica)
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* Type VI isotherms, also known as stepped isotherms, show a stepwise multilayer adsorption on a
uniform non-porous surface

« Each step represents the formation of a new adsorbed layer (noble gases on graphite)

Relationship between adsorption isotherms and surface coverage

» Adsorption isotherms represent the relationship between the amount of adsorbate on a surface and
the pressure or concentration of the adsorbate in the gas phase or solution at a constant temperature

« Surface coverage refers to the fraction of the surface occupied by adsorbed molecules
« Different types of adsorption isotherms correspond to different surface coverage behaviors
* Type | isotherms indicate the formation of a monolayer with a high surface coverage at low pressures

* Type Il and Il isotherms suggest the gradual formation of multilayers with increasing surface coverage
as pressure increases

* Type IV and V isotherms show a hysteresis loop due to capillary condensation in mesopores, leading
to a sudden increase in surface coverage

* Type VI isotherms exhibit a stepwise increase in surface coverage, with each step representing the
formation of a new adsorbed layer

Applying adsorption isotherm models

Langmuir adsorption isotherm model

» The Langmuir adsorption isotherm model assumes monolayer adsorption on a homogeneous surface
with no lateral interactions between adsorbed molecules

» The Langmuir equation relates the surface coverage to the pressure or concentration of the
adsorbate: 8 = (KP) / (1 + KP)

* 0 is the fractional surface coverage
* P is the pressure or concentration of the adsorbate
 K'is the equilibrium constant

» The Langmuir isotherm can be linearized to determine the monolayer adsorption capacity and the
equilibrium constant from experimental data

* Plotting 1/6 vs. 1/P yields a straight line with a slope of 1/(KVm) and an intercept of 1/Vm, where Vm is
the monolayer adsorption capacity

Brunauer-Emmett-Teller (BET) adsorption isotherm model

* The Brunauer-Emmett-Teller (BET) adsorption isotherm model extends the Langmuir model to
multilayer adsorption

» The BET equation relates the amount of adsorbate to the relative pressure (P/P0) of the adsorbate: (P
/V(PO-P))=(1/VmC) + ((C-1)/VmC) * (P /PO0)

* V is the volume of adsorbed gas

* Vm is the monolayer adsorption capacity
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* PO is the saturation pressure
 Cis the BET constant related to the heat of adsorption

» The BET equation can be used to determine the specific surface area of a material by measuring the
amount of adsorbed gas (typically nitrogen) at different relative pressures

* Plotting (P / V(PO - P)) vs. (P / P0) yields a straight line with a slope of (C - 1) / VmC and an intercept
of 1/VmC, allowing the calculation of Vm and the specific surface area

Other adsorption isotherm models

+ Other adsorption isotherm models can be applied to specific adsorption systems depending on the
surface heterogeneity, adsorbate-adsorbent interactions, and pore size distribution

* Freundlich isotherm: empirical model for adsorption on heterogeneous surfaces, expressed as ge =
KF * Ce”(1/n), where ge is the amount of adsorbed species, Ce is the equilibrium concentration, and KF
and n are constants

» Temkin isotherm: considers the effects of indirect adsorbate-adsorbate interactions and assumes a
linear decrease in the heat of adsorption with surface coverage

+ Dubinin-Radushkevich isotherm: based on the theory of volume filling of micropores, useful for
describing adsorption in microporous materials and estimating the pore size distribution

Surface phase transitions and adsorption

Concept of surface phase transitions

« Surface phase transitions occur when the structure or composition of the adsorbed layer changes as a
function of temperature, pressure, or surface coverage

« Surface phase transitions involve changes in the ordering, density, or mobility of adsorbed molecules

* Examples of surface phase transitions include the formation of two-dimensional (2D) gas, liquid, or
solid phases, as well as transitions between these phases

» 2D gas phase: low surface coverage, weak lateral interactions, adsorbed molecules move freely on
the surface

« 2D liquid phase: higher surface coverage, stronger lateral interactions, more ordered arrangement,
molecular motion still allowed

« 2D solid phase: highest surface coverage, strongest lateral interactions, highly ordered and immobile
adsorbed layer

Relationship between surface phase transitions and adsorption behavior

« Surface phase transitions can be observed as discontinuities or changes in slope in adsorption
isotherms, indicating a sudden change in the adsorption behavior or surface structure

*» The presence of surface phase transitions can affect the kinetics and thermodynamics of adsorption
processes

* Phase transitions may lead to changes in the adsorption rate, equilibrium coverage, and heat of
adsorption
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« Surface phase transitions can also influence the reactivity and catalytic properties of surfaces

« Different adsorbed phases may have distinct reactivities and selectivities in surface-catalyzed
reactions

* The study of surface phase transitions provides insights into the fundamental interactions between
adsorbates and surfaces, as well as the self-assembly and organization of molecules on surfaces

» Understanding surface phase transitions is crucial for designing and optimizing adsorption-based
processes, such as gas storage, separation, and catalysis

Adsorption and surface phase transitions: effects of variables

Temperature effects

» Temperature plays a crucial role in adsorption and surface phase transitions

» Adsorption is generally an exothermic process, meaning that the amount of adsorbed species
decreases with increasing temperature

* Higher temperatures lead to increased thermal motion of molecules, reducing the strength of
adsorbate-adsorbent interactions and promoting desorption

* The effect of temperature on adsorption can be described by the Clausius-Clapeyron equation: (d In
P)/(d(1/T)) = -AHads / R

* P is the equilibrium pressure

* T is the absolute temperature

» AHads is the heat of adsorption

* R is the universal gas constant

» Temperature can also influence the occurrence and nature of surface phase transitions

« Certain surface phase transitions may be induced or suppressed by changes in temperature

* The stability regions of different adsorbed phases can be mapped on a temperature-pressure phase
diagram

Pressure effects

* Pressure affects adsorption by changing the chemical potential of the adsorbate in the gas phase or
solution

* Increasing pressure generally leads to an increase in the amount of adsorbed species, as described
by adsorption isotherms

» The pressure dependence of adsorption is more pronounced for gases than for liquids due to the
compressibility of gases

* The effect of pressure on surface phase transitions depends on the specific system and the nature of
the transition

* Some transitions may be induced or suppressed by changes in pressure
* The stability regions of different adsorbed phases can be mapped on a temperature-pressure phase

diagram
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Adsorbate-adsorbent interaction effects

» Adsorbate-adsorbent interactions, such as van der Waals forces, hydrogen bonding, and electrostatic
interactions, determine the strength and specificity of adsorption

« Strong adsorbate-adsorbent interactions lead to higher adsorption capacities and more stable
adsorbed layers

» Examples include chemisorption, where a chemical bond is formed between the adsorbate and the
surface (hydrogen on metal surfaces)

» Weak adsorbate-adsorbent interactions result in lower adsorption capacities and more labile adsorbed
species

» Examples include physisorption, where only weak van der Waals forces are involved (noble gases on
graphite)

* The nature of adsorbate-adsorbent interactions can influence the type of adsorption isotherm
observed and the occurrence of surface phase transitions

« Specific interactions may favor certain adsorbed phases or lead to unique phase transition behaviors

Interplay between temperature, pressure, and adsorbate-adsorbent
interactions

* The interplay between temperature, pressure, and adsorbate-adsorbent interactions determines the
overall adsorption behavior and the conditions under which surface phase transitions occur

+» Phase diagrams can be constructed to map the stability regions of different adsorbed phases as a
function of temperature and pressure

» These diagrams provide a comprehensive understanding of the adsorption system and help predict
the behavior under different conditions

» Experimental techniques, such as scanning tunneling microscopy (STM), atomic force microscopy
(AFM), and low-energy electron diffraction (LEED), can be used to directly observe surface phase
transitions and the structure of adsorbed layers

* These techniques provide atomic-scale information on the arrangement and dynamics of adsorbed
molecules, complementing the macroscopic data obtained from adsorption isotherms

3.4 Capillarity and interfacial phenomena

Capillarity and interfacial phenomena shape how liquids behave on surfaces and in tight spaces. These
forces explain why water climbs up straws or why oil spreads on water. Understanding them is key to
grasping how fluids interact with surfaces and each other.

This knowledge is crucial for many real-world applications. From designing better microfluidic devices to
improving oil recovery techniques, mastering capillarity helps us control and manipulate fluids in various
settings. It's all about harnessing nature's tiny forces for big impacts.

Capillarity principles and applications

Principles of capillarity

« Capillarity enables liquid flow in narrow spaces without external forces like gravity
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* Interplay between adhesive forces (liquid-solid) and cohesive forces (within liquid) governs capillarity
+ Contact angle measures surface wettability, determined by balance of interfacial tensions
* Angle formed between liquid-vapor interface and solid surface

« Capillarity is crucial in surface science, affecting wetting, spreading, and meniscus formation

Applications of capillarity

* Microfluidic devices exploit capillary forces to control flow and manipulate small liquid volumes

* Precise control of fluid flow and droplet/bubble formation by engineering channel wetting properties
» Modifying surface chemistry or topography controls contact angle and capillary pressure

* Capillarity determines fluid distribution and flow in porous media (soil, rocks, membranes)

« Capillary pressure controls fluid invasion and displacement, impacting processes like oil recovery and
groundwater flow

« Altering porous media wettability through surface-active agents or chemical modification controls fluid
retention and flow

* Applications in enhanced oil recovery and soil remediation

Young-Laplace equation derivation

Equation derivation and components

* Young-Laplace equation describes pressure difference (AP) across curved interface between two
fluids

« Derived by considering force balance at interface, accounting for surface tension (¥) and interface
curvature

« Equation: AP = Y(1/R1 + 1/R2), where R1 and Rz are principal radii of curvature

« For spherical interface (bubble or droplet): AP = 2Y/R, where R is sphere radius

Applications of Young-Laplace equation

* Explains capillary rise phenomenon: liquid rises in narrow tube against gravity

+ Height of capillary rise determined by balance between capillary pressure and hydrostatic pressure
» Governs pressure inside bubbles and droplets

* Higher than surrounding pressure due to surface tension and interface curvature

* Used to calculate pressure differences across curved interfaces in various systems

+ Essential for understanding and predicting interfacial behavior in capillary-driven phenomena
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Interfacial phenomena in fluid flow

Surface tension gradients and Marangoni effects

« Surface tension gradients arise from variations in temperature, concentration, or surfactants along
interface

* Gradients induce tangential stresses at interface, causing Marangoni flow
* Fluid motion from region of lower surface tension to higher surface tension
» Marangoni flow observed in various situations

« Spreading of alcohol drop on water surface: alcohol reduces local surface tension, causing outward
flow

» Marangoni effects enhance mass transfer across interfaces by promoting convection and mixing

* Beneficial in processes like heat and mass exchange, coating, and drying

Instabilities and pattern formation

» Marangoni effects can lead to interfacial instabilities and pattern formation
» Formation of cellular or hexagonal structures in thin liquid films

« Instabilities arise from complex interplay between surface tension gradients, fluid flow, and mass
transfer

» Understanding and controlling instabilities is crucial for optimizing interfacial processes

+ Ensuring uniform coating, preventing defects, and maintaining desired film morphology
Capillarity impact on applications

Microfluidics and coatings

* Microfluidics utilizes capillary forces for fluid control and manipulation in microchannels

* Mixing, separation, and reaction of small liquid volumes

+ Coatings rely on capillarity and interfacial phenomena for spreading, leveling, adhesion, and durability
» Marangoni effects promote uniform liquid spreading and minimize defects (pinholes, dewetting)

» Tailoring surface properties and harnessing interfacial phenomena optimize microfluidic and coating
performance

Porous media applications
* Capillarity governs fluid distribution and flow in porous media (soil, rocks, membranes)
* Capillary pressure controls fluid invasion, displacement, and retention
* Applications in oil recovery, groundwater flow, and membrane separation

« Altering porous media wettability through surface modification controls fluid behavior

Fiveable archived study guides Page 38



» Understanding capillarity in porous media is essential for optimizing resource extraction and
environmental processes

* Enhanced oil recovery, soil remediation, and water purification
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Unit 4 — Kinetics of Surface Processes
and Reactions

4.1 Rate laws and reaction mechanisms at surfaces

Surface reactions are the heart of catalysis, driving countless industrial processes. Rate laws and
mechanisms help us understand how these reactions unfold at the molecular level. By studying kinetics,
we can optimize catalysts and improve chemical processes.

Unraveling surface reaction mechanisms involves a mix of experimental techniques and theoretical
modeling. From temperature-programmed desorption to density functional theory, scientists use various
tools to piece together the puzzle of how molecules interact and react on surfaces.

Kinetics of surface reactions

Rate laws for surface reactions

* Rate laws for surface reactions describe the relationship between the reaction rate and the
concentrations or partial pressures of the reactants

* Express the rate of a surface reaction as the change in the number of molecules reacting per unit time
per unit surface area

* Determine the order of a surface reaction with respect to each reactant using the exponents in the rate
law equation

» The rate constant in a surface reaction rate law depends on factors such as temperature, activation
energy, and the nature of the catalytic surface (platinum, nickel, or palladium)

Simplifying rate law equations

« Simplify the rate law equations for surface reactions using the steady-state approximation, which
assumes that the concentrations of reaction intermediates remain constant over time

« Identify the rate-determining step in a multi-step surface reaction mechanism as the slowest step, and
use its rate law to determine the overall rate law for the reaction

 Apply the steady-state approximation to reaction intermediates such as adsorbed species or activated
complexes to derive simplified rate law expressions

+ Use the rate-determining step to predict the overall reaction order and the dependence of the reaction
rate on the concentrations of reactants and intermediates

Reaction mechanisms interpretation

Experimental techniques for studying surface reactions

* Investigate surface reaction mechanisms using experimental techniques such as
temperature-programmed desorption (TPD), infrared spectroscopy (IR), and scanning tunneling
microscopy (STM) to gather data on the adsorption, desorption, and reaction of molecules on surfaces
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* Employ isotopic labeling experiments to distinguish between different possible reaction pathways by
tracking the fate of specific atoms during the reaction (deuterium labeling)

» Use TPD to determine the activation energies and desorption kinetics of adsorbed species by
measuring the rate of desorption as a function of temperature

« Utilize IR spectroscopy to identify the presence of reaction intermediates and their bonding
configurations on the surface

Theoretical modeling of surface reactions

» Employ theoretical models, such as density functional theory (DFT) and kinetic Monte Carlo (KMC)
simulations, to gain insights into the energetics and dynamics of surface reactions at the atomic scale

 Ensure that proposed reaction mechanisms are consistent with the observed kinetic data, such as the
reaction orders, activation energies, and the presence of reaction intermediates

* Use DFT calculations to determine the adsorption energies, activation barriers, and reaction pathways
for elementary steps in a surface reaction mechanism

 Apply microkinetic modeling to simulate the kinetics of surface reactions based on the elementary
steps and their corresponding rate constants, allowing for the comparison of different reaction
mechanisms

Surface coverage and adsorbate interactions

Factors influencing surface coverage

« Surface coverage, the fraction of surface sites occupied by adsorbed species, can significantly
influence the kinetics of surface reactions

 Adsorbate-adsorbate interactions, such as lateral interactions or island formation, can affect the
adsorption and desorption rates of reactants and intermediates (dipole-dipole interactions, hydrogen
bonding)

* Describe the relationship between surface coverage and the partial pressure of an adsorbate using
the Langmuir adsorption isotherm, which assumes no interactions between adsorbed molecules

» Recognize deviations from the Langmuir isotherm, such as the Freundlich and Temkin isotherms, as
indicators of the presence of adsorbate interactions or surface heterogeneity

Competitive adsorption and surface restructuring

« Consider the effects of competitive adsorption, where multiple species compete for the same surface
sites, on the surface coverages and reaction rates (CO and H2 on a platinum surface)

» Account for the presence of spectator species, which adsorb on the surface but do not participate in
the reaction, as they can block active sites and reduce the overall reaction rate (sulfur poisoning of
catalysts)

* Investigate adsorbate-induced surface restructuring, which can change the surface morphology and
create new active sites, affecting the reaction kinetics (surface reconstruction of platinum (100)
surfaces)
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Langmuir-Hinshelwood vs Eley-Rideal mechanisms

Langmuir-Hinshelwood (LH) mechanism

* In the Langmuir-Hinshelwood (LH) mechanism, both reactants adsorb on the surface before reacting
and the products subsequently desorb

* Identify the rate-determining step in the LH mechanism as often being the surface reaction between
the adsorbed species

* Express the rate law for an LH mechanism in terms of the surface coverages of the reactants, as
described by the Langmuir adsorption isotherm

« Provide an example of an LH mechanism, such as the synthesis of ammonia (N2 + 3H> = 2NH3) on
an iron catalyst

Eley-Rideal (ER) mechanism

* In the Eley-Rideal (ER) mechanism, a gas-phase molecule directly reacts with an adsorbed species
on the surface, followed by the desorption of products

* Recognize the rate-determining step in the ER mechanism as typically being the collision between the
gas-phase molecule and the adsorbed species

* Express the rate law for an ER mechanism in terms of the partial pressure of the gas-phase reactant
and the surface coverage of the adsorbed reactant

* Provide an example of an ER mechanism, such as the oxidation of carbon monoxide (
CO(g) + O(aas) = CO2(g)) on a platinum surface

Other surface reaction mechanisms

* Discuss the Mars-van Krevelen (MvK) mechanism, which involves the reaction of a gas-phase
molecule with a surface lattice oxygen, followed by the replenishment of the surface oxygen by another
gas-phase molecule

* Recognize that the MvK mechanism is common in oxidation reactions on metal oxide surfaces, where
the surface itself participates in the reaction (oxidation of hydrocarbons on vanadium oxide catalysts)

* Consider other surface reaction mechanisms, such as precursor-mediated and hot-atom mechanisms,
which may be observed depending on the specific system and reaction conditions

4.2 Temperature dependence of surface reactions

Temperature plays a crucial role in surface reactions. Higher temperatures generally lead to faster reaction
rates by providing more energy for molecules to overcome activation barriers. This relationship is
described by the Arrhenius equation, which connects rate constants to temperature and activation energy.

Understanding temperature effects helps optimize reaction conditions. The Arrhenius plot allows us to
determine activation energies and pre-exponential factors, providing insights into reaction mechanisms.
Temperature also influences surface processes like diffusion and desorption, impacting overall reaction
kinetics and catalytic performance.
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Temperature Effects on Surface Reactions

Relationship between Temperature and Reaction Rates

* Surface reaction rates are highly dependent on temperature, with higher temperatures generally
leading to faster reaction rates

* Increasing temperature provides more energy to reactant molecules, allowing them to overcome
activation barriers more easily and react at a faster rate

* The effect of temperature on reaction rates can be quantified using the Arrhenius plot, which displays
the logarithm of the rate constant versus the inverse of temperature

* The slope of the Arrhenius plot is proportional to the activation energy of the reaction

* The y-intercept is related to the pre-exponential factor

Factors Influencing Temperature Effects on Surface Reactions

* The relationship between temperature and reaction rate is described by the Arrhenius equation, which
relates the rate constant to temperature and activation energy

« Arrhenius equation: K = A *exp(—Ez/(R*T)), where k is the rate constant, A is the pre-exponential
factor, E3 is the activation energy, R is the gas constant, and T is the temperature

» Temperature can also influence the surface coverage of reactants and products, which in turn affects
the overall reaction rate

* Higher temperatures may lead to increased desorption of reactants or products from the surface,
altering the surface coverage and reaction kinetics

* In some cases, extremely high temperatures may lead to surface degradation or changes in the
reaction mechanism, resulting in deviations from the expected Arrhenius behavior

« Surface restructuring, sintering, or phase transitions at high temperatures can modify the catalytic
properties of the surface and affect reaction rates

Arrhenius Equation Applications

Determining Activation Energy and Pre-exponential Factor

« The Arrhenius equation relates the rate constant (k) to temperature (T), activation energy (Ea),
pre-exponential factor (A), and the gas constant (R)

«k=A*exp(—Ea/(R*T))

« Activation energy (Ea) represents the minimum energy required for reactants to overcome the
potential energy barrier and form products

* The pre-exponential factor (A) is a measure of the frequency of collisions between reactant molecules
and their orientation

* To determine the activation energy and pre-exponential factor, rate constants are measured at
different temperatures, and an Arrhenius plot is constructed

+ The activation energy can be calculated from the slope of the Arrhenius plot, which is equal to —Ea/R
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* The pre-exponential factor can be determined from the y-intercept of the Arrhenius plot, which is equal
to In(A)

Insights from Activation Energy and Pre-exponential Factor

« Activation energies and pre-exponential factors provide valuable insights into the reaction mechanism
and the nature of the rate-determining step

* A high activation energy indicates a significant potential energy barrier that must be overcome for the
reaction to occur, suggesting a slow rate-determining step

* A large pre-exponential factor suggests a high frequency of collisions between reactant molecules and
a favorable orientation for reaction

» Comparing activation energies and pre-exponential factors for different reaction pathways can help
identify the most favorable route and optimize reaction conditions

» The pathway with the lowest activation energy is typically the preferred route, as it requires the least
energy input to overcome the potential energy barrier

* A larger pre-exponential factor for a given pathway indicates a higher probability of successful
collisions and a faster reaction rate

Temperature Dependence of Surface Processes

Surface Diffusion

« Surface diffusion involves the movement of adsorbed species along the surface

* The rate of surface diffusion increases with increasing temperature, as higher temperatures provide
more energy for adsorbed species to overcome diffusion barriers

* The diffusion coefficient (D) follows an Arrhenius-type relationship with temperature:
D = Do *exp(—Ea/(R*T)), where Do is the pre-exponential factor and Eq is the activation energy for
diffusion

+ Higher temperatures lead to larger diffusion coefficients and faster diffusion rates

* The activation energy for diffusion represents the energy barrier that adsorbed species must
overcome to move from one surface site to another

Desorption

+ Desorption is the process by which adsorbed species leave the surface and return to the gas phase

» Desorption rates also increase with increasing temperature, as higher temperatures provide more
energy for adsorbed species to break their bonds with the surface

» The desorption rate constant (Ka) follows an Arrhenius-type relationship with temperature:
ka = A*exp(—Edes/(R*T)), where Eges is the activation energy for desorption

* Higher temperatures lead to larger desorption rate constants and faster desorption rates

* The activation energy for desorption represents the energy required to break the bond between the
adsorbed species and the surface
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» Temperature-programmed desorption (TPD) is a technique used to study the kinetics of desorption by
monitoring the desorption rate as a function of temperature

» TPD experiments involve heating the surface at a constant rate and measuring the desorption rate of
adsorbed species using mass spectrometry

» The temperature at which the desorption rate reaches a maximum (peak temperature) is related to the
activation energy for desorption and the surface coverage of the adsorbed species

Temperature Impact on Catalytic Reactions

Selectivity

« Selectivity refers to the preferential formation of desired products over unwanted byproducts in a
catalytic reaction

* The effect of temperature on selectivity depends on the relative activation energies of the competing
reaction pathways leading to different products

« If the desired reaction pathway has a lower activation energy than the unwanted pathways, increasing
temperature can enhance selectivity by favoring the desired pathway

 Conversely, if the unwanted pathways have lower activation energies, increasing temperature may
decrease selectivity by promoting the formation of byproducts

» Optimizing reaction temperature is crucial for achieving high selectivity in catalytic reactions

» The temperature should be high enough to promote the desired reaction pathway but not so high that
it favors the formation of unwanted byproducts

« Selective catalysts with a large difference in activation energies between the desired and unwanted
pathways can maintain high selectivity over a wider temperature range

Yield

* Yield is the amount of desired product obtained relative to the theoretical maximum in a catalytic
reaction

» The impact of temperature on yield is influenced by the balance between the rates of the desired
reaction and any side reactions or deactivation processes

* Increasing temperature generally enhances the rate of the desired reaction, leading to higher yields

* However, excessively high temperatures may promote side reactions or catalyst deactivation,
reducing the overall yield

+ Optimization of reaction temperature is essential for maximizing yield in catalytic reactions

» The temperature should be high enough to achieve a reasonable reaction rate but not so high that it
leads to significant side reactions or catalyst deactivation

* The optimal temperature for yield may differ from the optimal temperature for selectivity, and a
compromise between the two may be necessary

+ Catalyst stability and resistance to deactivation at elevated temperatures are important factors in
maintaining high yields over extended periods of operation
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« Catalysts with improved thermal stability and resistance to sintering or poisoning can operate at higher
temperatures without sacrificing yield

4.3 Heterogeneous catalysis kinetics

Heterogeneous catalysis kinetics is all about how solid catalysts speed up reactions with gases or liquids.
It's crucial for making stuff like fertilizers and clean fuels. The catalyst's surface is where the magic
happens, with reactants sticking, reacting, and products leaving.

Understanding how catalysts work involves looking at their surface area, active sites, and how they lose
effectiveness over time. Different models help explain the nitty-gritty of reactions, from simple equations to
complex computer simulations. This knowledge is key to improving industrial processes.

Principles of heterogeneous catalysis

Fundamentals of heterogeneous catalysis

» Heterogeneous catalysis involves the use of a solid catalyst that is in a different phase than the
reactants, typically a solid catalyst with gaseous or liquid reactants

* The reaction occurs at the surface of the catalyst, where the reactants adsorb, react, and then the
products desorb

* The catalyst itself is not consumed in the reaction, but provides an alternative reaction pathway with a
lower activation energy, increasing the reaction rate and selectivity towards desired products

Industrial applications of heterogeneous catalysis

* Ammonia synthesis (Haber-Bosch process) produces ammonia from hydrogen and nitrogen gases
over an iron catalyst at high pressure and temperature

* Petroleum refining processes, such as catalytic cracking and reforming, use zeolite and metal
catalysts to convert heavy hydrocarbons into lighter, more valuable products (gasoline, diesel)

» Environmental catalysis applications include catalytic converters in automobiles that reduce pollutants
(CO, NOx, hydrocarbons) and DeNOXx catalysts for industrial emissions control

» Heterogeneous catalysts can be metals (Pt, Pd, Ni), metal oxides (V205, TiO2), zeolites (ZSM-5, Y),
or supported catalysts, where the active material is dispersed on a high surface area support like
alumina or silica

Catalyst properties and reaction kinetics

Surface area and porosity

» The surface area of a catalyst directly influences its activity, as a higher surface area provides more
sites for reactants to adsorb and react

* Specific surface area is typically measured using gas adsorption techniques like BET
(Brunauer-Emmett-Teller) method, which determines the amount of gas adsorbed at different pressures

* Porosity of a catalyst affects the accessibility of reactants to the active sites, with pore size distribution
and pore volume determining the diffusion of reactants and products within the catalyst

* Micropores (<2 nm) can lead to diffusion limitations, while mesopores (2-50 nm) and macropores (>50
nm) facilitate mass transfer
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* Knudsen diffusion dominates in small pores, where gas molecules collide more frequently with pore
walls than with each other, while molecular diffusion occurs in larger pores

Active sites and turnover frequency

* Active sites are the specific locations on the catalyst surface where the reaction takes place, and their
nature and density determine the catalyst's activity and selectivity

* Active sites can be metal atoms (Pt, Pd), defects (vacancies, steps, kinks), or functional groups (acid
sites, basic sites) on the catalyst surface

» The concentration of active sites can be determined using chemisorption techniques, such as H2 or
CO chemisorption on metal catalysts, which selectively adsorb on the active sites

* Turnover frequency (TOF) is a measure of the catalyst's intrinsic activity, defined as the number of
reactant molecules converted per active site per unit time

» TOF allows for the comparison of catalysts with different active site densities and provides insights
into the reaction mechanism

. — Reaction rate
« TOF is calculated as: TOF = Active site density

Catalyst deactivation and regeneration

Deactivation mechanisms

« Catalyst deactivation is the loss of catalytic activity or selectivity over time, which can be caused by
various physical, chemical, or thermal processes

« Sintering is the loss of catalyst surface area due to particle growth or agglomeration at high
temperatures, leading to a decrease in active site density

* Fouling is the physical deposition of species from the reaction mixture onto the catalyst surface,
blocking active sites or pores and limiting mass transfer

« Catalyst poisoning is a form of deactivation caused by the strong chemisorption of impurities or
byproducts on the active sites, rendering them inactive

* Poisons can be selective, affecting only certain types of active sites (sulfur on metal catalysts), or
non-selective, affecting all active sites

« Common poisons include sulfur, nitrogen, and heavy metals, depending on the catalyst and reaction
(lead poisoning of automotive catalysts)

Regeneration and catalyst lifetime

« Catalyst regeneration is the process of restoring the activity of a deactivated catalyst, either by
removing the deposited species or redispersing the active phase

* Regeneration methods include oxidation (burning off coke deposits), reduction (reversing oxidation),
washing (dissolving soluble deposits), or thermal treatments (sintering reversal)

*» The choice of regeneration method depends on the nature of the deactivation and the catalyst
properties (thermal stability, chemical resistance)

* The regeneration efficiency and catalyst lifetime are important factors in the economic viability of a
catalytic process
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« Catalyst lifetime is the time between regeneration cycles or the total time before replacement is
necessary

* Longer catalyst lifetimes reduce the cost and downtime associated with regeneration or replacement,
improving the overall process efficiency

Kinetic models for heterogeneous catalysis

Langmuir-Hinshelwood and Mars-van Krevelen mechanisms

» Langmuir-Hinshelwood (LH) mechanism assumes that the reaction occurs between two species
adsorbed on the catalyst surface, with the surface reaction being the rate-determining step

» The LH model considers the adsorption isotherms of the reactants, typically using the Langmuir
adsorption model, which assumes a monolayer coverage and no interactions between adsorbed
species

» The LH rate equation relates the reaction rate to the surface coverages of the adsorbed species and

L . — kB465
the intrinsic rate constant of the surface reaction: I = (1+ KaCs + KoCp)?

» Mars-van Krevelen (MvK) mechanism applies to reactions where the catalyst surface is directly
involved in the reaction, such as oxidation reactions on metal oxides

* In the MvK model, the lattice oxygen of the catalyst participates in the reaction, creating an oxygen
vacancy that is subsequently replenished by gaseous oxygen

» The MvK rate equation considers the concentration of reactive surface oxygen species and the rates
. . e = K1k,CaCop
of oxygen incorporation and removal from the catalyst lattice: I = ¢, Tx.c,;

Microkinetic modeling

* The selection of the appropriate kinetic model depends on the reaction mechanism, catalyst
properties, and experimental observations

+ Kinetic models can be used to determine the rate-limiting step, estimate kinetic parameters (activation
energy, pre-exponential factor), and optimize reaction conditions (temperature, pressure, feed
composition)

» Experimental data, such as reaction orders, activation energies, and surface coverages, can be used
to discriminate between different kinetic models

» Microkinetic modeling is an approach that considers elementary reaction steps and their
corresponding rate constants to develop a detailed understanding of the catalytic reaction mechanism

+ Elementary steps include adsorption, surface reactions, and desorption, each with its own rate
constant and activation energy

+ Microkinetic models can be used to predict the overall reaction rate, selectivity, and surface coverages
as a function of reaction conditions and catalyst properties

+ Density functional theory (DFT) calculations can provide insights into the energetics of elementary
steps and aid in the development of microkinetic models
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4.4 Surface diffusion and mass transport

Surface diffusion and mass transport are key processes in surface science, influencing reactions and
material growth. These phenomena involve the movement of atoms or molecules across surfaces, driven
by energy differences and concentration gradients. Understanding these mechanisms is crucial for
optimizing catalysis, thin film growth, and nanostructure formation.

Kinetics of surface processes are deeply intertwined with diffusion. The rates of surface reactions,
adsorption, and desorption are often controlled by how quickly species can move across the surface. This
interplay shapes the overall behavior of surface systems, from catalytic efficiency to the morphology of
growing crystals.

Surface Diffusion Mechanisms

Fundamental Processes and Energy Landscape

 Surface diffusion involves the movement of atoms, molecules, or clusters across a surface

 Primary mechanisms are hopping between adjacent adsorption sites (terrace diffusion) and exchange
with surface atoms (exchange diffusion)

« Diffusion rates are influenced by the strength of the interaction between the adsorbate and the surface
(adsorption energy) and the activation energy barrier for hopping or exchange

« Stronger adsorption energy leads to slower diffusion rates
+ Higher activation energy barriers result in slower diffusion kinetics

* The potential energy surface (PES) describes the variation in the adsorption energy as a function of
the position on the surface

» Minima in the PES correspond to stable adsorption sites
» Maxima represent transition states for diffusion

» The shape of the PES determines the preferred diffusion pathways and barriers

Diffusion Coefficients and Anisotropy

* The diffusion coefficient, D, quantifies the rate of surface diffusion
* Related to the jump frequency and jump distance
« Follows an Arrhenius-type temperature dependence: D = DoeXp(—Ea/kgT)

« Do is the pre-exponential factor, Ea is the activation energy for diffusion, K is the Boltzmann
constant, and T is the temperature

« Surface diffusion can be isotropic (equal in all directions) or anisotropic (direction-dependent)
* Depends on the symmetry of the surface and the PES

* Anisotropic diffusion can lead to the formation of elongated islands or anisotropic growth patterns
(nanowires, nanoridges)

» Examples of anisotropic diffusion: diffusion along step edges, reconstruction-mediated diffusion on
semiconductor surfaces (Si(001), GaAs(001))
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Surface Diffusion in Reactions

Role in Heterogeneous Catalysis

« Surface diffusion plays a crucial role in the kinetics of surface reactions by enabling reactants to
encounter each other and form products

* The rate of diffusion can be the limiting step in the overall reaction kinetics
 Rapid diffusion allows for efficient mixing and increases the probability of reactive collisions

* In heterogeneous catalysis, surface diffusion allows reactants to reach active sites and facilitates the
formation and desorption of products

» The interplay between diffusion and reaction rates determines the overall catalytic performance

» Examples: CO oxidation on platinum catalysts, ammonia synthesis on iron catalysts, hydrocarbon
reforming on metal surfaces

Influence on Crystal Growth and Morphology

« Surface diffusion is a key process in crystal growth, enabling adatoms to reach step edges and kink
sites for incorporation into the growing crystal lattice

* The balance between the rates of adatom arrival (via deposition or surface diffusion) and attachment
at step edges determines the growth mode and resulting surface morphology

* Layer-by-layer growth (Frank-van der Merwe): diffusion is fast relative to the deposition rate, allowing
adatoms to reach step edges before forming new islands

« Island growth (Volmer-Weber): diffusion is slow relative to the deposition rate, leading to the formation
of 3D islands

» Multilayer growth (Stranski-Krastanov): initial layer-by-layer growth followed by island formation due to
strain or change in surface energy

« Diffusion-limited aggregation (DLA) models describe the formation of fractal-like structures when
diffusion is the rate-limiting step in crystal growth or particle aggregation on surfaces

» Examples: dendritic growth of snowflakes, electrodeposition of metals, growth of nanowires and
nanoparticles

Surface Defects and Diffusion

Influence of Defects and Steps

« Surface defects, such as vacancies, adatoms, and impurities, can act as traps or barriers for diffusing
species, altering the local diffusion rates and pathways

* Vacancies can provide low-energy sites for adatom diffusion and nucleation

» Adatoms can act as nucleation centers for island formation or as mobile species that facilitate mass
transport

« Impurities can block diffusion pathways or create local strain fields that influence diffusion
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« Steps and kinks on surfaces provide low-coordination sites that can act as preferential adsorption
sites and diffusion channels

« Diffusion along step edges (1D diffusion) can be faster than on terraces (2D diffusion)
* Kinks act as incorporation sites for adatoms during crystal growth

* The Ehrlich-Schwoebel barrier is an additional energy barrier for diffusion across step edges, arising
from the reduced coordination of atoms at the step

+ Can lead to the formation of mounds or instabilities during crystal growth

* Influences the interlayer mass transport and the resulting surface morphology

Grain Boundary and Surfactant Effects

* Grain boundaries in polycrystalline materials serve as high-diffusivity paths for mass transport due to
their disordered structure and excess free volume

* Grain boundary diffusion can dominate over bulk diffusion at low temperatures
* Plays a role in sintering, creep, and grain growth processes

« Surfactants or adsorbates can modify the surface diffusion behavior by altering the PES, creating new
diffusion barriers, or providing alternative diffusion pathways

« Surfactants can promote layer-by-layer growth by reducing the Ehrlich-Schwoebel barrier and
enhancing interlayer mass transport

» Examples: Sb as a surfactant in the growth of Ge on Si(111), Bi as a surfactant in the growth of
InGaAs on GaAs(001)

Modeling Surface Transport

Fick's Laws and Diffusion Equation

* Fick's laws of diffusion provide a mathematical framework for describing mass transport driven by
concentration gradients

» Fick's first law relates the diffusive flux (/) to the concentration gradient (VC): /| = —DVC
« Fick's second law describes the time evolution of the concentration profile: 3C/at = DV>C

* The diffusion equation, derived from Fick's second law, can be solved analytically or numerically to
predict the spatial and temporal distribution of diffusing species on surfaces or in materials

* Solutions depend on the initial and boundary conditions, geometry, and dimensionality of the system

* Examples: diffusion in semi-infinite media, diffusion in thin films, diffusion from a constant source

Kinetic Models and Simulations

» The Langmuir-Hinshelwood mechanism is a common model for surface reactions, assuming that the
reaction rate is proportional to the surface coverages of the adsorbed reactants

 Accounts for the interplay between adsorption, desorption, and surface diffusion

* Provides insights into the reaction order, rate-limiting steps, and coverage-dependent kinetics
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* Monte Carlo simulations and kinetic Monte Carlo (KMC) methods are powerful computational tools for
modeling surface diffusion and reaction processes at the atomic scale

* Capture the stochastic nature of diffusion events and provide insights into the evolution of surface
morphology and composition

« Can incorporate realistic interatomic potentials, lattice structures, and event rates based on
experimental or theoretical input

» Examples: modeling of island nucleation and growth, simulation of catalytic reactions, study of pattern
formation during epitaxial growth

Continuum Models

+ Continuum models describe the evolution of surface morphology during crystal growth by considering
the interplay between surface diffusion, attachment/detachment kinetics at step edges, and step-step
interactions

* The Burton-Cabrera-Frank (BCF) theory is a classic continuum model for crystal growth

* Describes the evolution of step positions and surface height profile

* Accounts for surface diffusion, step velocity, and step-step interactions (repulsive or attractive)

+ Predicts the formation of step bunches, meandering instabilities, and other growth morphologies
* Extensions of the BCF theory include:

* Incorporation of elastic effects and strain relaxation in heteroepitaxial growth

+ Coupling with deposition fluxes and evaporation processes

+ Consideration of anisotropic diffusion and attachment kinetics

* Modeling of multicomponent systems and alloy growth

» Phase-field models and level-set methods are alternative continuum approaches for simulating
surface evolution and morphological instabilities

* Describe the surface as a continuous field variable evolving under the influence of thermodynamic
driving forces and kinetic processes

» Can capture complex geometries, topological changes, and faceting transitions
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Unit 5 — Adsorption and Desorption
Mechanisms

5.1 Physisorption and chemisorption processes

Physisorption and chemisorption are key processes in surface science. They differ in bond strength,
reversibility, and energy changes. Physisorption involves weak van der Waals forces, while chemisorption
forms chemical bonds between adsorbate and surface.

Understanding these processes is crucial for various applications. Factors like temperature, pressure, and
surface properties affect adsorption. Energy changes, surface coverage, and adsorption isotherms provide
insights into adsorbate-surface interactions and their impact on material properties.

Physisorption vs Chemisorption

Characteristics and Bonding Mechanisms

* Physisorption, also known as physical adsorption, is a reversible process that involves weak van der
Waals interactions between the adsorbate and the surface

» Chemisorption, also known as chemical adsorption, is an irreversible process that involves the
formation of chemical bonds between the adsorbate and the surface atoms

* Physisorption is characterized by low enthalpy changes (20-40 kJ/mol), while chemisorption is
associated with higher enthalpy changes (80-400 kJ/mol) due to the formation of chemical bonds

* In physisorption, the electronic structure of the adsorbate remains largely unchanged, whereas in
chemisorption, the electronic structure of the adsorbate is significantly altered due to the formation of
chemical bonds

Adsorption Layers and Kinetics

+ Physisorption can occur in multilayers, with adsorbate molecules forming layers on top of each other,
while chemisorption is limited to a monolayer due to the specific nature of the chemical bonding

« In physisorption, the adsorbate molecules can form multiple layers on the surface, leading to higher
adsorption capacities (nitrogen on activated carbon)

» Chemisorption involves the formation of a single layer of adsorbate molecules chemically bonded to
the surface atoms (hydrogen on platinum)

* The rate of physisorption is typically higher than that of chemisorption, as the latter requires an
activation energy to overcome the energy barrier for bond formation

* Physisorption occurs rapidly and reaches equilibrium quickly due to the weak interactions involved
(noble gases on metal surfaces)

» Chemisorption may require higher temperatures or pressures to overcome the activation energy
barrier and proceed at a appreciable rate (ammonia synthesis on iron catalysts)
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Factors Affecting Adsorption

Temperature Effects

» Temperature plays a crucial role in adsorption processes, with physisorption being favored at lower
temperatures and chemisorption being favored at higher temperatures

* Physisorption is an exothermic process, and increasing temperature leads to a decrease in the
amount of adsorbate on the surface due to the increased kinetic energy of the molecules

* At low temperatures, physisorption is favored as the weak van der Waals interactions are sufficient to
bind the adsorbate to the surface (carbon dioxide on zeolites)

* As temperature increases, the thermal energy of the adsorbate molecules increases, leading to
desorption and a decrease in the amount adsorbed (water vapor on silica gel)

» Chemisorption is often an activated process, requiring a certain activation energy to overcome the
energy barrier for bond formation. Increasing temperature can enhance the rate of chemisorption up to
a certain point

* Higher temperatures provide the necessary energy for adsorbate molecules to overcome the
activation barrier and form chemical bonds with the surface atoms (hydrogen on nickel)

* However, at very high temperatures, the rate of desorption may exceed the rate of adsorption, leading
to a decrease in the amount of chemisorbed species (carbon monoxide on platinum)

Pressure and Surface Property Effects

* Pressure affects the adsorption process, with higher pressures generally leading to increased
adsorption until a saturation point is reached

« In physisorption, the amount of adsorbed material increases with increasing pressure, following the
Langmuir adsorption isotherm or the Brunauer-Emmett-Teller (BET) isotherm for multilayer adsorption

* At low pressures, the surface coverage is low, and the amount adsorbed increases linearly with
pressure (nitrogen on activated carbon)

* As pressure increases, the surface becomes saturated, and the adsorption reaches a plateau (krypton
on graphite)

* In chemisorption, pressure has a less pronounced effect due to the formation of a monolayer and the
specific nature of the chemical bonding

*» Once the surface is fully covered with a monolayer of chemisorbed species, further increases in
pressure do not lead to significant changes in the amount adsorbed (ethylene on palladium)

» Surface properties, such as surface area, porosity, and surface chemistry, significantly influence the
adsorption process

* A larger surface area provides more sites for adsorption, leading to increased adsorption capacity

+ Materials with high specific surface areas, such as activated carbon or metal-organic frameworks
(MOFs), exhibit enhanced adsorption capacities (hydrogen storage in MOFs)

« Porosity, particularly the presence of micropores and mesopores, can enhance adsorption by
providing additional surface area and confinement effects
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» Microporous materials, such as zeolites or activated carbons, have a large volume of small pores that
can selectively adsorb molecules based on their size and shape (molecular sieving in zeolites)

* Mesoporous materials, such as silica or alumina, have larger pore sizes that can accommodate larger
molecules or facilitate mass transport (enzyme immobilization in mesoporous silica)

« Surface chemistry, including the presence of functional groups, defects, or specific crystal facets, can
affect the selectivity and strength of adsorption interactions

* Functional groups on the surface, such as hydroxyl or amine groups, can provide specific binding sites
for adsorbate molecules (protein adsorption on functionalized surfaces)

+ Defects or unsaturated sites on the surface can act as active centers for chemisorption (carbon
monoxide adsorption on defect sites of metal oxides)

« Different crystal facets of a material may exhibit varying adsorption properties due to differences in
atomic arrangement and electronic structure (preferential adsorption of molecules on specific facets of
metal nanoparticles)

Energy Changes in Adsorption
Physisorption Energy Changes

* Physisorption is an exothermic process, releasing energy as the adsorbate molecules interact with the
surface through van der Waals forces

* The enthalpy change in physisorption is typically in the range of 20-40 kJ/mol, which is comparable to
the energy of condensation

» The weak van der Waals interactions between the adsorbate and the surface result in a relatively
small release of energy (nitrogen adsorption on graphite)

» The magnitude of the enthalpy change depends on the strength of the adsorbate-surface interactions
and the surface coverage (increasing coverage leads to lower enthalpy changes due to
adsorbate-adsorbate interactions)

» The energy released during physisorption is dissipated as heat, leading to a decrease in the system's
entropy

+ As the adsorbate molecules become more ordered and confined on the surface, the entropy of the
system decreases (adsorption of gases on porous materials)

* The decrease in entropy is compensated by the release of energy, resulting in a negative change in
Gibbs free energy and a spontaneous adsorption process

Chemisorption Energy Changes

» Chemisorption can be either exothermic or endothermic, depending on the specific adsorbate-surface
interaction and the nature of the chemical bonds formed

» Exothermic chemisorption releases energy as chemical bonds are formed between the adsorbate and
surface atoms, with enthalpy changes typically in the range of 80-400 kJ/mol

* The formation of strong chemical bonds, such as covalent or ionic bonds, results in a significant
release of energy (chemisorption of oxygen on metal surfaces)
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» The magnitude of the enthalpy change depends on the strength of the chemical bonds and the extent
of electron transfer between the adsorbate and the surface

» Endothermic chemisorption requires an input of energy to overcome the activation barrier for bond
formation, and the enthalpy change is positive

* In some cases, the formation of chemical bonds may require the breaking of existing bonds or the
rearrangement of surface atoms, leading to an overall endothermic process (dissociative adsorption of
hydrogen on metal surfaces)

* The activation energy barrier for endothermic chemisorption can be overcome by increasing the
temperature or providing external energy (e.g., light or electric field)

» The energy changes associated with adsorption can be studied using techniques such as calorimetry,
temperature-programmed desorption (TPD), and spectroscopic methods (e.g., infrared spectroscopy,
X-ray photoelectron spectroscopy)

+ Calorimetry measures the heat released or absorbed during the adsorption process, providing direct
information about the enthalpy changes (adsorption calorimetry)

« TPD monitors the desorption of adsorbed species as a function of temperature, allowing the
determination of the activation energy for desorption and the binding strength of the adsorbate-surface
interactions

* Spectroscopic methods probe the electronic structure and bonding characteristics of the adsorbed
species, providing insights into the nature of the adsorption process (infrared spectroscopy of adsorbed
molecules on metal oxides)

* The heat of adsorption, which is the energy released during the adsorption process, can provide
insights into the strength and nature of the adsorbate-surface interactions

* The heat of adsorption can be determined experimentally by measuring the temperature change
during adsorption or by performing adsorption calorimetry

* Higher heats of adsorption indicate stronger adsorbate-surface interactions and more stable adsorbed
species (chemisorption of carbon monoxide on transition metals)

* The variation of the heat of adsorption with surface coverage can provide information about the
heterogeneity of the surface and the presence of different adsorption sites (adsorption of hydrogen on
heterogeneous catalysts)

Surface Coverage and its Impact

Surface Coverage Effects on Surface Properties

« Surface coverage refers to the fraction of the surface that is occupied by adsorbed molecules, and it
plays a significant role in determining the properties and behavior of the surface

* In physisorption, surface coverage can range from a sub-monolayer to multilayers, depending on the
adsorbate-surface interaction and the equilibrium conditions (temperature and pressure)

* At low surface coverage, adsorbate molecules are relatively isolated and interact primarily with the
surface

» The adsorbed molecules are widely spaced apart, and their properties are largely determined by the
adsorbate-surface interactions (adsorption of gases on clean metal surfaces)
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» The surface properties, such as work function and reactivity, are influenced by the presence of the
isolated adsorbate molecules

* As surface coverage increases, adsorbate-adsorbate interactions become more significant, leading to
the formation of islands or clusters of adsorbed molecules

» The adsorbed molecules start to interact with each other, forming two-dimensional structures or
clusters on the surface (self-assembly of organic molecules on metal surfaces)

* The properties of the adsorbed layer are influenced by the collective behavior and interactions of the
adsorbate molecules

+ In chemisorption, surface coverage is typically limited to a monolayer due to the specific nature of the
chemical bonding between the adsorbate and surface atoms

» The arrangement and orientation of chemisorbed molecules on the surface can significantly affect the
surface properties, such as reactivity, catalytic activity, and electronic structure

* The chemisorbed molecules may form ordered structures or superstructures on the surface,
depending on the symmetry and lattice spacing of the substrate (adsorption of organic molecules on
single-crystal surfaces)

*» The presence of chemisorbed species can modify the electronic structure of the surface, leading to
changes in the surface states, work function, and band alignment (adsorption of electronegative or
electropositive species on semiconductors)

« Surface coverage can impact the electronic properties of the surface, such as the work function,
electron affinity, and band structure

» Adsorbed molecules can alter the surface dipole moment, leading to changes in the work function and
electron affinity

» The adsorption of electronegative species (e.g., oxygen or halogens) can increase the work function
by inducing a surface dipole that lowers the electron energy (oxygen adsorption on metal surfaces)

» The adsorption of electropositive species (e.g., alkali metals) can decrease the work function by
creating a surface dipole that raises the electron energy (cesium adsorption on metal oxides)

* The presence of adsorbates can also modify the electronic states near the surface, affecting the band
structure and the density of states

» Chemisorption can lead to the formation of new electronic states, such as adsorbate-induced states or
surface resonances, that can participate in charge transfer or catalytic reactions (adsorption of
molecules on transition metal surfaces)

» The modification of the electronic structure can influence the optical, magnetic, and transport
properties of the surface (adsorption-induced changes in the surface plasmon resonance of metal
nanoparticles)

Adsorption Isotherms and Kinetics

* The relationship between surface coverage and adsorption kinetics can be described by adsorption
isotherms, such as the Langmuir isotherm or the Freundlich isotherm

* These isotherms provide information about the adsorption capacity, the strength of adsorbate-surface
interactions, and the heterogeneity of the surface
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» The Langmuir isotherm assumes a homogeneous surface with a finite number of adsorption sites,
where each site can accommodate one adsorbate molecule (adsorption of gases on uniform solid
surfaces)

» The Langmuir isotherm equation relates the surface coverage to the pressure or concentration of the
adsorbate at a constant temperature

» The Langmuir isotherm can be used to determine the maximum adsorption capacity and the
equilibrium constant for adsorption

» The Freundlich isotherm is an empirical model that describes adsorption on heterogeneous surfaces
with a distribution of adsorption sites and binding energies (adsorption of organic pollutants on activated
carbon)

* The Freundlich isotherm equation relates the amount adsorbed to the equilibrium concentration of the
adsorbate, using empirical constants that depend on the adsorbate-adsorbent system

* The Freundlich isotherm can be used to describe adsorption on surfaces with a wide range of
adsorption sites and varying adsorption affinities

+ Adsorption kinetics describes the rate at which adsorbate molecules are adsorbed onto the surface
and the time required to reach equilibrium

» The adsorption rate depends on factors such as the concentration of the adsorbate, the temperature,
and the surface properties of the adsorbent

* The kinetics of adsorption can be described by various models, such as the pseudo-first-order or
pseudo-second-order kinetic models (adsorption of dyes on activated carbon)

» The pseudo-first-order model assumes that the adsorption rate is proportional to the difference
between the equilibrium adsorption capacity and the amount adsorbed at any time

* The pseudo-second-order model assumes that the adsorption rate is proportional to the square of the
difference between the equilibrium adsorption capacity and the amount adsorbed at any time

* The study of adsorption kinetics provides insights into the rate-limiting steps of the adsorption process,
such as mass transfer, diffusion, or chemical reaction (adsorption of heavy metals on biosorbents)

» The understanding of adsorption kinetics is crucial for the design and optimization of adsorption-based
processes, such as water treatment, gas separation, or catalysis (adsorption of pollutants on activated
carbon filters)

5.2 Adsorption models and isotherms

Adsorption models and isotherms are key to understanding how molecules stick to surfaces. They show us
how much stuff gets adsorbed at different pressures and temperatures, giving us crucial info about surface
properties and interactions.

These models help us figure out important things like adsorption capacity and surface area. We'll look at
different types of isotherms, compare models like Langmuir and BET, and see how to interpret the data
they give us.
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Adsorption isotherms and their significance

Graphical representation and information provided

* Adsorption isotherms graphically represent the relationship between the amount of adsorbate
adsorbed on an adsorbent surface and the equilibrium pressure or concentration of the adsorbate at a
constant temperature

* Provide essential information about:
» Adsorption capacity
* Surface properties

* Interactions between the adsorbent and adsorbate

Classification and factors influencing adsorption isotherms

» [IUPAC classification categorizes adsorption isotherms into six main types (I to VI), each
corresponding to specific adsorption mechanisms and surface characteristics

« Factors influencing the type of adsorption isotherm:

* Nature of the adsorbent (pore size, surface chemistry)
* Nature of the adsorbate (size, polarity)

 Operating conditions (temperature, pressure)

+ Adsorption isotherms are crucial for designing and optimizing adsorption-based processes (gas
separation, purification, catalysis) by determining the required amount of adsorbent and optimal
operating conditions

Applying adsorption models

Langmuir adsorption model

» Assumes monolayer adsorption on a homogeneous surface with no lateral interactions between
adsorbed molecules

» Langmuir equation relates the amount of adsorbed species to the equilibrium pressure or
concentration

* Linearized Langmuir equation determines:
» Maximum monolayer adsorption capacity (qm), related to surface area

» Langmuir adsorption constant (KL), related to adsorbent-adsorbate interaction strength

BET (Brunauer-Emmett-Teller) adsorption model

» Extends the Langmuir model to multilayer adsorption
» Assumes the first adsorbed layer acts as a substrate for further adsorption

« Adsorption energy is equal to the liquefaction energy for all layers except the first
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* BET equation relates the amount of adsorbed species to the equilibrium pressure or concentration
and includes a parameter (C) accounting for the difference in adsorption energy between the first and
subsequent layers

+ Linearized BET equation determines the monolayer adsorption capacity (gm), used to calculate the
specific surface area of the adsorbent using the cross-sectional area of the adsorbate molecule

* Pore size distribution of the adsorbent can be derived from the adsorption isotherm using methods like
the Barrett-Joyner-Halenda (BJH) method, relating the amount of adsorbate removed during desorption
to the pore size

Adsorption model comparisons

Langmuir vs. BET models

» Langmuir model assumes monolayer adsorption, homogeneous surface, no lateral interactions, and
equal adsorption energy for all sites

* BET model extends to multilayer adsorption with equal adsorption energy for all layers except the first

» Langmuir model is more suitable for chemisorption or physisorption at low pressures (monolayer
coverage dominant)

* BET model is more applicable to physisorption at higher pressures (multilayer adsorption occurs)

Other adsorption models

* Freundlich adsorption model (empirical):

* Assumes a heterogeneous surface with a distribution of adsorption energies
* Describes both chemisorption and physisorption

+ Does not provide a physical interpretation of the adsorption process

* Dubinin-Radushkevich (DR) model:

+ Based on the theory of volume filling of micropores

« Suitable for describing adsorption in microporous materials, particularly for gases and vapors at high
pressures

» Temkin adsorption model:

» Assumes a linear decrease in adsorption energy with surface coverage due to adsorbate-adsorbate
interactions

+ Suitable for systems with a uniform distribution of binding energies
Interpreting adsorption isotherms

Insights from isotherm shape

+ Shape provides qualitative information about the strength and nature of adsorbent-adsorbate
interactions and surface heterogeneity

* Type | isotherms (Langmuir-type):
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* Indicate strong adsorbent-adsorbate interactions

* Predominantly microporous adsorbent

* Type Il and lll isotherms:

» Suggest weaker interactions

» Non-porous or macroporous adsorbent

* Type IV and V isotherms:

» Exhibit hysteresis loops associated with capillary condensation in mesopores

* Provide information about pore size distribution and shape

Additional insights from adsorption isotherms

« Steps or inflections may indicate surface heterogeneity (different types of adsorption sites or pore
sizes)

* Slope of the adsorption isotherm at low pressures (Henry's law region) is related to the
adsorbent-adsorbate interaction strength (steeper slope indicates stronger interactions)

» Hysteresis loop between adsorption and desorption branches provides insights into pore network
connectivity and the presence of pore blocking or cavitation effects

» Comparing adsorption isotherms for different adsorbates on the same adsorbent reveals the effect of

adsorbate properties (size, polarity) on adsorption behavior and selectivity

5.3 Desorption kinetics and thermal desorption spectroscopy

Desorption kinetics and thermal desorption spectroscopy (TDS) are key to understanding how molecules

leave surfaces. These processes reveal the strength of molecule-surface bonds and how temperature
affects desorption rates, crucial for studying catalysts and materials.

TDS experiments heat surfaces while measuring desorbed molecules, giving insights into binding energies

and surface coverage. By analyzing peak shapes and positions in TDS spectra, we can determine
desorption mechanisms and activation energies, helping us design better materials for specific
applications.

Desorption Processes and Kinetics

Desorption Mechanisms

+ Desorption involves adsorbed species leaving the surface and returning to the gas phase or solution

* Desorption rate depends on the concentration of adsorbed species, temperature, and the strength of
the adsorbate-surface interaction

« Zero-order desorption kinetics exhibit a constant desorption rate independent of the surface coverage,
with the rate equation given by —Cé—? =K, where 8 is the surface coverage and Kk is the rate constant

* First-order desorption kinetics show a desorption rate proportional to the surface coverage, with the
rate equation given by —%2 = k6

» Second-order desorption kinetics have a desorption rate proportional to the square of the surface

coverage, with the rate equation given by —Z’—? = k92, which can occur when two adsorbed species
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must combine before desorbing (recombinative desorption)

Temperature Dependence of Desorption

« The desorption rate constant, k, follows an Arrhenius relationship with temperature: K = Aexp (—;E—-‘;),
where A is the pre-exponential factor, Eq is the desorption activation energy, R is the gas constant, and
T is the absolute temperature

* Higher temperatures provide more thermal energy for adsorbed species to overcome the activation
barrier for desorption, leading to higher desorption rates

» The desorption activation energy, Eq, represents the energy barrier that adsorbed species must
overcome to desorb from the surface

- The pre-exponential factor, A, is related to the attempt frequency of adsorbed species to overcome
the desorption barrier and the entropy change during desorption

Factors Affecting Desorption Rates

Surface Coverage and Adsorbate Interactions

« Surface coverage determines the availability of adsorption sites and the proximity of adsorbed species

+ At high surface coverages, adsorbate-adsorbate interactions can become significant and affect
desorption kinetics

« Attractive interactions between adsorbed species can stabilize the adsorbed layer and reduce the
desorption rate (cooperative desorption)

* Repulsive interactions between adsorbed species can destabilize the layer and increase the
desorption rate (competitive desorption)

» The coverage-dependent desorption behavior can be studied by analyzing the shift in the desorption
peak temperature with varying initial surface coverage in TDS experiments

Surface and Adsorbate Properties

» The nature of the adsorbate and the surface influences desorption kinetics

« Stronger adsorbate-surface interactions lead to higher desorption activation energies and slower
desorption rates (chemisorption)

» Weaker adsorbate-surface interactions result in lower desorption activation energies and faster
desorption rates (physisorption)

« Surface defects, steps, and edges can act as preferential adsorption sites with different binding
energies, affecting the desorption behavior of adsorbed species

» The chemical composition, electronic structure, and morphology of the surface can influence the
desorption kinetics and the binding states of adsorbed species
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Principles of Thermal Desorption Spectroscopy

TDS Experimental Setup and Procedure

» Thermal desorption spectroscopy (TDS), also known as temperature-programmed desorption (TPD),
studies the desorption of adsorbed species from surfaces as a function of temperature

* In TDS, the sample is heated at a constant rate while monitoring the desorption of adsorbed species
using a mass spectrometer or other detection methods (quadrupole mass spectrometer, time-of-flight
mass spectrometer)

» The sample is typically mounted on a temperature-controlled stage in an ultra-high vacuum (UHV)
chamber to minimize background signals and ensure well-defined surface conditions

» The heating rate, usually in the range of 1-10 K/s, is chosen to obtain a good signal-to-noise ratio and
to minimize readsorption of desorbed species

Information Obtained from TDS

» TDS provides information about the binding energies, surface coverage, and kinetics of adsorbed
species on the surface

» The TDS spectrum shows the desorption rate as a function of temperature, with peaks corresponding
to different adsorbed species or binding states with distinct desorption activation energies

* The area under the desorption peak is proportional to the initial surface coverage of the adsorbed
species, allowing quantitative determination of the adsorbate coverage upon calibration of the TDS
system

* The position of the desorption peak in the TDS spectrum is related to the desorption activation energy,
with higher desorption temperatures indicating stronger adsorbate-surface interactions and higher
activation energies

* The shape of the desorption peak provides information about the desorption kinetics, with symmetric
peaks suggesting first-order desorption and asymmetric peaks with a longer tail at higher temperatures
suggesting second-order desorption or the presence of multiple binding states

Applications of TDS

» TDS is used to study the adsorption and desorption behavior of various adsorbates, such as gases
(hydrogen, oxygen, carbon monoxide), organic molecules (hydrocarbons, alcohols), and metal atoms,
on different surfaces, including single crystals (metal surfaces, semiconductors), thin films, and
nanostructures (nanoparticles, nanowires)

» TDS is employed to investigate surface reactions, such as dissociation (breaking of molecular bonds),
recombination (formation of molecules from adsorbed atoms), and catalytic processes, by monitoring
the desorption products

» TDS can be combined with other surface-sensitive techniques, such as low-energy electron diffraction
(LEED), X-ray photoelectron spectroscopy (XPS), and scanning tunneling microscopy (STM), to obtain
complementary information about the surface structure, chemical composition, and electronic
properties

Fiveable archived study guides Page 63



Interpreting TDS Spectra

Desorption Peak Analysis

* The position of the desorption peak in the TDS spectrum is related to the desorption activation energy,
with higher desorption temperatures indicating stronger adsorbate-surface interactions and higher
activation energies

* The shape of the desorption peak provides information about the desorption kinetics, with symmetric
peaks suggesting first-order desorption and asymmetric peaks with a longer tail at higher temperatures
suggesting second-order desorption or the presence of multiple binding states

» The presence of multiple desorption peaks in the TDS spectrum indicates the existence of different
binding states or adsorption sites on the surface, each with its own desorption activation energy
(molecular adsorption, dissociative adsorption)

* The shift in the desorption peak temperature with varying initial surface coverage can provide insights
into the coverage-dependent desorption behavior and adsorbate-adsorbate interactions (attractive or
repulsive interactions)

Quantitative Analysis of TDS Data

» The area under the desorption peak is proportional to the initial surface coverage of the adsorbed
species, allowing quantitative determination of the adsorbate coverage upon calibration of the TDS
system

* By analyzing the TDS spectra obtained at different heating rates, the desorption activation energy and
pre-exponential factor can be determined using methods such as the Redhead analysis or the complete
analysis

» The Redhead analysis assumes first-order desorption kinetics and a constant pre-exponential factor,
providing an estimate of the desorption activation energy based on the peak temperature and heating
rate

» The complete analysis involves fitting the entire TDS spectrum using numerical simulations based on
the Polanyi-Wigner equation, considering the coverage-dependent desorption behavior and possible
lateral interactions between adsorbed species

+ Quantitative analysis of TDS data requires careful consideration of experimental factors, such as the
pumping speed, the detection sensitivity, and the possible readsorption of desorbed species, to obtain
accurate values of the desorption parameters

5.4 Surface-adsorbate interactions and bonding

Surface-adsorbate interactions are key to understanding adsorption and desorption. From weak van der
Waals forces to strong covalent bonds, these interactions determine how molecules stick to surfaces and
affect their behavior.

Active sites on surfaces, like step edges and defects, play a crucial role in adsorption and catalysis.
Understanding these sites and how they interact with adsorbates is essential for optimizing surface
processes and reactions.
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Surface-Adsorbate Interactions

Van der Waals Forces and Hydrogen Bonding

* Van der Waals forces are weak, short-range interactions arising from instantaneous dipoles induced
by fluctuations in electron density

* Include London dispersion forces, Debye forces, and Keesom forces

* Hydrogen bonding is a stronger, directional interaction between a hydrogen atom covalently bonded
to an electronegative atom (N, O, F) and another electronegative atom with a lone pair of electrons

* Plays a crucial role in the adsorption of polar molecules on surfaces (water, alcohols)

Covalent and Electrostatic Bonding

» Covalent bonding involves the sharing of electrons between the adsorbate and surface atoms,
resulting in the formation of chemical bonds

 Characterized by high binding energies and specific geometric arrangements
* Occurs in chemisorption processes (CO on metal surfaces)

* Electrostatic interactions, such as ionic bonding or dipole-dipole interactions, can also contribute to
surface-adsorbate bonding

» Depends on the nature of the surface and adsorbate (charged species, polar molecules)
* The strength and nature of surface-adsorbate interactions determine the adsorption energy

» Can be measured using techniques such as temperature-programmed desorption (TPD) or
calorimetry

Surface Active Sites

Concept and Characteristics

« Surface active sites are specific locations on a surface where adsorption or catalytic reactions
preferentially occur

* Due to their unique geometric, electronic, or chemical properties
» Examples of surface active sites include step edges, kinks, vacancies, and low-coordination sites
« Often exhibit higher reactivity compared to terrace sites

* The presence of surface defects, such as atomic vacancies or adatoms, can create additional active
sites

« Alter the local electronic structure, influencing adsorption and catalytic behavior

Role in Catalysis

* In heterogeneous catalysis, the interaction between reactants and surface active sites is crucial

» Lowers activation barriers and facilitates chemical transformations
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» The concentration and distribution of surface active sites can be controlled through surface
preparation techniques

* lon bombardment, annealing, or chemical treatments

» Optimize adsorption or catalytic performance

Influence of Surface Properties

Surface Structure and Composition

 The atomic structure of the surface affects the arrangement and binding of adsorbates
+ Crystallographic orientation, lattice spacing, and symmetry

« Surface reconstructions, where the topmost atomic layer rearranges to minimize surface energy, can
create unique adsorption sites

+ Alter the surface-adsorbate interaction
» The chemical composition of the surface determines the type and strength of bonding with adsorbates
» Metal surfaces often favor chemisorption through electron transfer

 Oxide surfaces may exhibit stronger electrostatic or hydrogen-bonding interactions

Defects and Co-adsorbates

« Surface defects, such as step edges, kinks, or vacancies, can act as preferential adsorption sites
* Due to their lower coordination number and altered electronic structure

» Adsorbates may bind more strongly to defect sites compared to flat terraces

* Leads to enhanced reactivity or selectivity in catalytic processes

» The presence of co-adsorbates or surface modifiers can influence the adsorption behavior of other
molecules

* Through lateral interactions, site blocking, or electronic effects

Spectroscopic Characterization of Adsorption

Infrared and X-ray Photoelectron Spectroscopy

* Infrared spectroscopy, particularly reflection-absorption infrared spectroscopy (RAIRS), provides
information on the vibrational modes of adsorbed molecules

* Reveals the nature of surface-adsorbate bonding

« Shifts in vibrational frequencies compared to gas-phase molecules indicate the strength and type of
interaction with the surface

« Selection rules in RAIRS help determine the orientation of adsorbed molecules relative to the surface
normal

» X-ray photoelectron spectroscopy (XPS) probes the electronic structure of surface atoms and
adsorbates

Fiveable archived study guides Page 66



* Measures the binding energies of core-level electrons

« Shifts in binding energies relative to reference compounds provide information on oxidation state,
chemical environment, and bonding

« Attenuation of substrate peaks upon adsorption estimates the thickness or coverage of the adsorbate
layer

Complementary Techniques

* Near-edge X-ray absorption fine structure (NEXAFS) spectroscopy is sensitive to the unoccupied
electronic states of adsorbates

* Probes the orientation of molecular orbitals relative to the surface

» Scanning tunneling microscopy (STM) and atomic force microscopy (AFM) provide real-space
imaging of adsorbed molecules

* Reveal their spatial arrangement on surfaces with atomic resolution
* The combination of multiple surface-sensitive techniques offers complementary information

+ Elucidates the complex nature of surface-adsorbate interactions and bonding
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Unit 6 — Surface Spectroscopy
Techniques: XPS, AES, and UPS

6.1 Principles of X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is a powerful surface analysis technique that reveals the
elemental composition and chemical states of materials. By bombarding a sample with X-rays and
measuring the ejected electrons, XPS provides crucial insights into surface properties and reactions.

Understanding XPS principles is key to grasping surface spectroscopy techniques. From photoemission
basics to instrument components, XPS knowledge enables researchers to probe the top layers of
materials, making it invaluable for fields like materials science, chemistry, and engineering.

XPS Fundamentals

Principles and Applications

» XPS is a surface-sensitive spectroscopic technique that measures the elemental composition,
chemical state, and electronic state of the elements within a material

» XPS spectra are obtained by irradiating a solid surface with a beam of X-rays while simultaneously
measuring the kinetic energy and number of electrons that escape from the top 1 to 10 nm of the
material being analyzed

* XPS requires ultra-high vacuum (UHV) conditions (typically 10*-9 to 102-10 mbar) to ensure that the
emitted photoelectrons reach the detector without interference from gas phase collisions

» XPS is widely used for surface analysis in various fields, including materials science (studying surface
properties of novel materials), chemistry (investigating chemical reactions and catalysis), physics
(exploring electronic structure and band gaps), and engineering (characterizing thin films and coatings),
to study the properties and behavior of surfaces and interfaces

+ XPS can provide quantitative information about the surface composition, including the identification of
elements present, their relative abundance, and their chemical state such as oxidation state (e.g.,
distinguishing between Fe*2+ and Fe*3+) and bonding environment (e.g., differentiating between C-C,
C-0, and C=0 bonds)

Quantitative Analysis

* XPS is a quantitative technique, allowing for the determination of the relative atomic concentrations of
elements present on the surface

» The atomic concentration of an element is calculated by measuring the area under its corresponding
photoelectron peak and applying sensitivity factors that account for differences in photoionization
cross-sections and instrument response

+ Quantitative analysis in XPS requires careful consideration of factors such as peak overlaps,
background subtraction, and sample charging, which can affect the accuracy of the results

* XPS can detect elements with atomic numbers greater than 2 (He), with a typical detection limit of 0.1
to 1 atomic percent, depending on the element and the instrument configuration
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* Depth profiling can be achieved in XPS by combining the technique with ion sputtering, allowing for
the analysis of the elemental composition and chemical state as a function of depth below the surface
(e.g., studying the composition of layered structures or the diffusion of elements across interfaces)

Photoemission in XPS

Photoemission Process

» Photoemission is the process by which electrons are emitted from a material when it absorbs
electromagnetic radiation, such as X-rays, with sufficient energy to overcome the work function of the
material

* In XPS, the incident X-rays have a fixed energy (typically Al Ka at 1486.6 eV or Mg Ka at 1253.6 eV),
which is greater than the binding energy of the core-level electrons in the atoms of the sample

* When an X-ray photon is absorbed by an atom, it can cause the ejection of a core-level electron
(photoelectron) from the atom if the photon energy is greater than the electron's binding energy

* The kinetic energy of the emitted photoelectron depends on the incident X-ray energy and the binding
energy of the electron in the atom, as described by the photoelectric effect equation:

KE = hv — BE — ¢, where KE is the kinetic energy of the photoelectron, hv is the incident X-ray
energy, BE is the binding energy of the electron, and ¢ is the work function of the material

» The photoemission process in XPS is governed by the conservation of energy, with the incident X-ray
energy being partitioned between the binding energy of the electron and the kinetic energy of the
emitted photoelectron

Photoelectron Generation

* Photoelectrons are generated when the incident X-rays interact with the core-level electrons in the
atoms of the sample

* The probability of photoelectron generation depends on the photoionization cross-section, which is a
measure of the likelihood of an electron being ejected from an atom by a photon of a given energy

« Photoionization cross-sections vary for different elements and subshells (e.g., 1s, 2s, 2p), and they
generally decrease with increasing atomic number and binding energy

» The angular distribution of the emitted photoelectrons is anisotropic, with a higher probability of
emission in the direction perpendicular to the sample surface, which is exploited in angle-resolved XPS
(ARXPS) to study the depth distribution of elements and chemical states

» The escape depth of photoelectrons is limited by inelastic scattering events, such as electron-electron
and electron-phonon interactions, which cause the photoelectrons to lose energy and change direction,
limiting the probing depth of XPS to the top few nanometers of the sample

Binding Energy vs Kinetic Energy
Binding Energy
* The binding energy (BE) of an electron is the energy required to remove the electron from its atomic

orbital to the vacuum level, which is the energy level at which an electron can escape from the
material's surface
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* Binding energies are characteristic of specific elements and their chemical states, allowing for the
identification of elements and their chemical environment in the sample

* Core-level binding energies are sensitive to the local chemical environment of an atom, with changes
in the oxidation state, bonding, and coordination leading to shifts in the binding energy, known as
chemical shifts

» Chemical shifts in binding energy can be used to differentiate between different chemical states of an
element, such as distinguishing between metallic and oxidized forms of an element (e.g., Cu”0 vs
Cu”2+) or identifying the presence of different functional groups (e.g., C-C, C-O, C=0) in organic
compounds

+ Binding energy reference levels are typically chosen based on well-defined peaks in the XPS
spectrum, such as the Au 4f7/2 peak at 84.0 eV or the C 1s peak of adventitious carbon at 284.8 eV, to
account for sample charging and to enable comparisons between different instruments and laboratories

Kinetic Energy and Work Function

* The kinetic energy (KE) of a photoelectron is the energy it possesses after being ejected from the
atom, and it depends on the incident X-ray energy and the binding energy of the electron

» The work function (¢) is the minimum energy required to remove an electron from the Fermi level of a
material to the vacuum level, and it is a characteristic property of the material

* The relationship between binding energy, kinetic energy, and work function is described by the
photoelectric effect equation: KE = hv — BE — @ where hv is the incident X-ray energy

* In XPS, the binding energy of an electron is determined by measuring the kinetic energy of the emitted
photoelectron and using the known values of the incident X-ray energy and the work function of the
material

» The work function of a material can vary depending on factors such as surface composition,
crystallographic orientation, and the presence of adsorbates or contaminants, which can lead to shifts in
the measured kinetic energies of photoelectrons

« Calibration of the binding energy scale in XPS is typically achieved by measuring the Fermi edge of a
clean metallic reference sample (e.g., gold or silver) and setting the Fermi level to zero binding energy,
allowing for the accurate determination of binding energies across different samples and instruments

XPS Instrument Components

X-ray Source and Monochromator

 X-ray source: Generates the incident X-rays used to excite the sample, typically using an Al Ka
(1486.6 eV) or Mg Ka (1253.6 eV) anode

» The X-ray source consists of a cathode (electron emitter) and an anode (target material) housed in a
high-vacuum chamber

* Electrons emitted from the cathode are accelerated towards the anode by a high voltage (typically
10-15 kV), causing the emission of characteristic X-rays from the anode material

* Monochromator (optional): Filters the X-ray beam to improve energy resolution and reduce satellite
peaks, resulting in higher-quality spectra
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* Monochromators are typically based on Bragg diffraction from a single crystal (e.g., quartz or
germanium) or a multilayer mirror, which selects a narrow energy range around the desired X-ray line
(e.g., Al Ka or Mg Ka)

* The use of a monochromator reduces the background signal and improves the signal-to-noise ratio in
XPS spectra, allowing for better resolution of closely spaced peaks and the detection of subtle chemical
shifts

Sample Stage and Electron Energy Analyzer

» Sample stage: Holds the sample in place and allows for precise positioning and manipulation of the
sample during analysis

» The sample stage is typically equipped with a sample holder that can accommodate a variety of
sample sizes and shapes, and it may include features such as sample heating, cooling, or electrical
biasing

* The sample stage is mounted on a manipulator that allows for the adjustment of the sample position in
three dimensions (x, y, and z) and the rotation of the sample around one or more axes, enabling the
optimization of the sample orientation for analysis

« Electron energy analyzer: Measures the kinetic energy of the emitted photoelectrons, typically using a
hemispherical or cylindrical sector analyzer

* The electron energy analyzer consists of two concentric hemispheres or cylinders with a potential
difference applied between them, creating an electric field that disperses the photoelectrons based on
their kinetic energy

* Photoelectrons entering the analyzer are deflected by the electric field, with higher kinetic energy
electrons following a longer path and lower kinetic energy electrons following a shorter path, allowing
for the separation of photoelectrons based on their kinetic energy

» The energy-dispersed photoelectrons are then focused onto a detector, which measures the intensity
of the photoelectron signal as a function of kinetic energy, generating the XPS spectrum

Detector and Vacuum System

* Detector: Counts the number of photoelectrons at each kinetic energy, usually using a channeltron or
multichannel plate detector

» Channeltron detectors are single-channel electron multipliers that amplify the photoelectron signal by
secondary electron emission, providing high sensitivity and fast response times

 Multichannel plate detectors consist of an array of miniature electron multipliers that allow for the
simultaneous detection of photoelectrons over a wide energy range, improving the data acquisition
speed and the signal-to-noise ratio

» The detector is typically positioned at the focal plane of the electron energy analyzer, where the
energy-dispersed photoelectrons are focused, and it may be equipped with a position-sensitive anode
(e.g., resistive anode or CCD) to enable parallel detection of photoelectrons at different energies

« Ultra-high vacuum (UHV) system: Maintains the necessary low-pressure environment (typically 104-9
to 102-10 mbar) to ensure that the emitted photoelectrons can travel from the sample to the detector
without interference from gas phase collisions
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* The UHV system consists of a series of pumps (e.g., turbomolecular, ion, and titanium sublimation
pumps) and vacuum gauges that work together to achieve and maintain the required vacuum level

» The UHV environment is essential for XPS measurements, as it prevents the scattering and energy
loss of photoelectrons by collisions with gas molecules, ensures the cleanliness of the sample surface,
and extends the lifetime of the X-ray source and detector components

Data Acquisition and Processing

« Data acquisition and processing system: Collects and analyzes the XPS data, generating spectra and
allowing for the identification and quantification of elements and their chemical states

» The data acquisition system typically consists of a computer interface that controls the electron energy
analyzer, detector, and sample stage, and it records the photoelectron intensity as a function of kinetic
energy or binding energy

« Data processing software is used to analyze the XPS spectra, including background subtraction, peak
fitting, and quantification of elemental composition and chemical states

» Background subtraction is performed to remove the contribution of inelastically scattered electrons
and secondary electrons from the XPS spectrum, using methods such as linear, Shirley, or Tougaard
background subtraction

* Peak fitting is used to deconvolute overlapping peaks and to extract information about the chemical
states of elements, by fitting the experimental data with a series of model functions (e.g., Gaussian,
Lorentzian, or Voigt) that represent the individual photoelectron peaks

 Quantification of elemental composition and chemical states is achieved by integrating the area under
the fitted peaks and applying sensitivity factors that account for differences in photoionization
cross-sections and instrument response, yielding the relative atomic concentrations of elements and
their chemical states on the sample surface

6.2 Auger electron spectroscopy (AES) fundamentals

Auger electron spectroscopy (AES) is a powerful tool for analyzing surface composition. It works by
detecting electrons emitted during atomic relaxation after core electron removal. AES is incredibly
surface-sensitive, probing just the top few atomic layers of a material.

AES complements other surface spectroscopy techniques like XPS and UPS. While XPS and UPS rely on
photon excitation, AES uses electron bombardment. This makes AES great for high spatial resolution
analysis and depth profiling when combined with ion sputtering.

The Auger Process in Surface Analysis

Fundamentals of the Auger Process

» The Auger process involves the emission of electrons from atoms due to the relaxation of excited
states created by the removal of a core electron

* In the Auger process, an electron from a higher energy level fills the core hole, and the excess energy
is transferred to another electron, which is ejected as an Auger electron

* Auger electrons have kinetic energies characteristic of the atomic energy levels involved in the
transition, making them element-specific

Fiveable archived study guides Page 72



» The Auger process is named after Pierre Auger, who discovered this phenomenon in the early 20th
century while studying the interaction of X-rays with matter

Surface Sensitivity of Auger Electron Spectroscopy (AES)

» AES is a surface-sensitive technique because Auger electrons have relatively low kinetic energies
(typically 20-2000 eV), limiting their escape depth to a few nanometers

* The surface sensitivity of AES arises from the short inelastic mean free path of electrons in solids,
which is the average distance an electron can travel before losing energy through inelastic scattering

» The escape depth of Auger electrons depends on their kinetic energy and the material properties, but
it is typically in the range of 0.5-3 nm, corresponding to 2-10 atomic layers

* The surface sensitivity of AES makes it an ideal technique for studying the composition and properties
of the topmost atomic layers of materials (surfaces, interfaces, thin films)

Applications of AES in Surface Analysis

* AES is used for elemental analysis and mapping of surfaces, providing information about the
composition and spatial distribution of elements in the top few atomic layers

* AES can detect all elements except hydrogen and helium, with a typical sensitivity of 0.1-1 atomic
percent, depending on the element and the experimental conditions

» AES is widely used in materials science, surface chemistry, catalysis, and semiconductor technology
for characterizing the elemental composition and homogeneity of surfaces and interfaces

» Examples of applications include studying the surface segregation of alloys, monitoring the growth of
thin films, investigating the surface composition of catalysts, and analyzing the elemental distribution in
microelectronic devices

Auger vs Photoemission: Electron Generation

Electron Emission Mechanisms

* In the Auger process, electrons are emitted due to the relaxation of excited states created by the
removal of a core electron, while in photoemission, electrons are emitted due to the absorption of
photons

* Auger electrons are generated through a three-electron process involving the filling of a core hole and
the ejection of another electron, while photoelectrons are generated through a single-electron process
involving the direct excitation of an electron by a photon

» The Auger process is an example of a secondary electron emission process, where the initial
excitation (core hole creation) leads to the emission of another electron, while photoemission is a
primary electron emission process, where the incident photon directly causes the ejection of an electron

Energy Dependence of Emitted Electrons

* The kinetic energy of Auger electrons depends on the atomic energy levels involved in the transition,
while the kinetic energy of photoelectrons depends on the energy of the incident photons and the
binding energy of the electron

* Auger electron energies are characteristic of the elements involved and are not affected by the
primary excitation source, while photoelectron energies are determined by the photon energy and the
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binding energy of the electron according to the photoelectric effect equation: KE = hv —BE — ¢ where
KE is the kinetic energy, hv is the photon energy, BE is the binding energy, and @ is the work function

» The energy range of Auger electrons is typically 20-2000 eV, depending on the atomic number of the
elements involved, while the energy range of photoelectrons can be much broader, extending from a
few eV to several keV, depending on the photon source (UV, soft X-rays, hard X-rays)

Excitation Sources and Intrinsic Processes

* Auger electron emission is an intrinsic process that does not require an external excitation source,
while photoemission requires an external source of photons, such as an X-ray or UV light source

* In AES, the initial core hole can be created by various processes, such as electron impact ionization
(using an electron beam), X-ray absorption, or ion bombardment, while in photoemission, the excitation
is provided by a photon source, such as an X-ray tube, a synchrotron, or a gas discharge lamp

* The intrinsic nature of the Auger process makes it suitable for studying the electronic structure and
composition of materials without the need for an external excitation source, while photoemission
requires a tunable and monochromatic photon source to probe the electronic structure and band
structure of materials

Instrumentation for Auger Electron Spectroscopy

Electron Excitation and Detection

* AES typically employs an electron gun to generate a focused beam of primary electrons with energies
ranging from a few hundred eV to several keV

* The primary electron beam is directed onto the sample surface, causing the emission of Auger
electrons and other secondary electrons

+ An electron energy analyzer, such as a cylindrical mirror analyzer (CMA) or a concentric
hemispherical analyzer (CHA), is used to measure the kinetic energy distribution of the emitted
electrons

* The electron energy analyzer is positioned close to the sample surface to collect electrons emitted at
a specific angle, typically 30-60 degrees relative to the sample normal

» The energy resolution of the analyzer determines the ability to resolve closely spaced Auger peaks
and is typically in the range of 0.1-1 eV, depending on the analyzer type and the operating parameters

Sample Manipulation and Vacuum Requirements

» The sample is usually mounted on a manipulator that allows for precise positioning and rotation to
optimize the Auger signal and enable depth profiling or spatial mapping

* The sample manipulator can also include heating or cooling capabilities to study
temperature-dependent phenomena or to perform sample cleaning or annealing

« Ultra-high vacuum (UHV) conditions (typically < 102-9 torr) are necessary to minimize surface
contamination and ensure a long mean free path for the Auger electrons

» UHV conditions are achieved using a combination of pumps (turbomolecular, ion, titanium
sublimation) and baking the system to remove adsorbed gases from the chamber walls
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* The UHV environment also enables the use of other surface analysis techniques, such as low-energy
electron diffraction (LEED) or X-ray photoelectron spectroscopy (XPS), in conjunction with AES for a
comprehensive characterization of the surface

Spatial Resolution and Depth Profiling

* The spatial resolution of AES is determined by the size of the primary electron beam and can range
from a few nanometers to several micrometers, depending on the electron gun and the focusing optics

+ High spatial resolution (< 10 nm) can be achieved using field emission electron guns or by combining
AES with scanning electron microscopy (SEM) to obtain Auger electron maps of the surface

* Depth profiling in AES is performed by combining the technique with ion sputtering, where an ion
beam (typically Ar+) is used to remove material from the surface layer by layer, allowing the analysis of
the elemental composition as a function of depth

* The depth resolution of AES depth profiling depends on the sputtering rate and the escape depth of
the Auger electrons and is typically in the range of 1-10 nm, depending on the material and the
experimental conditions

Interpreting Auger Spectra: Key Features

Peak Positions and Elemental Identification

+ Auger spectra plot the derivative of the electron energy distribution (dN/dE) as a function of the
electron kinetic energy, with Auger peaks appearing as characteristic features

* The kinetic energy of an Auger peak is element-specific and corresponds to the difference in energy
between the involved atomic levels, allowing for the identification of elements present on the surface

* Auger peaks are labeled using the X-ray notation for the atomic levels involved in the transition, such
as KLL, LMM, or MNN, where K, L, M, and N refer to the principal quantum numbers 1, 2, 3, and 4,
respectively

* The presence of multiple Auger peaks for a given element, such as the KLL, LMM, or MNN series, can
help confirm the elemental identification and provide additional information about the electronic
structure

Peak Intensities and Quantitative Analysis

* The intensity of an Auger peak is related to the concentration of the corresponding element on the
surface, enabling quantitative analysis using sensitivity factors

« Sensitivity factors are empirically determined coefficients that relate the Auger peak intensity to the
elemental concentration, taking into account factors such as the ionization cross-section, the escape
depth, and the analyzer transmission function

+ Quantitative analysis in AES requires the use of reference materials with known compositions to
calibrate the sensitivity factors and account for matrix effects

 The accuracy of quantitative AES analysis is typically in the range of 5-20%, depending on the
elements involved, the sample matrix, and the experimental conditions

 The background in Auger spectra arises from inelastically scattered electrons and can be used to
normalize peak intensities for quantitative analysis
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Chemical State Information and Peak Shapes

* Peak shapes and widths can provide information about the chemical state of the elements, such as
oxidation state or bonding environment, due to small energy shifts or changes in the peak shape

» Chemical shifts in Auger spectra arise from changes in the atomic energy levels due to variations in
the local electronic environment, such as the presence of bonding partners or the redistribution of
valence electrons

» The magnitude of chemical shifts in AES is typically smaller than in XPS (0.1-1 eV vs. 1-10 eV) due to

the involvement of multiple atomic levels in the Auger process, which can partially cancel out the
energy shifts

» Peak shape analysis in AES can provide information about the presence of different chemical states

or bonding configurations, such as the distinction between metallic and oxidized forms of an element

» Examples of chemical state information in AES include the differentiation between carbidic, graphitic,

and amorphous carbon based on the shape of the C KLL Auger peak, or the identification of different
oxidation states of transition metals based on the fine structure of the LMM or MNN Auger peaks

6.3 Ultraviolet photoelectron spectroscopy (UPS) applications

Ultraviolet photoelectron spectroscopy (UPS) is a powerful tool for studying surface electronic structures. It

uses UV light to excite electrons from a material's valence band, revealing crucial information about
electronic states and work functions.

UPS complements other surface spectroscopy techniques like XPS and AES. While XPS probes core-level

electrons, UPS focuses on valence bands, offering higher surface sensitivity and energy resolution for
detailed analysis of electronic properties and molecular orientations.

Principles of UPS

Ultraviolet Photon Excitation and Photoelectron Emission

» UPS uses ultraviolet photons to excite photoelectrons from the valence band of a material

* Typical photon sources include helium discharge lamps (He | at 21.2 eV or He |l at 40.8 eV)
* Photoelectrons are emitted from the sample surface due to the photoelectric effect

* The kinetic energy distribution of the emitted photoelectrons is measured

« Kinetic energy directly relates to the binding energy in the valence band via the photoelectric effect
equation: BE = hv —KE — ¢

« BE is the binding energy
« hv is the photon energy

+ KE is the kinetic energy

* @ is the work function

Probing Valence Band Electronic Structure

» UPS probes the occupied electronic states in the valence band
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* Provides information about the density of states, band structure, and molecular orbital energies

* Reveals the electronic structure near the Fermi level, which is crucial for understanding electronic and
optical properties

* The high surface sensitivity of UPS makes it suitable for studying surface electronic structure and
bonding

* Probing depth of 1-2 nm, making it highly sensitive to the topmost atomic layers

« Ideal for investigating surface states, adsorbate-substrate interactions, and surface modifications

UPS vs XPS
Photon Energy and Probing Depth

* UPS uses lower photon energies (10-100 eV) compared to XPS (100-1500 eV)

 Lower photon energy results in higher surface sensitivity for UPS

* UPS probing depth is typically 1-2 nm, while XPS probes deeper into the material (2-10 nm)
* XPS provides more bulk-sensitive information due to its deeper probing depth

« Suitable for studying elemental composition and chemical states in the near-surface region

» Complements the surface-sensitive information obtained from UPS

Information Obtained and Energy Resolution

» UPS focuses on the valence band electronic structure

* Probes occupied electronic states, density of states, and band dispersion near the Fermi level
* Provides detailed information about molecular orbital energies and bonding

* XPS primarily probes core-level electrons

* Provides elemental composition and chemical state information

* Allows for the identification of chemical species and their oxidation states

» UPS has higher energy resolution than XPS

» Enables more detailed analysis of the valence band structure and molecular orbital energies

« Allows for the resolution of fine features in the electronic structure

Valence Band Structure and Work Function

Valence Band Structure Analysis

* The valence band structure obtained from UPS provides insights into the occupied electronic states
* Reveals the density of states, band dispersion, and electronic structure near the Fermi level

* Crucial for understanding the electronic and optical properties of materials (semiconductors, metals,
insulators)

* The valence band maximum (VBM) position relative to the Fermi level can be determined from UPS
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* Essential for studying band alignment at interfaces and the electronic structure of semiconductors and
insulators

* Provides information about the energy gap and the position of the Fermi level within the band gap

Work Function Measurements

» The work function is the minimum energy required to remove an electron from the solid to the vacuum
level

» Can be determined from the low kinetic energy cutoff in the UPS spectrum

* Provides information about the surface potential and electron affinity

» Changes in the work function can indicate surface modifications

* Presence of adsorbates, surface dipoles, or band bending can alter the work function

* Important for understanding surface chemistry, electronic properties, and charge transfer at interfaces

» Work function measurements are crucial for studying surfaces and interfaces in devices (solar cells,
field-effect transistors)

UPS Applications for Surface Analysis

Surface States and Adsorbate-Substrate Interactions

 Surface states are electronic states localized at the surface and distinct from bulk states
+ Can be probed by UPS due to its high surface sensitivity

« Identified as distinct features in the UPS spectrum, providing information about surface electronic
structure and reconstructions

» UPS can study the electronic structure of adsorbates on surfaces

* Reveals the nature of adsorbate-substrate interactions (charge transfer, chemical bonding, energy
level alignment)

* Energy shifts and broadening of molecular orbitals indicate the strength and character of the
interaction

« Provides insights into catalytic processes, surface functionalization, and self-assembly

Molecular Orientation Determination

» The angular dependence of UPS can be exploited to determine the orientation of adsorbed molecules
on surfaces

« Intensity variations of specific molecular orbitals are measured as a function of the emission angle

+ Molecular orientation is inferred from the symmetry and spatial distribution of the molecular orbitals

* Provides insights into the adsorption geometry and intermolecular interactions at the surface
 Important for understanding molecular alignment, packing, and ordering in thin films and monolayers

+ Relevant for applications in organic electronics, molecular electronics, and surface functionalization
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6.4 Data analysis and interpretation in surface spectroscopy

Surface spectroscopy techniques like XPS, AES, and UPS are powerful tools for analyzing surface
composition and electronic structure. They measure energies of emitted electrons to reveal elemental
makeup, chemical states, and electronic properties of the top few nanometers of a sample.

Data analysis is crucial for interpreting surface spectroscopy results. It involves background subtraction,

peak fitting, and normalization to extract meaningful information about surface composition and properties.

Understanding the limitations of these techniques is key for accurate interpretation.

Surface Analysis with Spectroscopy

X-ray Photoelectron Spectroscopy (XPS)

» XPS provides information about elemental composition, chemical states, and electronic structure of
surfaces by measuring the kinetic energy of photoelectrons ejected from the sample upon X-ray
irradiation

+ Binding energy shifts in XPS spectra indicate changes in the chemical state or oxidation state of
elements on the surface (metal oxides, sulfides)

* The presence of satellite peaks, shake-up or shake-off features, and multiplet splitting in XPS spectra
can provide additional information about the electronic structure and chemical bonding (plasmon
losses, charge transfer)

+ XPS is surface-sensitive, with an information depth of typically 1-10 nm, depending on the
photoelectron kinetic energy and the material

Auger Electron Spectroscopy (AES)

» AES reveals the elemental composition and chemical states of surfaces by analyzing the energy of
Auger electrons emitted during the relaxation process following core-level ionization

» AES is highly surface-sensitive, with an information depth of typically 0.5-5 nm, making it suitable for
studying the topmost atomic layers of a sample

» Chemical states and oxidation states can be identified by analyzing the shifts in Auger peak positions
relative to reference values for pure elements or compounds (oxidized vs. metallic states)

» AES can provide high spatial resolution when combined with electron microscopy techniques,
enabling elemental mapping and analysis of small features or inhomogeneous surfaces

Ultraviolet Photoelectron Spectroscopy (UPS)

» UPS probes the electronic structure and density of states near the Fermi level by measuring the
kinetic energy of photoelectrons ejected from the valence band upon UV irradiation

* The spectral features in UPS reflect the occupied electronic states in the valence band, providing
information about the electronic structure, band gap, and molecular orbital energies

» Work function and ionization potential of surfaces can be determined from the secondary electron
cutoff and the valence band edge in UPS spectra, respectively (metals, semiconductors)

* UPS is highly surface-sensitive, with an information depth of typically 1-2 nm, making it suitable for
studying the electronic properties of the topmost atomic layers or thin films
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Elemental Composition and Chemical States

I[dentification and Quantification

» Elemental composition can be determined by identifying characteristic peaks in XPS and AES spectra,
which correspond to specific core-level electron binding energies or Auger electron kinetic energies for
each element (C 1s, O 1s, Fe 2p)

+ Quantification of elemental composition can be achieved by comparing peak intensities and applying
appropriate sensitivity factors, taking into account photoionization cross-sections and instrumental
factors (atomic concentration, relative sensitivity factors)

* The relative concentrations of different chemical states can be quantified by fitting the core-level
peaks with appropriate line shapes and comparing their areas or intensities (oxide vs. metal ratio,
different oxidation states)

» Chemical state information can be obtained by analyzing the binding energy shifts, peak shapes, and
satellite features in XPS spectra (chemical shift, asymmetry, shake-up satellites)

Electronic Structure and Valence Band

* The electronic structure and density of states near the Fermi level can be investigated using UPS,
where the spectral features reflect the occupied electronic states in the valence band (valence band
maximum, band gap)

+» The valence band spectrum provides information about the electronic structure, band gap, and
molecular orbital energies of the sample (highest occupied molecular orbital (HOMO), lowest
unoccupied molecular orbital (LUMO))

» The work function of a surface can be determined from the secondary electron cutoff in UPS spectra,
which corresponds to the minimum energy required to remove an electron from the solid (metals,
semiconductors)

* The ionization potential, which is the energy required to remove an electron from the highest occupied
state to the vacuum level, can be obtained from the valence band edge in UPS spectra (organic
semiconductors, molecules)

Data Analysis Techniques for Spectroscopy

Background Subtraction

» Background subtraction is necessary to remove the contribution of inelastically scattered electrons
and secondary electrons from the spectra, enhancing the signal-to-noise ratio and revealing true peak
shapes

« Common background subtraction methods include linear, Shirley, and Tougaard backgrounds, each
with its own assumptions and applicability depending on the spectral features and sample properties
(linear for narrow peaks, Shirley for broad peaks, Tougaard for complex backgrounds)

* The choice of background subtraction method can significantly affect the quantitative results and the
interpretation of the spectral features, requiring careful consideration and consistency across datasets
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Peak Fitting and Decomposition

* Peak fitting involves decomposing overlapping peaks into individual components, allowing for the
identification and quantification of different chemical states or environments (overlapping core-level
peaks, multiplet splitting)

* Appropriate line shapes, such as Gaussian, Lorentzian, or Voigt functions, should be chosen based
on the physical processes involved in the photoemission and the instrumental broadening (Gaussian for
instrumental broadening, Lorentzian for lifetime broadening, Voigt for convolution of both)

+ Constraints on peak positions, widths, and intensities can be applied during the fitting process based
on prior knowledge of the sample or reference data (fixed peak separation, intensity ratios, spin-orbit
splitting)

* The quality of the peak fitting can be assessed by evaluating the residuals, chi-square value, and the
physical meaningfulness of the fit components

Data Normalization and Comparison

» Data normalization is essential for comparing spectra acquired under different conditions or from
different samples, accounting for variations in instrumental factors or sample preparation

* Normalization methods include normalizing to the total signal intensity, a specific core-level peak, or
the background level at a certain binding energy (C 1s peak, Au 4f peak, background at high binding
energy)

* Proper normalization allows for the comparison of relative peak intensities, chemical state ratios, and
valence band features across different samples or experimental conditions

* When comparing spectra from different techniques (XPS vs. AES) or instruments, it is important to
consider the differences in information depth, sensitivity, and energy resolution, and to use appropriate
calibration and reference standards

Limitations of Surface Spectroscopy

Surface Sensitivity and Information Depth

« Surface sensitivity is limited by the escape depth of photoelectrons or Auger electrons, typically in the
range of a few nanometers, which restricts the information to the topmost atomic layers of the sample

+ The information depth varies depending on the electron kinetic energy and the material properties,
with higher kinetic energies generally probing deeper into the sample (Al Ka vs. Mg Ka X-ray sources)

« Surface contamination, such as adsorbed species or oxidation, can affect the measured spectra and
may require surface cleaning or in-situ sample preparation to obtain reliable data (Ar+ sputtering,
annealing)

* For heterogeneous or layered samples, the surface composition and chemical states may not be
representative of the bulk properties, requiring depth profiling or complementary techniques to gain a
complete understanding

Spectral Resolution and Peak Overlap

* Spectral resolution is determined by the energy resolution of the analyzer and the natural linewidth of
the core-level transitions, limiting the ability to resolve closely spaced peaks or fine structure
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» The presence of overlapping peaks from different elements or chemical states can complicate the
interpretation and quantification of the spectra, requiring careful peak fitting and deconvolution (O 1s
and Pd 3p3/2 peaks, S 2p and Mo 3d peaks)

* The natural linewidth of core-level transitions varies depending on the element and the specific orbital,
with some peaks being inherently broader than others (Ag 3d vs. Ag 4d, Au 4f vs. Au 5d)

« Instrumental factors, such as the X-ray source linewidth, analyzer pass energy, and detector
resolution, can also contribute to the overall spectral resolution and peak broadening

Sample-Related Limitations

* Charging effects can occur on insulating or poorly conducting samples, leading to shifts in peak
positions and distortion of the spectral features, requiring charge compensation techniques or special
sample preparation (electron flood gun, conductive coatings)

» Beam-induced damage, particularly in organic or sensitive materials, can alter the surface
composition and chemical states during the measurement, necessitating careful control of the X-ray or
electron beam dosage (polymers, biological samples)

» Sample heterogeneity, both laterally and in-depth, can lead to variations in the measured spectra and
may require multiple measurements or depth profiling techniques to obtain representative data
(phase-separated systems, gradient compositions)

» The quantification accuracy is influenced by factors such as the accuracy of sensitivity factors, the
validity of the assumed sample structure and composition, and the presence of overlapping peaks or
complex backgrounds (matrix effects, attenuation lengths)
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Unit 7 — Surface Microscopy Methods:
STM, AFM, and SEM

7.1 Scanning tunneling microscopy (STM) principles and applications

Scanning tunneling microscopy (STM) is a powerful tool for imaging and manipulating surfaces at the
atomic scale. It uses quantum tunneling to create high-resolution images of surface topography and
electronic structure, making it invaluable for surface science and nanotechnology research.

STM operates by bringing an atomically sharp tip close to a conductive sample and measuring the
tunneling current. This technique allows scientists to study surface structures, manipulate individual atoms,
and investigate local electronic properties with unprecedented precision.

Principles of Scanning Tunneling Microscopy

Fundamentals of STM

+ Scanning tunneling microscopy (STM) images and manipulates surfaces at the atomic scale by
utilizing the concept of quantum tunneling

» STM operates by bringing an atomically sharp conducting tip very close to a conductive sample
surface, typically within a few angstroms

* When a voltage bias is applied between the tip and the sample, electrons can tunnel through the
vacuum gap between them, resulting in a measurable tunneling current

* The tunneling current is exponentially dependent on the distance between the tip and the sample,

providing high sensitivity to surface topography

Modes of Operation

* STM can operate in two primary modes: constant current mode and constant height mode

* In constant current mode, a feedback loop adjusts the tip height to maintain a constant tunneling
current while scanning across the surface, generating a topographic image

* In constant height mode, the tip is maintained at a fixed height above the surface, and the variations in
tunneling current are recorded to create an image

Setup and Operation of STM

Instrument Components

* An STM instrument consists of several key components:

* A sharp conducting tip, typically made of tungsten or platinum-iridium alloy, electrochemically etched
or mechanically cut to obtain an atomically sharp apex

* A piezoelectric scanner that precisely controls the position of the tip in three dimensions (X, Y, and Z)
using piezoelectric materials that expand or contract when a voltage is applied

* A coarse positioning system, often using a combination of piezoelectric motors and mechanical
stages, brings the tip within the tunneling range of the sample surface
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* Vibration isolation systems, such as spring suspension or active damping, minimize the influence of
external mechanical vibrations on the STM measurements

Electronic Control and Data Acquisition

« Electronic control systems regulate the applied voltage bias, tunneling current, and feedback loop
+ Data acquisition systems record and process the measured signals to generate STM images

* The tunneling current and tip position data are combined to create high-resolution images of the
sample surface topography and electronic structure

Quantum Tunneling in STM

Quantum Tunneling Phenomenon

* Quantum tunneling allows a particle, such as an electron, to pass through a potential barrier that it
classically could not surmount

* In STM, the potential barrier is the vacuum gap between the tip and the sample surface

* The probability of an electron tunneling through the vacuum gap depends on the width of the barrier
(tip-sample distance) and the electron's energy relative to the barrier height (work function of the tip and
sample)

Local Density of Electronic States (LDOS)

* The tunneling current in STM is proportional to the local density of electronic states (LDOS) of the
sample surface at the position of the tip

* By measuring the variations in tunneling current while scanning the tip across the surface, STM can
provide information about the electronic structure and topography of the sample with atomic resolution

+ STM images represent a convolution of the surface topography and the LDOS, allowing the
visualization of atomic-scale features and electronic properties

Applications of STM in Science and Nanotechnology

Surface Science Studies

+ STM has become an essential tool for studying surface structures, defects, and adsorbates at the
atomic scale, providing insight into surface chemistry, catalysis, and material properties

* STM can be used to manipulate individual atoms or molecules on surfaces, enabling the fabrication of
nanoscale structures and devices (atomic-scale lithography)

* By using STM in spectroscopic mode (scanning tunneling spectroscopy, STS), local electronic
properties, such as the density of states and band gap, can be measured with high spatial resolution

Nanotechnology Applications

* STM has been applied to study various materials, including metals (gold, copper), semiconductors
(silicon, gallium arsenide), superconductors (niobium, lead), and two-dimensional materials like
graphene and transition metal dichalcogenides (molybdenum disulfide)
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* In nanotechnology, STM has been employed for nanoscale lithography, atomic-scale data storage,
and the characterization of nanoelectronic devices (single-electron transistors, molecular junctions)

* STM has also been combined with other techniques, such as atomic force microscopy (AFM) and
tip-enhanced Raman spectroscopy (TERS), to provide complementary information about surface
properties

7.2 Atomic force microscopy (AFM) techniques and modes

Atomic force microscopy (AFM) is a powerful tool for studying surfaces at the nanoscale. It uses a tiny tip
on a flexible cantilever to scan samples, measuring topography and properties like adhesion and stiffness
with incredible precision.

AFM comes in different modes - contact, non-contact, and tapping - each suited for different sample types.
It can map surface features as small as atoms, making it invaluable for materials science, biology, and
nanotechnology research.

Atomic force microscopy principles

Working principles and components

» Atomic force microscopy (AFM) is a high-resolution scanning probe microscopy technique that
measures the topography and properties of surfaces at the nanoscale level

* AFM uses a sharp tip mounted on a flexible cantilever to scan the sample surface

* The tip-sample interaction forces cause the cantilever to deflect, which is detected by a laser beam
reflected from the back of the cantilever onto a photodiode detector

* The deflection of the cantilever is used to generate a topographic map of the sample surface with
nanometer-scale resolution

* The vertical resolution of AFM can be as high as 0.1 nm, while the lateral resolution is typically around
1-10 nm

Versatility and applications

* AFM can operate in various environments, including air, liquid, and vacuum, making it suitable for
studying a wide range of materials

» Examples of materials studied with AFM include polymers, biomolecules (DNA, proteins), and
inorganic surfaces (metals, semiconductors)

« In addition to topography, AFM can measure other surface properties, such as adhesion, friction,
stiffness, and electrical conductivity, by using specialized tips and operating modes

» For example, conductive AFM tips can be used to map the electrical properties of a sample surface,
while functionalized tips can measure specific molecular interactions

AFM modes: Contact vs Non-contact vs Tapping

Contact mode

» Contact mode AFM is the most basic operating mode, where the tip is in constant contact with the
sample surface
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* The cantilever deflection is used as a feedback signal to maintain a constant force between the tip and
the sample

» Contact mode provides high-resolution images but can cause damage to soft or delicate samples due
to the high lateral forces exerted by the tip

» Examples of samples that may be damaged by contact mode include soft polymers, biological
membranes, and thin films

Non-contact mode

» Non-contact mode AFM operates with the tip oscillating above the sample surface without making
direct contact

* The tip-sample interaction forces, such as van der Waals forces, cause changes in the oscillation
amplitude, frequency, or phase, which are used as feedback signals to map the surface topography

* Non-contact mode is suitable for studying soft or easily deformable samples, as it minimizes the risk of
sample damage

* Examples of samples well-suited for non-contact mode include soft gels, liquid droplets, and loosely
bound adsorbates

* However, the resolution is generally lower than in contact mode due to the weaker tip-sample
interaction

Tapping mode

» Tapping mode AFM, also known as intermittent contact mode, is a hybrid between contact and
non-contact modes

* The tip oscillates at or near its resonance frequency and intermittently taps the sample surface

» Tapping mode minimizes the lateral forces exerted on the sample, reducing the risk of damage while
maintaining high resolution

* It is the most commonly used mode for imaging soft materials, such as polymers (hydrogels, block
copolymers) and biological samples (cells, proteins)

+ In tapping mode, the oscillation amplitude is used as a feedback signal to maintain a constant
tip-sample interaction and to map the surface topography

Force-distance curves in AFM

Principles and measurement

* Force-distance curves are used to quantitatively measure the interaction forces between the AFM tip
and the sample surface as a function of their separation distance

* A force-distance curve is obtained by moving the tip towards the sample surface until contact is made,
then retracting the tip while recording the cantilever deflection

* The deflection is converted into a force using the cantilever's spring constant
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Surface property analysis

* Force-distance curves provide information about various surface properties, such as adhesion,
elasticity, and surface charge

» The adhesion force can be determined from the pull-off force required to separate the tip from the
sample surface during retraction

» The sample's elasticity can be estimated from the slope of the force-distance curve in the contact
region, which is related to the sample's Young's modulus

* Force-distance curves can also be used to study specific tip-sample interactions, such as
ligand-receptor binding, by functionalizing the AFM tip with specific molecules (antibodies, aptamers)

» Mapping force-distance curves across a sample surface enables the creation of spatially resolved
maps of surface properties, a technique known as force-volume imaging

AFM advantages vs limitations

Advantages

+ High resolution: AFM can achieve nanometer-scale resolution in both vertical and lateral dimensions,
surpassing the resolution of optical microscopy and rivaling that of electron microscopy

* Non-destructive: AFM can image samples without causing damage, as it relies on tip-sample
interactions rather than high-energy beams or vacuum conditions

* Versatile sample environment: AFM can operate in various environments, including air, liquid, and
vacuum, allowing the study of samples under near-physiological conditions

* Multiple surface properties: AFM can measure various surface properties beyond topography, such as
mechanical (elasticity, viscosity), electrical (conductivity, capacitance), and magnetic properties, by
using specialized tips and operating modes

Limitations

+ Slow imaging speed: AFM imaging is inherently slower than other microscopy techniques due to the
serial nature of data acquisition, which limits its application in studying dynamic processes

* Limited scan size: The maximum scan size of AFM is typically limited to a few hundred micrometers,
which is smaller than the field of view of optical microscopy

* Tip-sample convolution: The shape and size of the AFM tip can influence the observed sample
topography, leading to artifacts and reduced lateral resolution, especially for features with high aspect
ratios (narrow trenches, steep steps)

« Difficulty in imaging steep or overhanging features: AFM can have difficulty imaging samples with
steep slopes or overhanging features due to the geometry of the tip and the limited feedback response

Comparison with other microscopy techniques

» Compared to scanning electron microscopy (SEM), AFM provides better vertical resolution and the
ability to image non-conductive samples without coating, but SEM offers faster imaging and a larger
field of view
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» Compared to transmission electron microscopy (TEM), AFM can image thicker samples and provide
surface property information, but TEM offers higher lateral resolution and the ability to visualize internal
structures

» Compared to optical microscopy, AFM provides superior resolution and the ability to measure surface
properties, but optical microscopy is faster, has a larger field of view, and can image samples in color

7.3 Scanning electron microscopy (SEM) for surface analysis

Scanning electron microscopy (SEM) is a powerful tool for surface analysis, offering high-resolution
imaging and compositional information. It uses a focused electron beam to scan samples, generating
signals that create detailed surface images and reveal material composition.

SEM's versatility makes it essential for various fields, from materials science to biology. By understanding
its principles, components, and image interpretation, researchers can unlock valuable insights into surface
structures and compositions at the micro and nanoscale.

Scanning Electron Microscopy Basics

Principles and Components

* SEM uses a focused electron beam to scan the surface of a sample in a raster pattern, generating
various signals that are collected by detectors to form an image or provide compositional information

* The main components of an SEM include:
« Electron gun (thermionic or field emission) generates a stable beam of electrons

« Electron lenses (condenser and objective) and scanning coils accelerate and focus the electron beam
onto the sample surface

» Sample stage holds the specimen

* Various detectors (secondary electron, backscattered electron, and X-ray) collect signals generated
by the electron-sample interactions

* The resolution of an SEM is determined by the electron beam diameter and the interaction volume of
the electrons with the sample, which depends on the accelerating voltage and the sample material

* SEM operates under high vacuum conditions to minimize electron scattering by gas molecules and to
prevent sample contamination

Vacuum and Resolution Considerations

* High vacuum conditions (typically 10*-4 to 10*-6 Pa) are maintained in the SEM chamber to ensure
minimal electron scattering by gas molecules and to prevent sample contamination

» The vacuum level affects the mean free path of electrons, which is the average distance an electron
travels before colliding with a gas molecule

« Higher vacuum levels result in longer mean free paths, allowing electrons to reach the sample surface
with minimal energy loss and maintaining a focused beam

* The resolution of an SEM depends on the electron beam diameter, which is influenced by factors such
as the electron source type (thermionic or field emission), the accelerating voltage, and the quality of
the electron optics
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* Field emission guns (FEGs) provide higher brightness and smaller beam diameters compared to
thermionic sources (tungsten or LaB6), enabling higher resolution imaging

* Increasing the accelerating voltage reduces the wavelength of the electrons and improves the
theoretical resolution limit, but it also increases the interaction volume within the sample

Electron Interactions in SEM

Secondary and Backscattered Electrons

» When the primary electron beam interacts with the sample surface, various signals are generated,
including secondary electrons (SEs), backscattered electrons (BSEs), and characteristic X-rays

 SEs are low-energy electrons (< 50 eV) ejected from the sample's outer shell atoms by inelastic
scattering of the primary electrons, providing high-resolution topographical information

* BSEs are high-energy electrons (> 50 eV) that have undergone elastic scattering with the sample's
nuclei, providing compositional contrast based on the atomic number of the elements present

» The escape depth of SEs is typically a few nanometers (1-10 nm), while that of BSEs can be up to a
few hundred nanometers (50-500 nm), resulting in different information depths for these signals

Interaction Volume and Signal Generation

* The interaction volume, from which the signals originate, depends on the primary electron beam
energy, the atomic number of the sample material, and the incident angle of the beam

* Higher beam energies and lower atomic number materials result in larger interaction volumes, as the
electrons can penetrate deeper into the sample before losing their energy

*» The shape of the interaction volume resembles a teardrop or pear, with the widest part near the
surface and a narrower region extending deeper into the sample

+ SEs are generated near the surface of the interaction volume, providing topographic information, while
BSEs originate from deeper within the interaction volume, carrying compositional information

+ Characteristic X-rays are generated when the primary electrons ionize inner shell electrons of the
sample atoms, leading to the emission of X-rays with energies specific to the elements present

Interpreting SEM Images

Topographic and Compositional Contrast

« SE images provide high-resolution topographical information, revealing surface features such as
texture, roughness, and morphology at the nanoscale

« Example: SE images can show the surface texture of a corroded metal, revealing pits, cracks, and
other morphological features

* BSE images offer compositional contrast, with brighter areas indicating the presence of elements with
higher atomic numbers and darker areas corresponding to elements with lower atomic numbers

* Example: In a BSE image of a multi-phase alloy, the different phases will appear with varying
brightness based on their average atomic number

» The combination of SE and BSE imaging modes allows for a comprehensive understanding of the
sample's surface structure and composition
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Quantitative Analysis and EDS

+ Quantitative analysis of SEM images can be performed using image processing software to measure
particle sizes, surface roughness, and feature dimensions

* Example: Measuring the size distribution of nanoparticles or the roughness parameters (Ra, Rq) of a
surface

 Energy-dispersive X-ray spectroscopy (EDS) can be coupled with SEM to provide elemental
composition information by analyzing the characteristic X-rays emitted from the sample

» EDS detects the energy and intensity of the emitted X-rays, generating a spectrum that allows for the
identification and quantification of the elements present

» Example: Determining the composition of inclusions or precipitates in a metal matrix

Sample Preparation for SEM
Conductivity and Stability Requirements

* Proper sample preparation is crucial for obtaining high-quality SEM images and accurate
compositional information

» Samples must be stable under high vacuum conditions and able to withstand the electron beam
exposure without damage or charging effects

» Conductive samples, such as metals, can be directly analyzed in the SEM, while non-conductive
samples may require coating with a thin layer of conductive material (e.g., gold, carbon) to prevent
charging

» Example: Sputter coating a ceramic sample with a few nanometers of gold to improve its electrical
conductivity and reduce charging artifacts

Biological and Environmental Samples

* Biological and organic samples often require fixation, dehydration, and critical point drying to preserve
their structure and minimize damage during SEM analysis

« Fixation involves using chemicals (e.g., glutaraldehyde) to crosslink proteins and stabilize the sample
structure

» Dehydration is performed using a series of ethanol or acetone baths to remove water from the sample

» Critical point drying replaces the dehydration fluid with liquid CO2, which is then brought to its critical
point and vented, preventing surface tension effects that can cause sample collapse

» Environmental SEM (ESEM) allows for the imaging of non-conductive and hydrated samples by
maintaining a low-pressure gas atmosphere in the sample chamber, reducing the need for extensive
sample preparation

» Example: Imaging a biological tissue sample in its native hydrated state using ESEM

* The choice of sample preparation technique depends on the nature of the sample, the desired
information, and the available instrumentation
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7.4 Advanced scanning probe microscopy methods

Advanced scanning probe microscopy methods take surface analysis to the next level. These techniques,
like scanning capacitance and thermal microscopy, let us peek into the electronic and thermal properties of
materials at incredibly small scales.

Kelvin probe force microscopy maps surface potential, while combining AFM with Raman or IR
spectroscopy gives us both topography and chemical info. High-speed AFM and video-rate STM even let
us watch nanoscale processes unfold in real-time!

Advanced Scanning Probe Microscopy Techniques

Scanning Capacitance Microscopy (SCM)
» Measures local capacitance between probe tip and sample surface
* Provides information about electronic properties and dopant concentration in semiconductor materials
* Applies AC voltage between probe tip and sample
» Measures resulting capacitance using high-frequency capacitance sensor

* Useful for studying electronic properties of materials at the nanoscale (semiconductor devices)

Scanning Thermal Microscopy (SThM)

» Uses specialized probe with built-in temperature sensor to map thermal properties of sample surface
* Measures local temperature variations, thermal conductivity, and heat capacity

+ Useful for studying thermal transport in materials at the nanoscale (thermoelectric devices, phase
change materials)

* Probes typically use thermocouple or resistive heating element at tip to detect temperature changes
and control probe temperature

* Enables correlation of topographic and thermal information at the nanoscale

Surface Potential Mapping with KPFM
Principles of Kelvin Probe Force Microscopy (KPFM)

» Non-contact AFM technique that measures local surface potential (work function) of a sample
* Applies AC voltage between probe tip and sample
* Nullifies resulting electrostatic force by adjusting DC bias voltage

+ DC bias voltage required to nullify electrostatic force equals contact potential difference (CPD)
between tip and sample, related to their work functions

» Maps surface potential with nanometer-scale spatial resolution

Applications of KPFM

* Provides information about local electronic properties, charge distribution, and band bending in
materials
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* Used for studying electronic devices (transistors, diodes), solar cells, corrosion, and surface
functionalization

» Enables visualization of charge transfer, band alignment, and surface dipoles
*» Helps optimize device performance and understand failure mechanisms

» Combines with other AFM modes (topography, phase imaging) for comprehensive surface
characterization

Combined AFM-Raman and AFM-IR for Surface Characterization

AFM-Raman: Combining Topography and Chemical Information

* Hybrid technique combining high spatial resolution of AFM with chemical specificity of Raman
spectroscopy

* Uses specialized probe to simultaneously measure topography and Raman spectrum at a specific
location

* Raman spectrum provides information about molecular composition, crystal structure, and chemical
bonding

» Enables correlation of morphological and chemical properties at the nanoscale

* Useful for studying heterogeneous materials (composites, blends), surface contamination, and
nanoscale defects

AFM-IR: Nanoscale Infrared Spectroscopy

* Hybrid technique combining AFM with infrared spectroscopy
* Uses specialized probe to measure local absorption of infrared light by the sample

* Provides nanoscale infrared spectrum, identifying chemical functional groups, polymorphs, and local
variations in composition

» Achieves nanometer-scale spatial resolution, surpassing diffraction limit of conventional IR
spectroscopy

* Applicable to a wide range of materials (polymers, pharmaceuticals, biological samples)

» Enables chemical mapping and identification of nanoscale domains, interfaces, and impurities

High-Speed AFM and Video-Rate STM for Dynamics
High-Speed AFM: Capturing Fast Surface Processes

» Advanced technique enabling real-time imaging of dynamic processes on surfaces with high temporal
resolution

* Uses specialized hardware and control systems to increase scanning speed and reduce probe
response time

» Achieves imaging rates of up to several frames per second

+ Captures dynamic events such as molecular adsorption, diffusion, and reactions on surfaces, as well
as conformational changes in biomolecules
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* Applied to study motion of molecular motors, assembly of protein complexes, and growth of crystals

* Provides insights into kinetics and mechanisms of nanoscale phenomena in real-time

Video-Rate STM: Visualizing Surface Dynamics at Atomic Scale

» Advanced technique employing fast scanning electronics and data acquisition systems to achieve
high imaging rates

+ Achieves imaging rates of up to 30 frames per second or higher
+ Investigates dynamics of surface reconstruction, motion of adatoms, and formation of nanostructures

» Enables observation of atomic-scale processes in real-time, such as diffusion, nucleation, and phase
transitions

* Provides fundamental understanding of surface dynamics relevant to catalysis, epitaxial growth, and
self-assembly

» Combines with spectroscopic techniques (STS, dI/dV mapping) for comprehensive characterization of
electronic structure and dynamics
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Unit 8 — Vibrational Spectroscopy and
LEED

8.1 Infrared spectroscopy for surface analysis

Infrared spectroscopy is a powerful tool for analyzing surfaces, revealing the chemical makeup and
bonding of molecules on materials. It works by measuring how infrared light interacts with surface species,
giving us clues about their structure and behavior.

This technique fits into the broader study of vibrational spectroscopy, which looks at how molecules vibrate
when hit with energy. By understanding these vibrations, we can learn a lot about what's happening on
surfaces at the molecular level.

Infrared Spectroscopy for Surface Analysis

Principles and Applications

* Infrared spectroscopy is based on the absorption of infrared radiation by molecules, causing vibrations
of chemical bonds

* The frequency of the absorbed radiation depends on the mass of the atoms, the strength of the bonds,
and the geometry of the molecule

« Surface species can be identified by their characteristic infrared absorption bands, which are sensitive
to the chemical environment and orientation of the molecules on the surface (CO adsorption on metal
surfaces)

« Infrared spectroscopy provides information about the chemical composition, structure, and bonding of
surface species, as well as their interaction with the substrate (hydrogen bonding, dipole-dipole
interactions)

* The technique is non-destructive and can be applied to a wide range of materials, including metals
(gold, platinum), semiconductors (silicon, gallium arsenide), and insulators (silica, alumina)

Surface Species Analysis with Infrared Spectroscopy

Types of Surface Species

» Adsorbed molecules, such as gases (CO, NO, H2), organic compounds (hydrocarbons, alcohols,
acids), and inorganic species (water, ammonia)

» Chemical functional groups, such as hydroxyl (-OH), carbonyl (C=0), carboxyl (-COOH), amine
(-NH2), and thiol (-SH) groups

« Surface-bound intermediates and reaction products, such as metal carbonyls (Fe(CO)5), carboxylates
(formate, acetate), and nitrosyls (NO adsorbed on rhodium)

« Thin films and coatings, including self-assembled monolayers (alkanethiols on gold), polymer films
(polyethylene, polystyrene), and oxide layers (titanium dioxide, zinc oxide)

« Surface defects and impurities, such as oxygen vacancies (reduced metal oxides), substitutional
atoms (boron-doped silicon), and adsorbed contaminants (hydrocarbons, silicones)
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Applications in Surface Science

* Investigating the adsorption and desorption kinetics of molecules on surfaces (CO adsorption on
platinum)

« Studying surface reactions and catalytic processes (methanol synthesis on copper-based catalysts)
* Characterizing the structure and orientation of self-assembled monolayers (alkanethiols on gold)
 Monitoring the growth and properties of thin films (atomic layer deposition of oxide films)

+ Identifying surface contaminants and evaluating cleaning procedures (hydrocarbon removal from
silicon wafers)

Infrared Spectroscopy Instrumentation

Spectrometer Design

* Fourier-transform infrared (FTIR) spectrometers are commonly used, which employ an interferometer
to generate an interferogram and a Fourier transform to convert it into a spectrum

» Transmission mode: The sample is placed between the infrared source and the detector, and the
transmitted radiation is measured (suitable for thin, transparent samples)

* Reflection mode: The infrared beam is reflected from the sample surface, and the reflected radiation is
collected by the detector (used for opaque samples)

« External reflection: The beam is reflected from the sample surface at a grazing angle, probing the
surface and near-surface region

* Attenuated total reflection (ATR): The beam undergoes total internal reflection within a
high-refractive-index crystal in contact with the sample, probing the surface and near-surface region

Advanced Techniques

+ Polarization-modulation infrared reflection-absorption spectroscopy (PM-IRRAS): A polarization
modulator is used to alternately generate s- and p-polarized radiation, which interact differently with
surface species, enhancing surface sensitivity

* In situ and operando studies can be performed using specialized sample cells that allow for
temperature, pressure, and atmosphere control, enabling the investigation of surface processes under
realistic conditions (high-pressure CO adsorption, temperature-programmed desorption)

» Combining infrared spectroscopy with other surface-sensitive techniques, such as sum-frequency
generation (SFG) vibrational spectroscopy, provides complementary information on surface structure
and orientation (water adsorption on mineral surfaces)

Interpreting Infrared Spectra of Surfaces

Band Assignment and Interpretation

« Identify absorption bands by their position (wavenumber) and assign them to specific chemical bonds
and functional groups based on reference spectra and literature data (C-H stretching in hydrocarbons at
~2900 cm”-1)
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» Determine the orientation of adsorbed molecules by comparing the relative intensities of absorption
bands for different molecular vibrations (stretching vs. bending modes) and considering surface
selection rules (upright vs. tilted orientation of alkanethiols on gold)

« Evaluate the strength of surface-adsorbate interactions by analyzing the shift in absorption band
position relative to the gas-phase or liquid-phase spectra (red-shift for CO adsorption on metals
indicates strong chemisorption)

+ Quantify surface coverage and adsorbate density using the intensity of characteristic absorption
bands and appropriate calibration methods (using reference compounds with known surface density)

Reaction Monitoring and Kinetics

» Monitor surface reactions and processes by tracking changes in the intensity, position, and shape of
absorption bands as a function of time, temperature, or reactant exposure (CO oxidation on platinum,
ethylene hydrogenation on palladium)

» Determine reaction rates, activation energies, and reaction orders by analyzing the time-dependent
changes in band intensities and applying kinetic models (Langmuir-Hinshelwood, Eley-Rideal
mechanisms)

« Identify reaction intermediates and elucidate reaction pathways by detecting transient species and
monitoring their evolution during the reaction (formate intermediate in methanol synthesis on copper)

Data Integration and Interpretation

» Combine infrared spectroscopy data with other surface-sensitive techniques (X-ray photoelectron
spectroscopy, scanning probe microscopy) to obtain a comprehensive understanding of surface
composition and structure (adsorption of organic molecules on metal oxides)

« Correlate spectroscopic data with theoretical calculations (density functional theory) to validate
proposed surface structures and bonding configurations (adsorption of small molecules on metal
surfaces)

* Use infrared spectroscopy to guide the design and optimization of surface-based technologies, such
as heterogeneous catalysts, gas sensors, and functional coatings (development of selective catalysts
for environmental remediation)

8.2 Raman spectroscopy of surfaces and interfaces

Raman spectroscopy is a powerful tool for studying surfaces and interfaces. It uses laser light to probe
molecular vibrations, giving insights into chemical composition and structure. This technique complements
other methods in the chapter, offering unique advantages for surface analysis.

Surface-enhanced Raman spectroscopy (SERS) takes things further by amplifying signals from molecules
on metal surfaces. This allows for incredibly sensitive detection, even down to single molecules in some
cases. SERS opens up new possibilities for studying surface reactions and molecular interactions.

Raman Spectroscopy Principles

Fundamentals of Raman Spectroscopy

» Raman spectroscopy is a vibrational spectroscopy technique based on inelastic scattering of
monochromatic light, usually from a laser source, by molecules or atoms
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* In Raman scattering, the incident photon interacts with the molecule's polarizability, inducing a dipole
moment that radiates scattered light at a different frequency than the incident light

* The difference in energy between the incident photon and the scattered photon corresponds to the
energy of a vibrational mode of the molecule or crystal

» The Raman signal is sensitive to changes in the local environment, such as stress, strain, and
temperature, allowing for the study of surface and interface properties under various conditions (thin
films, nanostructures)

Advantages of Raman Spectroscopy for Surface and Interface Analysis

* Raman spectroscopy is non-destructive, requires minimal sample preparation, and can be performed
under ambient conditions, making it suitable for in situ analysis of surfaces and interfaces

* This allows for the study of surface and interface phenomena in real-time, such as adsorption,
desorption, and surface reactions (heterogeneous catalysis)

» Raman spectroscopy provides information about the chemical composition, molecular structure, and
bonding at surfaces and interfaces with high spatial resolution

+ Confocal Raman microscopy can achieve sub-micrometer spatial resolution, enabling the mapping of
chemical composition and structure across a surface or interface (graphene, transition metal
dichalcogenides)

Raman Spectroscopy Selection Rules

Raman Active Vibrational Modes

* Raman active vibrational modes must involve a change in the polarizability of the molecule or crystal
during the vibration

* Polarizability is a measure of the ease with which the electron cloud of a molecule or atom can be
distorted by an external electric field

» Symmetric vibrations often lead to larger changes in polarizability and stronger Raman signals
(breathing modes in carbon nanotubes)

* Raman active vibrational modes can be classified as symmetric or asymmetric stretching, bending, or
torsional modes, depending on the symmetry of the molecule or crystal

« Stretching modes involve changes in bond lengths, while bending modes involve changes in bond
angles (C-H stretching and bending in organic molecules)

Comparison with Infrared Spectroscopy Selection Rules

* The selection rules for Raman spectroscopy are different from those of infrared (IR) spectroscopy,
which requires a change in the dipole moment during the vibration

» Some vibrational modes may be Raman active but IR inactive, or vice versa, making Raman and IR
spectroscopy complementary techniques

» Centrosymmetric molecules often have mutually exclusive Raman and IR active modes (CO2)

* In crystals, Raman spectroscopy can probe both optical and acoustic phonon modes, providing
information about the lattice dynamics and the influence of surfaces and interfaces on the vibrational
properties
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+ Optical phonons involve out-of-phase vibrations of atoms in the unit cell, while acoustic phonons
involve in-phase vibrations (longitudinal and transverse optical and acoustic phonons in
semiconductors)

Surface-Enhanced Raman Spectroscopy

Principles of Surface-Enhanced Raman Spectroscopy (SERS)

« Surface-enhanced Raman spectroscopy (SERS) is a technique that exploits the enhancement of the
Raman signal by molecules adsorbed on or near nanostructured metal surfaces, typically gold, silver, or
copper

* The enhancement in SERS is attributed to two main mechanisms:

* Electromagnetic enhancement: The interaction of the incident light with the localized surface plasmon
resonances of the metal nanostructures leads to a strong amplification of the local electromagnetic field
experienced by the adsorbed molecules

» Chemical enhancement: The formation of charge-transfer complexes between the adsorbed
molecules and the metal surface can lead to a resonance Raman effect, further enhancing the Raman
signal

Applications of SERS in Surface Science

* SERS can provide highly sensitive detection of molecules adsorbed on surfaces, with the potential for
single-molecule sensitivity in some cases

* This has enabled the study of surface reactions, molecular adsorption, and orientation at the
single-molecule level (single-molecule catalysis, DNA sequencing)

* SERS has been applied to study various surface and interface phenomena, such as adsorption,
desorption, surface reactions, and molecular orientation and conformation at surfaces

» SERS can probe the interaction of molecules with different crystal facets, defects, and nanostructures
(adsorption of probe molecules on metal nanoparticles)

» SERS substrates can be engineered with specific nanostructures and functionalities to target specific
analytes or to create sensor platforms for chemical and biological detection

* Functionalized SERS substrates can be used for selective detection of biomolecules, environmental
pollutants, and chemical warfare agents (aptamer-functionalized SERS sensors)

Raman Spectra Interpretation

Peak Analysis in Raman Spectra

* Raman spectra consist of a series of peaks corresponding to the vibrational modes of the molecules
or crystals present at the surface or interface

* The position (Raman shift) of the peaks provides information about the types of chemical bonds and
functional groups present, allowing for the identification of the chemical composition

+ Characteristic Raman peaks can be used as fingerprints for identifying specific molecules or functional
groups (C=C stretching in graphene, S-S stretching in proteins)
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* The relative intensities of the peaks can provide information about the relative abundances of different
species or the orientation of molecules at the surface or interface

* The intensity ratio of certain peaks can be used to quantify the relative concentration of different
species or to determine the orientation of molecules with respect to the surface (intensity ratio of D and
G bands in graphitic materials)

Advanced Raman Spectra Analysis Techniques

« Shifts in the peak positions or changes in the peak widths can indicate changes in the local
environment, such as stress, strain, or the formation of new chemical bonds at the surface or interface

* Peak shifts can be used to measure the stress or strain in thin films or nanostructures (peak shifts in
silicon under stress)

* The polarization dependence of the Raman signal can provide information about the symmetry and
orientation of molecules or crystals at the surface or interface

* Polarized Raman spectroscopy can determine the orientation of anisotropic molecules or the crystal
orientation of thin films (orientation of pentacene molecules on substrates)

» By comparing the Raman spectra of surfaces and interfaces with reference spectra of known
compounds, it is possible to identify the chemical species present and to study the interactions between
different components at the surface or interface

* Raman spectroscopy can be used to study the formation of new phases or compounds at interfaces
(formation of intermetallic compounds in metal-metal interfaces)

» Advanced data analysis techniques, such as multivariate analysis or machine learning, can be applied
to Raman spectra to extract more detailed information about the surface or interface structure and
composition

* Principal component analysis (PCA) can be used to identify the main spectral components and to
visualize the differences between different samples or conditions (PCA of Raman spectra of graphene
with different defect densities)

8.3 Low-energy electron diffraction (LEED) theory and practice

Low-energy electron diffraction (LEED) is a powerful technique for studying surface structures. It uses
low-energy electrons to probe the topmost atomic layers of crystalline materials, creating diffraction
patterns that reveal surface symmetry and lattice parameters.

LEED setups typically include an electron gun, sample manipulator, and detector. The resulting patterns in
reciprocal space correspond to real-space surface structures. Analyzing these patterns helps determine
surface symmetry, reconstructions, and atomic positions, giving valuable insights into surface phenomena.

Low-energy electron diffraction principles

Elastic scattering of low-energy electrons

» LEED uses low-energy electrons (typically 20-500 eV) to probe the surface structure of crystalline
materials

* The low energy of the electrons ensures that they interact only with the topmost atomic layers of the
surface (penetration depth of a few angstroms)
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* Electrons are elastically scattered by the surface atoms, resulting in a diffraction pattern that reflects
the periodic arrangement of atoms on the surface

« Elastic scattering: electrons interact with the surface atoms without losing energy

« Diffraction pattern: interference of the scattered electron waves produces a pattern of spots on the
detector screen

Sensitivity to surface structure and long-range order

* LEED is sensitive to the long-range order of the surface, making it suitable for studying well-ordered
surfaces

» Examples: clean single crystals, adsorbate-covered surfaces with periodic structures

* The diffraction pattern provides information about the surface structure, including symmetry and lattice
parameters

* Analysis of LEED patterns involves comparing the observed diffraction spots with theoretical models
of the surface structure

* Allows determination of atomic positions and bond lengths on the surface

* LEED can be used to study various surface phenomena by monitoring changes in the diffraction
pattern as the surface structure evolves

» Examples: surface reconstruction (rearrangement of surface atoms), adsorption (binding of molecules
to the surface), epitaxial growth (growth of thin films on a substrate)

LEED experimental setup

Electron gun and sample manipulation

* A typical LEED setup consists of an electron gun, a sample, a retarding field analyzer (RFA), and a
detector (fluorescent screen or digital camera)

* The electron gun produces a collimated beam of low-energy electrons, which is directed towards the
sample surface at normal incidence

« Electron energy is controlled by adjusting the potential difference between the cathode and the
sample

* The sample is mounted on a manipulator that allows precise positioning and orientation of the surface
relative to the electron beam

» Sample is usually cleaned and prepared in an ultra-high vacuum (UHV) environment to ensure a
well-defined surface structure

Retarding field analyzer and diffraction pattern detection

* The retarding field analyzer (RFA) consists of a series of concentric hemispherical grids placed
between the sample and the detector

* RFA filters out inelastically scattered electrons, allowing only elastically scattered electrons to reach
the detector

* The diffraction pattern is typically observed on a fluorescent screen positioned behind the RFA
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* Screen is coated with a phosphor material that emits light when struck by electrons, making the
diffraction pattern visible

* Modern LEED systems often incorporate digital cameras or position-sensitive detectors to capture the
diffraction pattern electronically

» Enables quantitative analysis and data processing

Reciprocal space in LEED

Reciprocal lattice and Ewald sphere construction

* Reciprocal space is a mathematical construct that represents the Fourier transform of the real-space
lattice

 Each point in reciprocal space corresponds to a set of lattice planes in real space

* Reciprocal lattice vectors are defined as vectors perpendicular to the real-space lattice planes
* Magnitudes are inversely proportional to the interplanar distances

+ Characterized by Miller indices (h, k, I)

» The Ewald sphere is a geometric construction in reciprocal space that represents the condition for
elastic scattering of electrons

+ Radius of the Ewald sphere is determined by the wavelength of the incident electrons

Relationship between LEED patterns and surface structure

* In LEED, the diffraction pattern observed on the screen is a projection of the reciprocal lattice points
that intersect with the Ewald sphere

* Position and intensity of the diffraction spots provide information about the surface structure

» The spacing between the diffraction spots in the LEED pattern is inversely proportional to the
real-space lattice constants of the surface

* Allows determination of surface lattice parameters from the LEED pattern

Interpreting LEED patterns

Surface symmetry and reconstruction analysis

* The symmetry of the LEED pattern reflects the symmetry of the surface structure

» Arrangement and relative intensities of diffraction spots provide information about the surface unit cell
and presence of surface reconstructions or superstructures

« Common surface symmetries observed in LEED patterns: two-fold, three-fold, four-fold, and six-fold
rotational symmetries

« Correspond to different crystal systems (cubic, hexagonal, rectangular)

« Additional diffraction spots or satellite spots in the LEED pattern indicate the existence of surface
reconstructions or superstructures

« Surface atoms rearrange to form a larger unit cell compared to the bulk structure
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Determination of lattice parameters and atomic positions

* Lattice parameters of the surface can be determined from the spacing between the diffraction spots in
the LEED pattern

* Measure distances between spots and compare with known reciprocal lattice vectors to calculate
real-space lattice constants

* Intensity of diffraction spots may vary as a function of electron energy (I-V curves)

* Analysis of |-V curves can provide more detailed information about atomic positions and bond lengths
on the surface

» Combining information from LEED patterns with other surface-sensitive techniques (scanning
tunneling microscopy (STM), X-ray photoelectron spectroscopy (XPS)) provides a comprehensive
understanding of surface structure and composition

8.4 Interpretation of vibrational spectra and LEED patterns

Interpreting vibrational spectra and LEED patterns is crucial for understanding surface structures and
adsorbates. Group theory and selection rules help decode molecular vibrations, while LEED reveals atomic
arrangements through electron diffraction.

Combining these techniques gives a fuller picture of surface chemistry and structure. Vibrational
spectroscopy identifies chemical species and bonding, while LEED shows long-range order. Together, they
help build detailed models of complex surface systems.

Vibrational Spectra Interpretation

Group Theory and Selection Rules

* Group theory is a mathematical framework that describes the symmetry of molecules and crystals
categorizes symmetry elements into point groups based on the molecule's geometry

» Selection rules determine whether a vibrational mode is IR-active, Raman-active, or both, based on
the symmetry of the molecule or crystal

* For a vibrational mode to be IR-active, it must cause a change in the dipole moment of the molecule
during the vibration (water molecule)

* For a vibrational mode to be Raman-active, it must cause a change in the polarizability of the molecule
during the vibration (carbon dioxide molecule)

» The number of vibrational modes for a molecule can be determined by its degrees of freedom depend
on the number of atoms and the molecule's geometry (linear, nonlinear)

Surface-Specific Considerations

« Surface selection rules differ from those of bulk materials due to the reduced symmetry at the surface
can lead to the appearance of new vibrational modes or the disappearance of modes that are active in
the bulk

* The orientation of adsorbed molecules on a surface can be determined by comparing the observed
vibrational spectra with those predicted by group theory for different adsorption geometries
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+ Example: CO adsorbed on a metal surface can have different vibrational frequencies depending on
whether it is adsorbed in an atop, bridge, or hollow site

» Changes in the vibrational spectra as a function of adsorbate coverage can provide information about
the adsorption process and intermolecular interactions (shift in CO stretching frequency with increasing
coverage on a Pt surface)

Surface Reconstruction Analysis

LEED Pattern Interpretation

* Low-Energy Electron Diffraction (LEED) is a technique used to determine the atomic structure of
crystalline surfaces by analyzing the diffraction patterns of low-energy electrons

* The periodic arrangement of atoms on a surface creates a two-dimensional reciprocal lattice
determines the positions of diffraction spots in the LEED pattern

* The size and shape of the surface unit cell can be determined from the spacing and arrangement of
diffraction spots in the LEED pattern (square, rectangular, or hexagonal patterns)

Identifying Surface Reconstructions and Adsorbate Structures

» Surface reconstructions, which occur when the atomic structure of the surface differs from that of the
bulk, can be identified by the presence of additional diffraction spots or changes in the spot intensities
compared to the unreconstructed surface (Si(111) 7x7 reconstruction)

* The presence of ordered adsorbate structures on a surface can be detected by the appearance of
new diffraction spots or changes in the existing spot intensities

* The size and symmetry of the adsorbate unit cell can be determined from the positions of the
adsorbate-related diffraction spots relative to the substrate spots (c(2x2) or p(2x2) adsorbate
structures)

« LEED-I(V) analysis, which involves measuring the intensity of diffraction spots as a function of
electron energy, can provide quantitative information about the atomic positions and bond lengths in the
surface structure

Surface Structure and Composition

Combining Vibrational Spectroscopy and LEED

« Vibrational spectroscopy (IRAS, HREELS) provides information about the chemical identity and
bonding of surface species, while LEED reveals the atomic structure and periodicity of the surface

» The adsorption site and orientation of molecules on a surface can be determined by comparing the
vibrational frequencies and selection rules with those predicted for different adsorption geometries
based on the surface structure obtained from LEED

» Changes in the vibrational spectra as a function of adsorbate coverage can be correlated with
changes in the LEED pattern to identify different adsorption phases and structural transitions (formation
of ordered overlayers or surface alloys)
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Developing Comprehensive Surface Models

* The combined information from vibrational spectroscopy and LEED can be used to develop detailed
models of the surface structure, including the positions of adsorbed molecules and any surface
reconstructions

* In cases where the surface structure is too complex to be fully determined by LEED alone, vibrational
spectroscopy can provide complementary information to constrain the possible structural models

» Example: Determining the adsorption geometry of complex organic molecules on metal surfaces by
combining IRAS and LEED data

* Iterative refinement of surface models based on the agreement between experimental data and
theoretical predictions from quantum chemical calculations or dynamical LEED simulations

Limitations of Vibrational Spectroscopy vs LEED

Vibrational Spectroscopy Limitations

« Vibrational spectroscopy is sensitive to the chemical identity and local bonding environment of surface
species but does not directly provide information about long-range order or surface periodicity

* The surface sensitivity of vibrational spectroscopy depends on the technique used (IRAS is more
surface-sensitive than HREELS) and may be limited for very rough or porous surfaces

* The interpretation of vibrational spectra can be complicated by the presence of overlapping peaks can
make it difficult to assign specific vibrational modes to individual surface species (co-adsorption of
multiple species)

LEED Limitations

* LEED is sensitive to the atomic structure and periodicity of crystalline surfaces but does not directly
provide information about the chemical identity or bonding of surface species

* The surface sensitivity of LEED is limited by the penetration depth of low-energy electrons, which is
typically a few atomic layers can make it challenging to study surfaces with thick adsorbate layers or
buried interfaces

* The interpretation of LEED patterns can be complicated by the presence of multiple scattering events
can make it difficult to determine the exact atomic positions in complex surface structures
(reconstructions with large unit cells)

Complementary Nature of Techniques

» The combination of vibrational spectroscopy and LEED provides a more complete understanding of
surface structure and composition than either technique alone offer complementary information on both
the chemical and structural properties of the surface

» Example: Identifying the adsorption site and bonding configuration of a molecule on a surface using
IRAS, and determining the long-range ordering and surface periodicity using LEED

* The limitations of one technique can often be overcome by the strengths of the other, providing a more
comprehensive picture of the surface properties
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Unit 9 — Surface Diffusion and Growth
Processes

9.1 Mechanisms of surface diffusion

Surface diffusion is a key process in surface science, involving the movement of atoms and molecules
across surfaces. It's driven by thermal energy and influenced by the surface's potential energy landscape,
with atoms preferring low-energy paths like channels or step edges.

Temperature plays a crucial role in surface diffusion, following the Arrhenius equation. Surface defects like
steps, kinks, and vacancies can enhance diffusion by providing low-energy sites. Understanding these
mechanisms is vital for controlling surface processes in various applications.

Surface diffusion processes

Movement of atoms and molecules on surfaces

« Surface diffusion involves the movement of atoms, molecules, or clusters across a surface

» Adatoms, which are atoms adsorbed on a surface and not part of the regular crystal lattice, can move
across the surface

« Diffusion occurs through a series of jumps between adjacent adsorption sites (hollow sites, bridge
sites, or top sites)

* The rate of diffusion is determined by the activation energy barrier for each jump

Influence of surface potential energy landscape

 The potential energy landscape of the surface influences the diffusion pathways and rates
» Atoms preferentially move along low-energy paths, such as surface channels or step edges
« Surface reconstructions can create anisotropic diffusion barriers, leading to directional diffusion

* Interactions between adatoms and the surface, as well as adatom-adatom interactions, can modify the
potential energy landscape

Thermally activated process

« Surface diffusion is a thermally activated process, with the rate increasing exponentially with
temperature

« The temperature dependence follows the Arrhenius equation: D = Doexp(—Ea/kgT) | where D is the
diffusion coefficient, Do is the pre-exponential factor, Ea is the activation energy, Ks is the Boltzmann
constant, and T is the absolute temperature

* Higher temperatures provide more thermal energy for adatoms to overcome diffusion barriers

* The activation energy for surface diffusion is typically lower than that for bulk diffusion, leading to
faster diffusion rates on surfaces
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Surface defects in diffusion

Role of steps and kinks

« Surface steps are one-dimensional defects that can act as preferential adsorption sites for diffusing
species

* Steps lower the activation energy barrier for diffusion jumps, leading to faster diffusion rates along
step edges compared to flat terraces

* Kinks are zero-dimensional defects at step edges that provide additional low-energy sites for adatom
attachment and detachment during diffusion

* Kink sites have a higher coordination number than step sites, making them more stable and reducing
the diffusion barrier

Influence of vacancies and other point defects

* Vacancies are point defects on the surface that can facilitate diffusion by providing empty sites for
adatoms to jump into

» The presence of vacancies lowers the activation energy for diffusion, as adatoms can move into the
vacant sites more easily

« Other point defects, such as interstitials or substitutional impurities, can also influence surface
diffusion by modifying the local potential energy landscape

* Defect-mediated diffusion mechanisms, such as vacancy-assisted diffusion or interstitialcy diffusion,
can become dominant at certain temperatures or defect concentrations

Enhanced diffusion at grain boundaries and dislocations

« Grain boundaries are interfaces between crystalline domains with different orientations, and they can
act as fast diffusion pathways

* The disordered structure and higher energy of grain boundaries lead to increased adatom mobility
compared to the bulk crystal

+ Dislocations are line defects that can also enhance surface diffusion by providing low-energy sites and
fast diffusion channels

* The strain field around dislocations can modify the local potential energy landscape, affecting the
diffusion barriers and pathways

Temperature dependence of diffusion

Arrhenius behavior and activation energy

« The diffusion coefficient, D, quantifies the rate of surface diffusion and follows an Arrhenius
temperature dependence: D = Doexp(—Ea/kgT)

+ Do is the pre-exponential factor, which depends on the attempt frequency for diffusion jumps and the
lattice geometry

« E5 is the activation energy for diffusion, representing the energy barrier that an adatom must
overcome to move from one adsorption site to another
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* The activation energy depends on the surface material, crystal orientation, and the specific diffusion
mechanism

Experimental techniques to study temperature dependence

* Field ion microscopy (FIM) can be used to directly observe the motion of individual adatoms on a
surface as a function of temperature

» Scanning tunneling microscopy (STM) allows for imaging of surface diffusion processes with atomic
resolution and can measure diffusion rates at different temperatures

* Helium atom scattering (HAS) can probe the dynamics of surface diffusion by measuring the changes
in the helium atom beam intensity scattered from the surface

« Other techniques, such as low-energy electron diffraction (LEED) and reflection high-energy electron
diffraction (RHEED), can provide information on the temperature-dependent surface structure and
diffusion processes

Deviations from Arrhenius behavior

* In some cases, surface diffusion may exhibit non-Arrhenius behavior, where the diffusion coefficient
does not follow a simple exponential dependence on temperature

* Deviations can arise from changes in the diffusion mechanism at different temperature regimes, such
as a transition from hopping to exchange diffusion

* Interactions between adatoms, such as attractive or repulsive forces, can lead to coverage-dependent
diffusion rates and non-Arrhenius behavior

» Quantum effects, such as tunneling or zero-point energy, can become significant at low temperatures
and cause deviations from classical Arrhenius behavior

Diffusion mechanisms on surfaces

Hopping and exchange diffusion

* Hopping is the most common surface diffusion mechanism, involving adatoms jumping between
adjacent adsorption sites on the surface

» The hopping rate depends on the activation energy barrier between the initial and final adsorption
sites, as well as the attempt frequency

» Exchange diffusion occurs when an adatom replaces a surface atom, which then becomes a new
adatom, leading to a net displacement of the adatom

» Exchange diffusion typically has a higher activation energy than hopping due to the additional energy
required to displace a surface atom

Tunneling and quantum effects

* Tunneling diffusion is a quantum mechanical process where adatoms move through the potential
energy barrier instead of over it

* Tunneling can be significant at low temperatures, where classical hopping is suppressed due to
insufficient thermal energy
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» Quantum effects, such as zero-point energy and delocalization of the adatom wavefunction, can
modify the effective diffusion barrier and rates

* Isotope effects in surface diffusion can arise from differences in the quantum behavior of different
atomic masses

Collective and correlated diffusion

* Collective diffusion involves the concerted motion of multiple adatoms or clusters, leading to faster
diffusion rates than individual adatom hopping

+ Correlated diffusion occurs when the motion of adatoms is influenced by their mutual interactions,
such as attractive or repulsive forces

« Surface crowding and high adatom coverages can lead to modified diffusion mechanisms, such as the
formation of diffusing clusters or the occurrence of multi-atom exchange processes

* Collective diffusion can play a role in surface phase transitions, such as the formation of ordered
overlayers or the growth of self-assembled structures

9.2 Nucleation and growth of thin films

Nucleation and growth of thin films are crucial processes in surface science. They involve the formation of
small atomic clusters on substrates and their subsequent expansion into continuous films. Understanding
these mechanisms is essential for controlling film properties and optimizing deposition techniques.

The growth mode of thin films depends on factors like surface energies, lattice mismatch, and deposition
conditions. Three main modes exist: layer-by-layer, island, and layer-plus-island growth. These modes
significantly impact the final film structure and properties, influencing applications in various technologies.

Thermodynamics of nucleation and growth

Nucleation process

* Nucleation is the initial stage of thin film growth, where small clusters of atoms or molecules form on
the substrate surface

» The nucleation rate depends on factors such as:

» Temperature: Higher temperatures generally increase the nucleation rate by providing more thermal
energy for atoms to overcome the energy barrier

* Supersaturation: The degree of supersaturation, which is the difference between the actual vapor
pressure and the equilibrium vapor pressure, influences the nucleation rate. Higher supersaturation
leads to a higher nucleation rate

* Energy barrier for nucleation: The energy barrier represents the minimum energy required for stable
nuclei to form. A lower energy barrier results in a higher nucleation rate

« Example: In the deposition of a metal film on a semiconductor substrate (silicon), the nucleation rate
can be controlled by adjusting the substrate temperature and the deposition rate (which affects
supersaturation)
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Thermodynamic driving force and growth processes

* The thermodynamic driving force for nucleation is the reduction of the total free energy of the system,
which includes the surface and interface energies

« Surface energy: The energy associated with the creation of new surfaces during nucleation

* Interface energy: The energy associated with the formation of interfaces between the nuclei and the
substrate

» Growth processes involve the addition of atoms or molecules to the existing nuclei, leading to the
formation of a continuous thin film

» The growth rate is influenced by factors such as:

« Surface diffusion: The movement of adatoms (adsorbed atoms) on the substrate surface, which allows
them to reach and attach to existing nuclei

» Attachment and detachment of adatoms: The balance between the rate at which adatoms attach to
and detach from the growing film

* Presence of surface defects: Surface defects, such as steps and kinks, can act as preferential sites for
adatom attachment, influencing the growth rate and morphology

« Example: In the epitaxial growth of a semiconductor film (gallium arsenide) on a substrate (gallium
arsenide), the growth rate can be controlled by adjusting the substrate temperature, which affects
surface diffusion and adatom attachment/detachment rates

Homogeneous vs heterogeneous nucleation

Homogeneous nucleation

* Homogeneous nucleation occurs when nuclei form uniformly throughout the bulk of the
supersaturated phase without the influence of any foreign particles or surfaces

* Characteristics of homogeneous nucleation:
* Uniform distribution of nuclei: Nuclei form randomly and evenly throughout the bulk phase

« Higher energy barrier: Homogeneous nucleation typically has a higher energy barrier compared to
heterogeneous nucleation, as there are no pre-existing surfaces to lower the surface and interface
energies

* Less common in thin film growth: Homogeneous nucleation is less common in thin film growth
processes, as the presence of a substrate surface usually promotes heterogeneous nucleation

» Example: Homogeneous nucleation can occur in the formation of water droplets in a supersaturated
vapor phase, where nuclei form uniformly throughout the vapor without the influence of any foreign
particles

Heterogeneous nucleation

» Heterogeneous nucleation occurs when nuclei form on pre-existing surfaces, such as impurities,
defects, or intentionally introduced nucleation sites

« Characteristics of heterogeneous nucleation:
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» Lower energy barrier: Heterogeneous nucleation has a lower energy barrier compared to
homogeneous nucleation due to the reduction of the surface and interface energies

* Preferential nucleation sites: Nuclei form at specific locations on the substrate surface, such as
defects or intentionally introduced nucleation sites

* More common in thin film growth: Heterogeneous nucleation is more common in thin film growth
processes, as the substrate surface acts as a nucleation site

» Example: Heterogeneous nucleation can occur during the deposition of a metal film on a substrate
with surface defects (scratches or impurities), where nuclei preferentially form at these defect sites

Critical nucleus size for film growth

Definition and stability

* The critical nucleus size is the minimum size that a nucleus must reach to become stable and continue
growing

* Nuclei smaller than the critical size are unstable and tend to dissolve back into the surrounding phase
+ Factors influencing the critical nucleus size:

« Surface and interface energies: Higher surface and interface energies lead to a larger critical nucleus
size

* Supersaturation: Higher supersaturation results in a smaller critical nucleus size, as the driving force
for nucleation is increased

» Temperature: Higher temperatures generally lead to a larger critical nucleus size, as the thermal
energy allows for the formation of larger stable nuclei

* Example: In the deposition of a semiconductor film (silicon) on a substrate (silicon dioxide), the critical
nucleus size can be controlled by adjusting the deposition temperature and the supersaturation of the
silicon vapor

Impact on film properties

+ A smaller critical nucleus size leads to a higher nucleation rate and a larger number of nuclei on the
substrate surface

* The critical nucleus size affects the microstructure and properties of the resulting thin film, such as:
* Grain size: A smaller critical nucleus size results in a larger number of smaller grains in the film

« Surface roughness: A smaller critical nucleus size can lead to a smoother film surface, as the high
density of small nuclei promotes a more uniform growth

* Crystallographic orientation: The critical nucleus size can influence the preferred orientation of the
film, as certain orientations may have lower surface and interface energies

» Example: In the growth of a metal film (copper) on a substrate (silicon), a smaller critical nucleus size
can result in a film with smaller grains, lower surface roughness, and a preferred (111) crystallographic
orientation
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Growth modes of thin films

Three main growth modes

* The three main growth modes of thin films are:

* Frank-van der Merwe (layer-by-layer): The film material has a strong affinity for the substrate, resulting
in a smooth, continuous film growth

* Volmer-Weber (island): The film material has a stronger affinity for itself than for the substrate, leading
to the formation of isolated islands that eventually coalesce

« Stranski-Krastanov (layer-plus-island): A combination of the layer-by-layer and island growth modes,
where the film initially grows in a layer-by-layer fashion but transitions to island growth after reaching a
critical thickness

» Example: In the epitaxial growth of a semiconductor film (germanium) on a substrate (silicon), the
growth mode can be controlled by adjusting the lattice mismatch between the film and substrate. A
small lattice mismatch promotes the Frank-van der Merwe growth mode, while a large lattice mismatch
may result in the Stranski-Krastanov growth mode

Factors influencing growth mode

* The growth mode is determined by factors such as:

« Surface and interface energies: The relative magnitudes of the surface and interface energies
influence the growth mode. If the film-substrate interface energy is lower than the sum of the film
surface energy and the substrate surface energy, layer-by-layer growth is favored

« Lattice mismatch: The difference in lattice constants between the film and substrate can affect the
growth mode. A small lattice mismatch promotes layer-by-layer growth, while a large lattice mismatch
may lead to island or layer-plus-island growth

* Deposition conditions: The deposition conditions, such as temperature and deposition rate, can
influence the growth mode by affecting surface diffusion and the kinetics of adatom attachment

» Example: In the deposition of a metal film (gold) on a substrate (mica), the growth mode can be
controlled by adjusting the deposition rate. A low deposition rate favors the layer-by-layer growth mode,
as adatoms have more time to diffuse and form a smooth film, while a high deposition rate may result in
the Volmer-Weber growth mode, with the formation of isolated islands

9.3 Epitaxial growth modes and strain effects

Epitaxial growth is like building with Lego bricks on a base plate. The way atoms stack up depends on how
well they fit with the surface below. This process is crucial for making thin films and nanostructures with
specific properties.

There are three main ways atoms can stack up: layer-by-layer, as islands, or a mix of both. The growth
mode depends on how much the atoms like each other versus the surface, and how well their sizes match
up. This affects everything from electronics to lasers.
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Epitaxy in surface science

Definition and significance

« Epitaxy is the oriented growth of a crystalline material on a crystalline substrate, where the deposited
material adopts the same crystallographic orientation as the substrate

« Epitaxial growth is crucial in surface science for fabricating high-quality thin films, nanostructures, and
devices with well-defined properties and interfaces (quantum wells, superlattices)

« Epitaxial growth enables precise control over the composition, thickness, and structure of deposited
materials, which is essential for various applications in electronics (integrated circuits), optoelectronics
(LEDs, lasers), and catalysis (single-crystal catalysts)

 The quality of the epitaxial layer depends on factors such as substrate temperature, deposition rate,
and the lattice mismatch between the substrate and the deposited material

Factors influencing epitaxial growth

* Substrate surface preparation is critical for achieving high-quality epitaxial growth, as it affects the
nucleation and growth of the deposited material (surface reconstruction, step edges)

» Growth conditions, such as substrate temperature, deposition rate, and pressure, can significantly
influence the epitaxial growth process and the resulting film properties (morphology, defect density)

* The choice of substrate material and orientation determines the epitaxial relationship and the strain
state of the deposited layer (Si(001), GaAs(111))

« Lattice mismatch between the substrate and the deposited material can lead to the development of
strain in the epitaxial layer, which affects its growth mode and properties (InGaAs on GaAs, SiGe on Si)

Epitaxial growth modes

Frank-van der Merwe (FM) growth mode

« Layer-by-layer growth occurs when the deposited atoms have a stronger affinity for the substrate than
for each other, resulting in the formation of smooth, continuous layers

* FM growth mode is favored when the lattice mismatch is small and the surface free energies of the
substrate and the deposited material are similar (GaAs on GaAs, AlAs on GaAs)

* Layer-by-layer growth proceeds through the formation of complete monolayers before the next layer
begins to grow, resulting in atomically flat surfaces

* FM growth mode is ideal for fabricating high-quality, defect-free epitaxial layers with abrupt interfaces
and well-defined thicknesses (quantum wells, superlattices)

Volmer-Weber (VW) growth mode

« Island growth occurs when the deposited atoms have a stronger affinity for each other than for the
substrate, leading to the formation of three-dimensional islands on the substrate surface

* VW growth mode is favored when the lattice mismatch is large and the surface free energy of the
deposited material is higher than that of the substrate (Ag on Si, Au on SiO2)
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« Island growth proceeds through the nucleation and coalescence of three-dimensional islands,
resulting in a rough surface morphology

* VW growth mode is often observed in the early stages of thin film growth and can be used to fabricate
nanostructures such as quantum dots and nanowires (Ge islands on Si, InAs quantum dots on GaAs)

Stranski-Krastanov (SK) growth mode

» A combination of layer-by-layer and island growth, where the initial growth proceeds layer-by-layer up
to a critical thickness, followed by the formation of islands to relieve strain

» SK growth mode occurs when the lattice mismatch is moderate and the surface free energy of the
deposited material is lower than that of the substrate (InGaAs on GaAs, SiGe on Si)

* The transition from layer-by-layer to island growth is driven by the accumulation of strain energy in the
epitaxial layer, which becomes energetically unfavorable beyond a certain critical thickness

» SK growth mode is widely used to fabricate self-assembled quantum dots and strained-layer
superlattices with unique electronic and optical properties (InAs quantum dots on GaAs, SiGe quantum
dots on Si)

Growth mode transitions and influencing factors

» Transitions between growth modes can occur during epitaxial growth due to changes in strain energy,
surface energies, or growth conditions (temperature, deposition rate)

» The growth mode is determined by the interplay between the surface free energies of the substrate,
the deposited material, and the interface, as well as the lattice mismatch between the substrate and the
deposited material

« Surfactants can be used to modify the surface free energies and promote layer-by-layer growth in
systems that would otherwise exhibit island growth (Sb on Ge/Si, Te on GaAs)

« Strain engineering can be employed to control the growth mode and the properties of epitaxial layers
by intentionally introducing a controlled amount of strain during growth (SiGe on Si, InGaAs on GaAs)

Lattice mismatch and strain in epitaxial growth

Lattice mismatch and its consequences

« Lattice mismatch is the difference in lattice constants between the substrate and the deposited
material, which can lead to the development of strain in the epitaxial layer

» Compressive strain occurs when the lattice constant of the deposited material is larger than that of the
substrate, causing the epitaxial layer to be compressed in the in-plane direction (InGaAs on GaAs)

* Tensile strain occurs when the lattice constant of the deposited material is smaller than that of the
substrate, causing the epitaxial layer to be stretched in the in-plane direction (SiGe on Si)

« Strain in the epitaxial layer can be accommodated through elastic deformation up to a certain critical
thickness, beyond which misfit dislocations form to relieve the strain energy

Effects of strain on material properties

« Strain can significantly influence the electronic, optical, and mechanical properties of the epitaxial
layer, such as band structure, carrier mobility, and phonon frequencies
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» Compressive strain can lead to a reduction in the bandgap and an increase in the hole mobility, while
tensile strain can result in an increase in the bandgap and an enhancement of the electron mobility
(strained Si, InGaAs)

« Strain can also modify the optical properties of the epitaxial layer, such as the absorption and
emission wavelengths, oscillator strengths, and polarization (strained QWs, QDs)

» Mechanical properties, such as elastic constants and hardness, can be altered by the presence of
strain in the epitaxial layer (strained SiGe, AlGaN)

Strain engineering in epitaxial growth

« Strain engineering can be employed to tune the properties of epitaxial layers by intentionally
introducing a controlled amount of strain during growth

» Pseudomorphic growth refers to the growth of a strained epitaxial layer that maintains a coherent
interface with the substrate, without the formation of misfit dislocations (InGaAs on GaAs, SiGe on Si)

+ Graded buffer layers can be used to gradually accommodate the lattice mismatch and reduce the
strain in the active layer, enabling the growth of high-quality, relaxed epitaxial layers (graded InGaAs on
GaAs, graded SiGe on Si)

« Strain-compensated superlattices can be designed to balance the compressive and tensile strain in
alternating layers, allowing for the growth of thick, strain-balanced structures (InGaAs/GaAsP on GaAs,
SiGe/Si on Si)

Critical thickness in strained layers

Definition and significance

« Critical thickness is the maximum thickness of a strained epitaxial layer that can be grown before the
formation of misfit dislocations to relieve the strain energy

* Below the critical thickness, the strain in the epitaxial layer is accommodated through elastic
deformation, maintaining a coherent interface with the substrate

+ Above the critical thickness, the introduction of misfit dislocations becomes energetically favorable to
relieve the strain energy, leading to a relaxation of the epitaxial layer towards its bulk lattice constant

* The critical thickness depends on factors such as the magnitude of the lattice mismatch, the elastic
properties of the materials involved, and the growth conditions

Consequences of exceeding the critical thickness

» Exceeding the critical thickness can lead to a degradation of the crystalline quality and the formation
of defects in the epitaxial layer, which can negatively impact its properties and performance

* Misfit dislocations can propagate through the epitaxial layer and reach the surface, creating threading
dislocations that act as non-radiative recombination centers and scattering centers for charge carriers
(InGaAs on GaAs, GaN on sapphire)

« Strain relaxation can cause surface roughening and the formation of three-dimensional islands, which
can affect the morphology and the uniformity of the epitaxial layer (SiGe on Si, InGaN on GaN)

* Relaxed epitaxial layers may exhibit reduced carrier mobility, increased defect density, and degraded
optical properties compared to their fully strained counterparts (relaxed SiGe on Si, relaxed InGaAs on
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GaAs)

Strategies for managing critical thickness limitations

» Knowledge of the critical thickness is essential for designing strained epitaxial layers with desired
properties and for understanding the limitations of strain engineering in epitaxial growth

» Compositional grading can be used to gradually accommodate the lattice mismatch and increase the
critical thickness of the strained layer (graded InGaAs on GaAs, graded SiGe on Si)

« Strain-compensated superlattices can be employed to distribute the strain over multiple layers and
avoid exceeding the critical thickness in any individual layer (InGaAs/GaAsP on GaAs, SiGe/Si on Si)

« Buffer layers with intermediate lattice constants can be introduced to reduce the effective lattice
mismatch and increase the critical thickness of the active layer (InGaAs on InP, GaN on AIN)

» Compliant substrates, such as twist-bonded substrates or porous substrates, can be used to
accommodate the strain and increase the critical thickness of the epitaxial layer (SiGe on twist-bonded
Si, InGaAs on porous GaAs)

9.4 In-situ monitoring of surface growth processes

In-situ monitoring of surface growth processes is crucial for understanding and controlling material
synthesis. Techniques like RHEED, LEEM, and STM provide real-time insights into surface structure,
growth modes, and atomic-scale features during deposition.

These methods offer unique advantages for observing surface diffusion and growth processes. By
interpreting data from RHEED oscillations, LEEM images, or STM scans, researchers can track layer
formation, island growth, and surface morphology changes as they happen.

In-situ growth monitoring techniques

Reflection High-Energy Electron Diffraction (RHEED)

» Widely used in-situ technique provides information about surface structure, growth mode, and growth
rate

* Uses a high-energy electron beam (typically 10-30 keV) incident on the sample surface at a grazing
angle, generating a diffraction pattern on a fluorescent screen

« Diffraction pattern depends on the surface structure and morphology, allowing identification of:
» Surface reconstructions

» Growth modes (layer-by-layer, step-flow, or 3D island growth)

* Crystal quality

* RHEED oscillations, periodic variations in the diffracted beam intensity, monitor the growth rate and
thickness with monolayer precision

Low-Energy Electron Microscopy (LEEM) and Scanning Tunneling
Microscopy (STM)

* LEEM is an in-situ imaging technique that combines low-energy electron diffraction (LEED) with
real-space imaging capabilities
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* Uses a low-energy electron beam (typically 1-100 eV) to image the surface with a spatial resolution of
a few nanometers

* Allows observation of surface morphology, domain structures, and phase transitions during growth

* STM is an in-situ technique that provides atomic-scale imaging of surfaces and monitors surface
growth processes

* Relies on the quantum tunneling effect between a sharp conductive tip and the sample surface,
enabling mapping of the local electronic density of states

* Resolves individual atoms, surface reconstructions, and growth features such as islands, steps, and
defects

+ Other in-situ techniques for monitoring surface growth include:
* Auger Electron Spectroscopy (AES) for surface chemical analysis
 X-ray Photoelectron Spectroscopy (XPS) for surface chemical composition and oxidation states

« Surface X-ray Diffraction (SXRD) for determining surface structure and morphology

Principles of real-time monitoring

RHEED principles

* Based on the diffraction of high-energy electrons by the periodic surface structure

* Grazing incidence angle of the electron beam makes RHEED highly surface-sensitive, probing only
the topmost atomic layers

« Diffraction pattern formed on the screen depends on the surface structure:
« Streaks indicate a flat surface
* Spots indicate a rough or 3D surface

* RHEED oscillations arise from the periodic variation in surface roughness during layer-by-layer
growth, with each oscillation corresponding to the completion of one monolayer

LEEM and STM principles

« LEEM utilizes low-energy electrons to image the surface, exploiting the strong interaction between
low-energy electrons and matter

* Low energy of the electrons makes LEEM sensitive to the surface topography and electronic structure

+ Operates in both real-space imaging mode and diffraction mode (LEED), providing complementary
information about surface morphology and structure

* STM relies on the quantum tunneling of electrons between a sharp tip and the sample surface

 Tunneling current depends exponentially on the tip-sample distance, allowing the tip to be scanned
over the surface while maintaining a constant current, thus mapping the surface topography

* Achieves atomic resolution, revealing individual atoms, molecules, and surface features
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Interpreting in-situ growth data

Interpreting RHEED data

* RHEED patterns provide information about surface structure and growth mode
« Streaky patterns indicate a smooth, 2D surface, while spotty patterns suggest a rough or 3D surface

* Spacing between streaks or spots is related to the surface lattice constant and determines in-plane
lattice parameters

» Changes in RHEED pattern during growth (e.g., transition from streaks to spots) can indicate a
change in growth mode (layer-by-layer to island growth)

* RHEED oscillations monitor growth rate and thickness
+ Each oscillation corresponds to the completion of one monolayer, allowing precise thickness control
* Period of oscillations gives the growth rate in monolayers per unit time

» Damping of RHEED oscillations can indicate a transition to a rougher growth mode or the presence of
defects

Interpreting LEEM and STM data

* LEEM images reveal surface morphology and domain structures

* Contrast in LEEM images arises from differences in surface topography, work function, or crystal
orientation

* Evolution of surface features (island size and density) can be monitored during growth

* LEED patterns obtained in LEEM provide information about surface structure and symmetry
+ STM images provide atomic-scale information about surface structure and morphology

+ Individual atoms, molecules, and surface reconstructions can be resolved

» Arrangement and spacing of surface features can be measured, providing insight into growth
mechanism and surface kinetics

* Reveals the presence of defects (vacancies, adatoms, or step edges) which can influence the growth
process

In-situ techniques: advantages vs limitations

RHEED, LEEM, and STM

* RHEED advantages: Surface-sensitive, real-time monitoring of growth rate and surface structure,
non-destructive, compatible with a wide range of growth environments (UHV, MBE, PLD)

« Limitations: Requires a smooth surface for clear diffraction patterns, limited spatial resolution,
sensitive to surface contaminants and charging effects

* LEEM advantages: High spatial resolution (few nm), real-space imaging of surface morphology and
domains, combined real-space and reciprocal-space information (LEED), compatible with various
sample environments
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« Limitations: Limited to conductive samples, requires UHV conditions, complex instrumentation and
data interpretation

+ STM advantages: Atomic-scale resolution, direct imaging of surface structure and morphology, can
probe local electronic properties, operable in various environments (UHV, ambient, liquid)

* Limitations: Requires conductive samples, limited scan area and speed, sensitive to vibrations and
thermal drift, tip-sample interactions can influence the measurement

Other techniques and considerations

* Other techniques (AES, XPS, SXRD) provide complementary information about surface chemical
composition, oxidation states, and surface structure

« Limitations: May require specific sample preparation or environmental conditions, limited temporal
resolution compared to RHEED or LEEM

* The choice of in-situ technique depends on the specific information required (surface structure,
morphology, chemical composition) and the experimental conditions (sample type, growth environment,
time resolution)

» Combining multiple in-situ techniques provides a more comprehensive understanding of the surface
growth process, as each technique offers unique insights and complementary information
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Unit 10 — Thin Film Deposition and
Epitaxy

10.1 Physical vapor deposition techniques

Physical vapor deposition (PVD) is a crucial technique for creating thin films. It involves vaporizing a
material and condensing it onto a substrate under vacuum. PVD offers precise control over film thickness
and composition, making it ideal for various applications.

PVD methods include evaporation and sputtering, each with unique advantages. Evaporation produces
high-purity films, while sputtering allows better composition control. Factors like deposition rate and
substrate temperature greatly influence film quality and properties.

Physical Vapor Deposition Principles

Fundamentals of PVD

+ Physical vapor deposition (PVD) is a thin film deposition method that involves the condensation of a
vaporized form of the desired material onto a substrate surface under vacuum conditions

* The basic steps in the PVD process include the generation of vapor phase species from a source
material, the transport of these species to the substrate, and the condensation and nucleation of the
species on the substrate surface to form a thin film

» The vapor phase species can be generated through various methods, such as thermal evaporation,
electron beam evaporation, or sputtering, depending on the specific PVD technique employed

Factors Influencing Film Quality

» The quality and properties of the deposited thin film are influenced by factors such as the deposition
rate, substrate temperature, chamber pressure, and the energy and angle of incidence of the vapor
phase species

* Higher deposition rates generally result in less dense and more porous films, while lower rates allow
for better control over film properties

 Substrate temperature affects film density, adhesion, and crystallinity, with higher temperatures
promoting surface diffusion of adatoms but potentially causing interdiffusion or substrate degradation

» Lower chamber pressures reduce the likelihood of contamination and promote the formation of denser
films by increasing the mean free path of vapor phase species

PVD Methods: Evaporation vs Sputtering
Evaporation-based PVD

» Evaporation-based PVD methods, such as thermal evaporation and electron beam evaporation,
involve heating the source material to a high temperature to generate vapor phase species

» Thermal evaporation uses resistive heating to vaporize the source material, while electron beam
evaporation employs a focused electron beam to heat and evaporate the material
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» Evaporation techniques typically produce films with high purity and good uniformity but may have
limitations in depositing alloys or compounds with different vapor pressures

» Advantages of evaporation-based PVD include the ability to deposit high-purity films with good
uniformity and controllable thickness

« Limitations of evaporation-based PVD include difficulty in depositing alloys or compounds with
different vapor pressures and potential for non-uniform coating thickness on complex-shaped
substrates

Sputtering-based PVD

* Sputtering-based PVD methods, such as magnetron sputtering and ion beam sputtering, rely on the
physical ejection of atoms from a solid target material through bombardment with energetic particles

* In magnetron sputtering, a plasma is generated near the target surface, and the charged particles are
accelerated towards the target by a magnetic field, causing the ejection of target atoms

* Sputtering techniques offer better control over film composition and can deposit a wider range of
materials, including alloys and compounds, but may have lower deposition rates compared to
evaporation methods

» Advantages of sputtering-based PVD include better control over film composition, the ability to deposit
a wider range of materials (including alloys and compounds), and improved adhesion and density of
deposited films

« Limitations of sputtering-based PVD include lower deposition rates compared to evaporation methods
and the potential for ion damage or implantation in the growing film at high substrate bias

PVD Applications: Advantages vs Limitations

Advantages of PVD Techniques

» PVD techniques offer several advantages, such as the ability to deposit high-purity, dense, and
adherent films with good uniformity and controllable thickness

» PVD methods can be used to deposit a wide range of materials, including metals, alloys, ceramics,
and polymers, making them suitable for various applications in microelectronics, optics, and protective
coatings

* The low processing temperatures in PVD allow the deposition of films on temperature-sensitive
substrates, such as polymers or biological materials

» PVD techniques enable the deposition of multilayer and functionally graded coatings, which can be
tailored to specific application requirements

Limitations of PVD Techniques

* PVD methods have some limitations, such as relatively low deposition rates compared to other thin
film deposition techniques like chemical vapor deposition (CVD)

* The line-of-sight nature of PVD can result in non-uniform coating thickness on complex-shaped
substrates or high aspect ratio features

* The need for a high vacuum environment and specialized equipment can make PVD processes more
expensive and time-consuming compared to other deposition methods
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» Some PVD techniques may have difficulty depositing materials with high melting points or low vapor
pressures, limiting the range of materials that can be deposited

Process Parameters for PVD Thin Films

Substrate and Deposition Conditions

 Substrate temperature: Higher substrate temperatures can promote the surface diffusion of adatoms,
leading to improved film density, adhesion, and crystallinity. However, excessive temperatures may
cause interdiffusion or degradation of the substrate material

* Deposition rate: The rate at which the vapor phase species condense on the substrate affects the film
growth kinetics and microstructure. Higher deposition rates generally result in less dense and more
porous films, while lower rates allow for better control over film properties

» Chamber pressure: The background pressure in the deposition chamber influences the mean free
path of the vapor phase species and their interaction with the substrate surface. Lower pressures
reduce the likelihood of contamination and promote the formation of denser films

Vapor Phase Species Control

» Substrate bias: Applying a negative bias to the substrate can accelerate the vapor phase species
towards the surface, increasing their energy and promoting the formation of denser and more adherent
films. However, excessive bias can cause ion damage or implantation in the growing film

» Angle of incidence: The angle at which the vapor phase species impinge on the substrate surface
affects the film growth morphology and shadowing effects. Oblique angle deposition can be used to
create nanostructured or sculptured thin films with unique properties

» Source-to-substrate distance: The distance between the vapor source and the substrate influences
the distribution and directionality of the vapor flux, affecting the uniformity and thickness profile of the
deposited film. Larger distances result in more uniform films but may reduce deposition rates

10.2 Chemical vapor deposition methods

Chemical vapor deposition (CVD) is a key method for creating thin films in materials science. It involves
depositing solid materials from vapor onto a substrate through chemical reactions. CVD's versatility allows
for precise control over film properties, making it crucial in semiconductor manufacturing and advanced
materials synthesis.

CVD comes in various forms, including thermal and plasma-enhanced processes. Each type offers unique
advantages, like lower deposition temperatures or improved film uniformity. Factors such as substrate
temperature, reactor pressure, and precursor chemistry greatly influence the growth and quality of
deposited films.

Chemical vapor deposition basics

Fundamental concepts and mechanisms

» Chemical vapor deposition (CVD) is a process in which a solid material is deposited from a vapor
phase onto a substrate through chemical reactions

* The basic steps in CVD include:

1. Transport of reactants to the substrate surface
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2. Adsorption of reactants on the surface
3. Surface diffusion and chemical reactions leading to film formation
4. Desorption of byproducts

* The driving force for CVD is the reduction of Gibbs free energy through the formation of a stable solid
phase from gaseous precursors

Process parameters and film properties

» The growth rate and quality of the deposited film are influenced by various parameters such as
substrate temperature, reactor pressure, gas flow rates, and reactant concentrations

» CVD can be performed at atmospheric pressure (APCVD) or at reduced pressures (LPCVD) to
achieve different film properties and deposition rates

» APCVD operates at atmospheric pressure and typically results in faster deposition rates but may have
lower film uniformity compared to LPCVD

* LPCVD operates at reduced pressures (0.1-1 Torr) and enables better film uniformity and step
coverage due to increased mean free path of gas molecules

» CVD processes can be classified as either mass-transport limited or surface-reaction limited,
depending on the rate-determining step in the deposition process

* In mass-transport limited CVD, the growth rate is determined by the supply of reactants to the
substrate surface (gas flow dynamics and diffusion)

« In surface-reaction limited CVD, the growth rate is controlled by the kinetics of the chemical reactions
occurring on the substrate surface

CVD process types

Thermal and plasma-enhanced CVD

» Thermal CVD relies on thermal energy (heat) to activate chemical reactions and promote film growth,
typically at elevated temperatures (>600°C)

» Examples of thermal CVD include low-pressure CVD (LPCVD) and atmospheric-pressure CVD
(APCVD) for depositing silicon dioxide, silicon nitride, and polysilicon films

* Plasma-enhanced CVD (PECVD) utilizes a glow discharge (plasma) to activate the chemical
reactions, allowing for lower substrate temperatures (200-400°C) compared to thermal CVD

* In PECVD, the plasma generates highly reactive species (ions, radicals, and excited molecules) that
enhance the surface reactions and enable the deposition of a wider range of materials

* PECVD is particularly suitable for depositing dielectric films (silicon dioxide and silicon nitride) and
low-temperature deposition of semiconductor films (amorphous and polycrystalline silicon)

Other CVD variants

+ Laser-assisted CVD uses laser irradiation to selectively heat the substrate and promote localized
deposition
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* This technique enables high-resolution patterning and selective area deposition without the need for
photolithography

* Photo-assisted CVD employs light (typically UV) to enhance the chemical reactions and lower the
deposition temperature

* Photo-assisted CVD is used for the deposition of metal oxides, nitrides, and organic thin films

* Metalorganic CVD (MOCVD) uses organometallic precursors for the deposition of compound
semiconductors (llI-V and II-VI materials) and metal films

* MOCVD is widely used in the fabrication of optoelectronic devices (LEDs and lasers) and
high-efficiency solar cells (multi-junction cells)

CVD growth factors

Substrate temperature and reactor pressure

* Substrate temperature is a critical parameter that influences the growth rate and microstructure of the
deposited film

+ Higher temperatures generally lead to faster growth rates and better crystallinity due to increased
surface diffusion and reaction kinetics

» However, excessively high temperatures may cause unwanted reactions, dopant diffusion, or
substrate degradation

» Reactor pressure affects the mean free path of the gas molecules and the residence time of the
reactants

* Lower pressures promote mass transport and can result in more uniform film thickness across the
substrate

* Higher pressures may lead to gas-phase reactions and particle formation, which can degrade film
quality

Precursor chemistry and impurities

* The choice of precursor materials and their purity play a significant role in the composition and quality
of the deposited film

* Precursors should have sufficient volatility, stability, and reactivity to ensure efficient transport and
decomposition on the substrate surface

« Common precursors include silane (SiH4) for silicon deposition, germane (GeH4) for germanium, and
metal chlorides (TiCl4, WF6) for metal films

* The presence of impurities or contaminants in the reactor or the precursor gases can lead to the
incorporation of unwanted elements in the deposited film, impacting its properties and performance

« Contaminants can originate from the reactor walls, gas lines, or precursor sources and may include
oxygen, carbon, or metallic impurities

« Careful reactor design, materials selection, and precursor purification are essential to minimize
contamination and ensure high-quality film deposition
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CVD applications in materials fabrication

Semiconductor device fabrication

* CVD is extensively used in the semiconductor industry for the deposition of various thin films,

including dielectrics (silicon dioxide and silicon nitride), semiconductors (silicon and germanium), and

metals (tungsten and copper)

 In MOSFET fabrication, CVD is employed to deposit the gate dielectric (high-k materials like hafnium

dioxide) and the gate electrode (polysilicon or metal)

» CVD is used to deposit passivation and insulation layers, such as silicon nitride and silicon dioxide, to

protect and isolate the device structures

* In multilevel metallization schemes, CVD is utilized to deposit barrier layers (titanium nitride) and seed

layers for the subsequent electroplating of metal interconnects (copper)
« Barrier layers prevent the diffusion of metal atoms into the dielectric and improve adhesion

» Seed layers provide a conductive surface for the initiation of electroplating and ensure good film
adhesion

Advanced materials synthesis

» CVD finds applications in the synthesis of advanced materials such as carbon nanotubes, graphene,

and transition metal dichalcogenides (TMDs) for electronic and optoelectronic devices

» Carbon nanotubes can be grown by catalytic CVD using hydrocarbon precursors (methane, ethylene)

and metal catalyst nanoparticles (iron, nickel)

» Graphene can be synthesized by CVD on metal substrates (copper, nickel) using methane as the
carbon source, followed by transfer to the desired substrate

+ CVD is also used in the production of protective coatings, optical coatings, and functional coatings for

various applications

» Wear-resistant coatings (diamond-like carbon, titanium nitride) can be deposited by PECVD to
enhance the durability of mechanical components

* Optical coatings (silicon dioxide, titanium dioxide) are deposited by CVD to control the reflectivity,
transmittance, and color of optical components

* Functional coatings (zinc oxide, titanium dioxide) are used in energy conversion devices, such as
solar cells and photocatalytic systems, to improve efficiency and performance

10.3 Atomic layer deposition and molecular beam epitaxy

Atomic layer deposition (ALD) and molecular beam epitaxy (MBE) are advanced thin film deposition
techniques. ALD uses sequential gas pulses for precise atomic-scale control, while MBE employs
molecular beams in ultra-high vacuum for epitaxial growth.

Both methods offer unique advantages in thin film fabrication. ALD excels in conformal coatings and
low-temperature deposition, while MBE enables precise control over composition and crystal structure,
making them vital in semiconductor and nanotechnology industries.
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Atomic layer deposition vs molecular beam epitaxy

Working principles of ALD

« Thin film deposition technique based on sequential, self-limiting surface reactions between gaseous
precursors and a substrate surface

» Enables precise control over film thickness and composition at the atomic scale

» Growth proceeds in a cyclic manner, with each cycle consisting of alternating pulses of precursor
gases separated by purge steps

+ Self-limiting nature of the surface reactions ensures uniform and conformal coating of complex 3D
structures (high aspect ratio trenches, porous materials)

» Can deposit a wide range of materials at relatively low temperatures (typically <400°C)

* Oxides (AI203, HfO2), nitrides (AIN, TiN), sulfides (ZnS, SnS), and metals (Pt, Ru)

Working principles of MBE
+ Ultra-high vacuum (UHV) technique for epitaxial growth of thin films
« Allows precise control over the composition, doping, and thickness of the deposited layers
+ Elemental or molecular beams are generated by heating high-purity source materials in effusion cells
* Beams are directed towards a heated substrate, where they react and form a crystalline film
» UHV environment (typically <10”-10 Torr) minimizes contamination

» Enables the use of in-situ characterization techniques, such as reflection high-energy electron
diffraction (RHEED), to monitor the growth process in real-time

« Particularly suitable for the growth of compound semiconductors
« [lI-V materials (GaAs, InP), lI-VI materials (CdTe, ZnSe)

* Precise control over interface abruptness and doping profiles

Advantages of ALD and MBE for thin films

Advantages of ALD over other deposition techniques

» Atomic-level control over film thickness

+ Ability to deposit uniform and conformal films on high-aspect-ratio structures (deep trenches,
nanopores) and porous materials (aerogels, zeolites)

» Excellent compositional control

« Self-limiting surface reactions ensure a constant growth rate per cycle, independent of precursor flux
* Low deposition temperatures

» Enables coating of temperature-sensitive substrates (polymers, biomaterials)

« Facilitates integration with other processes in device fabrication (back-end-of-line processing)
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Advantages of MBE over other epitaxial growth techniques

* Precise control over the growth rate, typically in the range of 1 pm/h

+ Allows formation of abrupt interfaces and quantum well structures with atomic layer precision
» Low growth temperatures (typically <800°C)

» Reduces the risk of interdiffusion and enables the growth of metastable materials (GalnNAs, GaMnAs)
* In-situ monitoring capabilities, such as RHEED

+ Enables real-time analysis of the growth process and surface morphology
» Compatibility with a wide range of dopants

* Ability to achieve high doping concentrations (>10720 cm”-3), essential for device applications (laser
diodes, solar cells)

Surface chemistry in thin film growth

Role of surface chemistry in ALD

+ Choice of precursors and substrates affects the surface reactions, growth rate, and film composition

* Precursors must exhibit sufficient reactivity, thermal stability, and volatility to ensure efficient and
self-limiting surface reactions

« Surface termination and the presence of functional groups influence the nucleation and growth
behavior

+ Affects film morphology and conformality (island growth vs layer-by-layer growth)

* Kinetics of surface reactions determine the saturation behavior and the required exposure and purge
times for each ALD cycle

+ Adsorption, desorption, and surface diffusion processes

Role of surface kinetics in MBE

 Substrate temperature and flux of the molecular beams affect the adsorption and desorption rates of
the growth species

* Influences the growth rate and the incorporation of dopants

« Surface diffusion of adatoms plays a crucial role in determining the growth mode and surface
morphology of the epitaxial films

« Layer-by-layer growth (Frank-van der Merwe), step-flow growth, or 3D island growth (Volmer-Weber)

* Presence of surface reconstructions and the formation of surface phases can affect the incorporation
of dopants and the electronic properties of the grown films

» GaAs (2x4) reconstruction, Si (7x7) reconstruction

« Strain induced by lattice mismatch between the film and the substrate can influence the surface
kinetics and the growth mode
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* Leads to the formation of defects (misfit dislocations) or self-assembled nanostructures (quantum
dots)

Applications of ALD and MBE in materials science

Applications of ALD

* High-k dielectrics for metal-oxide-semiconductor field-effect transistors (MOSFETSs) and dynamic
random-access memory (DRAM) capacitors

« HfO2, ZrO02, Al203

» Conformal coatings for complex nanostructures

* Nanoporous materials, nanoparticles, and nanowires

 Enables the synthesis of functional core-shell structures and heterogeneous catalysts
* Protective coatings for various applications

* Moisture barriers for organic electronics (OLEDs)

« Corrosion-resistant layers for metal surfaces (Al203 on steel)

+ Synthesis of 2D materials by precise control over the layer thickness and composition

* Transition metal dichalcogenides (MoS2, WS2)

Applications of MBE

» Growth of high-mobility semiconductor heterostructures for high-frequency and high-power
applications

* Modulation-doped field-effect transistors (MODFETS)
* High electron mobility transistors (HEMTSs)
« Fabrication of quantum well and superlattice structures for optoelectronic devices

* Lasers (quantum cascade lasers), photodetectors (quantum well infrared photodetectors), and solar
cells (multi-junction cells)

 Enables the realization of novel device concepts and improved performance

+ Synthesis of low-dimensional structures for quantum technologies and nanoscale sensors
* Quantum dots (single-photon sources, qubits)

* Nanowires (field-effect transistors, gas sensors)

» Growth of topological insulators and other exotic materials with unique electronic and magnetic
properties

* Bi2Se3, Bi2Te3

» Opens up new avenues for fundamental research and potential spintronic applications
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10.4 Characterization of thin film properties and quality

Thin film characterization is crucial for assessing structure, composition, and performance. It helps
optimize deposition processes and ensures quality control. Key properties like thickness, uniformity, and
crystal structure are evaluated using various techniques.

X-ray diffraction, ellipsometry, and atomic force microscopy are essential tools for thin film analysis. These
methods provide insights into crystal structure, optical properties, and surface topography. Understanding
how deposition conditions affect film properties is vital for creating high-quality thin films.

Importance of thin film characterization

Assessing structure, composition, and performance

« Thin film characterization is essential for assessing the structure, composition, and performance of
deposited films, which directly impact their suitability for specific applications

* Key properties of thin films that require characterization include:
* Thickness

* Uniformity

+ Surface roughness

* Crystal structure

» Composition

* Optical properties (refractive index, absorption)

* Electrical properties (conductivity, resistivity)

* Mechanical properties (hardness, adhesion)

Optimizing deposition processes and quality control

 Characterization techniques provide valuable feedback for optimizing deposition processes and
post-deposition treatments to achieve desired film properties and quality

* Inadequate characterization can lead to the use of thin films with suboptimal properties, resulting in
device failure or reduced performance (solar cells, microelectronics)

» Thorough characterization is crucial for quality control, reproducibility, and reliability in thin film-based
devices and applications

+ Characterization enables the identification of defects, impurities, or non-uniformities that may
compromise the film's performance (pinholes, cracks, contamination)

Analytical techniques for thin film study

X-ray diffraction (XRD)

* XRD is used to determine the crystal structure, phase composition, and preferred orientation of thin
films

* XRD patterns provide information about lattice parameters, crystallite size, and strain in the film
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* Grazing incidence XRD (GIXRD) is employed for thin film analysis to enhance surface sensitivity and
minimize substrate contributions

* XRD can identify the presence of different crystalline phases in the film (polymorphs, secondary
phases)

* Preferred orientation (texture) of the film can be assessed by comparing the relative intensities of XRD
peaks

Ellipsometry

+ Ellipsometry is an optical technique used to measure the thickness and optical constants (refractive
index and extinction coefficient) of thin films

« Ellipsometry measures the change in polarization state of light upon reflection from the film surface
* Spectroscopic ellipsometry allows for the determination of film properties as a function of wavelength

« Ellipsometry is highly sensitive to thin film thickness, enabling precise measurements down to
sub-nanometer scales

*» The obtained optical constants can provide insights into the film's electronic structure and composition
(bandgap, absorption edges)

Atomic force microscopy (AFM)

* AFM is a scanning probe technique used to study the surface topography and roughness of thin films
at the nanoscale

» AFM provides high-resolution 3D images of the film surface, enabling the assessment of surface
morphology and defects

« Different AFM modes, such as contact mode and tapping mode, can be employed depending on the
film properties and measurement requirements

* AFM can reveal the presence of surface features, such as grains, islands, or pores, and their size
distribution

« Surface roughness parameters, such as root mean square (RMS) roughness and peak-to-valley
height, can be quantified from AFM images

Other characterization techniques

 Scanning electron microscopy (SEM): Provides high-resolution images of the film surface morphology
and cross-section

+ Transmission electron microscopy (TEM): Enables the visualization of the film's internal structure,
crystallinity, and interfaces at the atomic scale

« X-ray photoelectron spectroscopy (XPS): Determines the chemical composition and bonding states of
elements in the film's surface region

* Raman spectroscopy: Identifies the vibrational modes and molecular structure of the film, particularly
useful for characterizing organic or amorphous films

» Secondary ion mass spectrometry (SIMS): Provides depth profiling of the film's elemental composition
with high sensitivity

Fiveable archived study guides Page 129



Interpreting thin film characterization data

XRD data interpretation

* Analyzing peak positions, intensities, and widths to determine the crystal structure, phase
composition, and crystallite size of the film

« Shifts in peak positions can indicate changes in lattice parameters due to stress or composition
variations

» The presence of additional peaks or changes in peak intensities can signify the formation of
secondary phases or preferred orientation

» Comparing the observed XRD pattern with reference patterns from databases to identify the
crystalline phases present in the film

« Calculating the crystallite size using the Scherrer equation, which relates the peak width to the
crystallite dimensions

Ellipsometry data analysis

+ Analyzing ellipsometry data using appropriate models to extract the film thickness and optical
constants

* The choice of the model depends on the film structure (single layer, multilayer, graded index) and the
knowledge of the film's approximate properties

* The obtained thickness and optical constants can be related to the film's composition, density, and
electronic structure

* Fitting the experimental ellipsometry data to the chosen model by adjusting the model parameters until
a good match is achieved

« Evaluating the quality of the fit using statistical measures (mean square error, coefficient of
determination) to assess the reliability of the extracted film properties

AFM image analysis

* Quantifying surface roughness parameters, such as root mean square (RMS) roughness and
peak-to-valley height, from AFM images

 The surface morphology can provide insights into the growth mode, grain size, and presence of
surface features or defects

« Correlating AFM data with other characterization results can help establish structure-property
relationships

* Analyzing the size, shape, and distribution of surface features using image processing techniques
(grain size analysis, power spectral density)

» Comparing AFM images obtained under different deposition conditions or post-deposition treatments
to study their impact on surface morphology

Comprehensive data interpretation

* Interpreting data from multiple characterization techniques collectively provides a comprehensive
understanding of the film's properties and performance
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* Cross-correlating results from different methods can validate findings and provide a more reliable
assessment of the film's characteristics

» Combining structural information from XRD, morphological details from AFM, and optical properties
from ellipsometry to establish a complete picture of the film's quality and suitability for the intended
application

+ Relating the characterized film properties to the desired performance metrics (optical transparency,
electrical conductivity, mechanical stability) to evaluate the film's potential for specific applications

Thin film properties vs deposition conditions

Influence of deposition parameters

» Deposition parameters, such as substrate temperature, deposition rate, and ambient pressure,
significantly influence the structure and properties of thin films

* Higher substrate temperatures typically promote crystallization and grain growth, while lower
temperatures may result in amorphous or nanocrystalline films

* Faster deposition rates can lead to less dense and more defective films, while slower rates allow for
better atomic arrangement and reduced defect density

* The choice of substrate material and its lattice mismatch with the film can affect the film's growth
mode and crystal quality (epitaxial growth, strain relaxation)

» The presence of impurities or intentional doping during deposition can modify the film's electrical,
optical, or magnetic properties

Impact of deposition technique

* The choice of deposition technique (physical vapor deposition, chemical vapor deposition, atomic
layer deposition) affects the film's composition, purity, and conformality

« Different techniques have varying levels of control over the deposition process and can introduce
specific impurities or induce unique growth modes

* Physical vapor deposition (PVD) techniques, such as sputtering and evaporation, are widely used for
metallic and ceramic thin films

* PVD allows for the deposition of high-purity films with controlled thickness and composition

* The energy of the depositing species in PVD can influence the film's density, adhesion, and stress
levels

» Chemical vapor deposition (CVD) techniques, such as plasma-enhanced CVD (PECVD) and
low-pressure CVD (LPCVD), are suitable for depositing conformal and uniform films

* CVD enables the deposition of a wide range of materials, including semiconductors, dielectrics, and
polymers

* The precursor chemistry and reaction conditions in CVD determine the film's composition,
stoichiometry, and impurity levels

+ Atomic layer deposition (ALD) is a specialized technique for depositing ultra-thin and highly conformal
films with precise thickness control

Fiveable archived study guides Page 131



* ALD relies on sequential, self-limiting surface reactions to achieve atomic-scale control over the film
growth

* ALD is particularly useful for depositing uniform films on high-aspect-ratio structures and nanodevices

Post-deposition treatments

* Post-deposition treatments, such as annealing, plasma treatment, or surface functionalization, can
modify the properties of thin films

» Annealing can promote crystallization, reduce defect density, and alter the film's optical and electrical
properties

» Plasma treatments can modify the film's surface energy, chemical composition, and reactivity

« Surface functionalization can tailor the film's interaction with its environment or enhance specific
properties for targeted applications

» Thermal annealing is commonly employed to improve the crystallinity and reduce the residual stress in
thin films

» The annealing temperature and duration influence the extent of grain growth, phase transformations,
and intermixing at interfaces

* Plasma treatments, such as oxygen or nitrogen plasma, can modify the film's surface chemistry and
wettability

+ Plasma treatments can introduce functional groups, change the surface roughness, or create reactive
sites for subsequent bonding or grafting

« Surface functionalization techniques, such as self-assembled monolayers (SAMs) or polymer brushes,
can impart specific chemical functionality or biocompatibility to the film surface

* SAMs can be used to control the surface energy, hydrophobicity, or chemical selectivity of the film

 Polymer brushes can be grafted onto the film surface to enhance lubrication, antifouling properties, or
stimuli-responsiveness

Process optimization and structure-property relationships

» Understanding the relationship between deposition conditions, post-deposition treatments, and
resulting film properties is crucial for process optimization and achieving desired film characteristics

 Systematic studies varying deposition parameters and post-deposition conditions, combined with
comprehensive characterization, enable the development of process-structure-property relationships

* These relationships guide the selection of appropriate deposition conditions and post-deposition
treatments to engineer thin films with tailored properties for specific applications

+ Design of experiments (DOE) approaches can be employed to efficiently explore the parameter space
and identify the optimal combination of deposition conditions

* DOE allows for the simultaneous variation of multiple parameters and the assessment of their
individual and interactive effects on film properties

« Establishing structure-property relationships requires a fundamental understanding of the underlying
physical and chemical processes governing film growth and modification
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» Computational modeling and simulation techniques, such as density functional theory (DFT) and
molecular dynamics (MD), can provide insights into the atomic-scale mechanisms and predict the
behavior of thin films under different conditions

« Iterative optimization of deposition processes based on the feedback from characterization and
structure-property relationships leads to the development of high-performance thin films with precisely
controlled properties

* This optimization process involves fine-tuning the deposition parameters, implementing quality control
measures, and continuously monitoring the film's performance in the intended application
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Unit 11 — Surface Reactivity and Catalysis

11.1 Surface reaction mechanisms and kinetics

Surface reactions are the heart of catalysis, where molecules meet solid surfaces and magic happens.
Adsorption, reaction, and desorption steps work together to create new compounds. Understanding these
processes is key to designing better catalysts and improving chemical reactions.

Kinetics and mechanisms help us unravel how surface reactions unfold. From Langmuir-Hinshelwood to
Eley-Rideal, different pathways lead to product formation. Factors like surface structure and reaction
conditions play crucial roles in determining reaction rates and outcomes.

Surface reaction steps

Adsorption and desorption processes

« Surface reactions involve the interaction of gas-phase molecules with solid surfaces, typically resulting
in the adsorption, reaction, and desorption of species

+ Adsorption is the process by which molecules from the gas phase bind to the surface, either through
physisorption (weak van der Waals interactions) or chemisorption (strong chemical bonds)

* Physisorption examples: noble gases on metal surfaces, organic molecules on graphite
» Chemisorption examples: hydrogen on metal surfaces, oxygen on metal oxides

« Desorption is the process by which the products of the surface reaction are released from the surface
back into the gas phase

» Desorption can be induced by increasing the temperature or reducing the pressure

Elementary steps in surface reactions

« Surface reactions can occur between adsorbed species, between an adsorbed species and a
gas-phase molecule, or between an adsorbed species and the surface itself

» Adsorbed-adsorbed reaction example: CO oxidation on platinum surfaces (
CO(ads) + O(ads) = CO2(gas))

» Gas-adsorbed reaction example: hydrogen abstraction from a hydrocarbon by an adsorbed oxygen
atom

+ Adsorbed-surface reaction example: oxidation of a metal surface by dissociative adsorption of oxygen

» The overall rate of a surface reaction is determined by the relative rates of adsorption, reaction, and
desorption steps

* The slowest step in the reaction sequence is called the rate-determining step and controls the overall
reaction rate
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Kinetics of surface reactions

Rate equations and adsorption isotherms

* The kinetics of surface reactions can be described using rate equations that relate the reaction rate to
the concentrations of reactants and products, as well as the rate constants for each elementary step

+ Adsorption isotherms, such as the Langmuir isotherm, describe the relationship between the surface
coverage of adsorbed species and the pressure of the gas phase at a constant temperature

» The Langmuir isotherm assumes that adsorption occurs on a homogeneous surface with a limited
number of adsorption sites, and that there are no interactions between adsorbed molecules

» The Langmuir isotherm equation: 6= %, where 6 is the surface coverage, K is the adsorption
equilibrium constant, and P is the gas pressure

* The rate of a surface reaction can be expressed in terms of the surface coverages of the reactants,
which can be determined from the adsorption isotherms

Temperature dependence of reaction rates

» The temperature dependence of the rate constants can be described using the Arrhenius equation,
which relates the rate constant to the activation energy and the pre-exponential factor

+ The Arrhenius equation: K = Aexp (—5—;), where K is the rate constant, A is the pre-exponential
factor, Ea is the activation energy, R is the gas constant, and T is the temperature

* Higher temperatures generally lead to increased reaction rates due to the increased kinetic energy of
the molecules and the higher probability of overcoming the activation energy barrier

* The activation energy can be determined experimentally by measuring the reaction rate at different
temperatures and constructing an Arrhenius plot (Ink vs. 1/T)

Surface reaction mechanisms

Langmuir-Hinshelwood and Eley-Rideal mechanisms

» The Langmuir-Hinshelwood mechanism involves the reaction between two adsorbed species on the
surface, followed by the desorption of the products

« Example: CO oxidation on platinum surfaces (CO(ads) + O(ads) = CO2(gas))

» The Eley-Rideal mechanism involves the direct reaction between a gas-phase molecule and an
adsorbed species, followed by the desorption of the products

» Example: hydrogen abstraction from a gas-phase hydrocarbon by an adsorbed chlorine atom on a
metal surface

Other surface reaction mechanisms

* The Mars-van Krevelen mechanism involves the reaction of a gas-phase molecule with the surface
itself, leading to the formation of a surface compound that can subsequently react with another
gas-phase molecule to regenerate the original surface and release the products

» Example: oxidation of hydrocarbons over vanadium oxide catalysts, where lattice oxygen is consumed
and replenished by gas-phase oxygen
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* The precursor-mediated mechanism involves the formation of a weakly bound precursor state before
the molecule undergoes chemisorption or reaction on the surface

» Example: dissociative adsorption of hydrogen on metal surfaces, where a weakly bound molecular
precursor state is formed before the molecule dissociates into atomic hydrogen

» The hot-atom mechanism involves the reaction of a highly energetic species (e.g., an atom or radical)
with the surface, leading to the formation of products with excess energy that can desorb or react
further

* Example: the reaction of energetic oxygen atoms, generated by dissociation of ozone, with adsorbed
organic molecules on a surface

Factors influencing surface reactions

Surface structure and composition effects

* The surface structure and composition play a crucial role in determining the rates of surface reactions,
as they affect the adsorption and activation of reactants

» The presence of surface defects, such as steps, kinks, and vacancies, can provide sites with
enhanced reactivity compared to the flat terraces

» Example: the dissociation of nitrogen molecules on stepped ruthenium surfaces is much faster than on
flat terraces

* The electronic structure of the surface, particularly the density of states near the Fermi level, can
influence the adsorption and activation of reactants

» Example: the adsorption and dissociation of oxygen on gold surfaces is enhanced by the presence of
low-coordinated gold atoms, which have a higher density of states near the Fermi level

Reactant properties and reaction conditions

* The nature of the reactants, including their molecular structure, size, and polarity, can affect their
adsorption and reaction on the surface

* Example: the adsorption of long-chain hydrocarbons on metal surfaces is stronger than that of
short-chain hydrocarbons due to increased van der Waals interactions

* The reaction conditions, such as temperature and pressure, can influence the rates of adsorption,
desorption, and reaction steps, as well as the overall selectivity of the process

+ Example: increasing the temperature in the ammonia synthesis reaction (N2 + 3H> = 2NH3) shifts
the equilibrium towards the reactants due to the exothermic nature of the reaction

» The presence of co-adsorbed species, such as promoters or poisons, can modify the electronic and
geometric properties of the surface, leading to changes in the reaction rates and selectivity

» Example: the addition of alkali metals (e.g., potassium) to iron catalysts in the ammonia synthesis
reaction enhances the dissociative adsorption of nitrogen and increases the reaction rate

11.2 Heterogeneous catalysis principles

Heterogeneous catalysis is a game-changer in chemistry. It's all about solid catalysts speeding up
reactions with gases or liquids. These catalysts are super efficient and can be reused, making them key
players in industries like chemical manufacturing and pollution control.
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To really get how heterogeneous catalysis works, we need to look at the nitty-gritty of what's happening on
the catalyst's surface. That's where surface science techniques come in handy, helping us peek at the
atomic-level action and figure out how to make even better catalysts.

Heterogeneous Catalysis in Surface Science

Importance and Fundamentals

» Heterogeneous catalysis involves the use of a solid catalyst that is in a different phase than the
reactants, typically gas or liquid

* The catalytic reaction occurs at the surface or interface of the catalyst

 Heterogeneous catalysts are widely used in industrial processes for chemical synthesis, pollution
control, and energy production due to their:

* High efficiency

* Selectivity

» Recyclability compared to homogeneous catalysts

» Understanding the fundamental principles of heterogeneous catalysis is crucial for:
* Designing and optimizing catalytic systems

+ Developing new catalytic materials with improved performance

Surface Science Techniques for Investigating Heterogeneous Catalysts

* Surface science techniques are essential tools for investigating the properties and behavior of
heterogeneous catalysts at the atomic and molecular level, including:

 X-ray photoelectron spectroscopy (XPS)
» Scanning tunneling microscopy (STM)

» Temperature-programmed desorption (TPD)

Principles of Heterogeneous Catalysis

Adsorption, Surface Reactions, and Desorption

+ Adsorption is the first step in heterogeneous catalysis, where reactant molecules bind to the catalyst
surface through:

* Physisorption (weak van der Waals interactions)
» Chemisorption (strong chemical bonds)
» The adsorption process can be described by isotherms (Langmuir isotherm)

« Surface reactions involve the breaking and forming of chemical bonds between adsorbed species on
the catalyst surface

* The rate of surface reactions depends on factors such as:

« Surface coverage of reactants
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* Activation energy barrier
» Temperature

+ Desorption is the final step in heterogeneous catalysis, where the product molecules leave the catalyst
surface

» The desorption process can be activated by heat or other stimuli

* It regenerates the active sites on the catalyst for the next catalytic cycle

Mass Transfer, Diffusion, and Catalyst Deactivation

» Mass transfer and diffusion of reactants and products to and from the catalyst surface can be
rate-limiting steps in heterogeneous catalysis

* Especially in porous catalysts with high surface areas

« Catalyst deactivation can occur due to various mechanisms:
* Poisoning (strong adsorption of impurities)

« Sintering (loss of surface area)

» Coking (deposition of carbonaceous species)

» Understanding and mitigating catalyst deactivation is crucial for maintaining long-term catalytic
performance

Catalyst Structure and Activity

Surface Structure and Composition

* The surface structure of a heterogeneous catalyst can significantly influence its catalytic properties,
including:

» Arrangement of atoms
* Presence of defects (steps, kinks)
» Exposed crystal facets (Pt (111) facet is more active for CO oxidation than the (100) facet)

» The composition of a heterogeneous catalyst can affect its electronic and geometric properties,
leading to enhanced catalytic activity and selectivity

* Type and ratio of metal components in bimetallic catalysts

+ Addition of a second metal (Ru, Sn) to Pt catalysts can improve their selectivity for the hydrogenation
of unsaturated aldehydes

Support Materials and Nanoparticle Size/Shape

» The support material can interact with the active metal particles and modulate their catalytic properties
through:

« Electronic and structural effects

+ Providing high surface area and stability
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* Examples of support materials: metal oxides (Al203, SiO2), carbon-based materials (graphene,
carbon nanotubes)

* The size and shape of metal nanoparticles on the catalyst surface can influence their catalytic activity
and selectivity due to the different proportions of surface atoms with varying coordination numbers

» Small Au nanoparticles (<5 nm) are highly active for CO oxidation, while larger particles are less
active

« Surface characterization techniques are essential for understanding the structure-activity relationships
in heterogeneous catalysts and guiding the rational design of improved catalytic materials

+ X-ray diffraction (XRD)
+ Transmission electron microscopy (TEM)

 X-ray absorption spectroscopy (XAS)

Reaction Conditions and Catalysis Performance

Temperature, Pressure, and Reactant Composition

» Temperature plays a crucial role in heterogeneous catalysis, as it affects the rates of adsorption,
surface reactions, and desorption

* Higher temperatures generally increase the reaction rates
* But they can also lead to catalyst deactivation through sintering or thermal decomposition
* Pressure can influence the surface coverage of reactants and the selectivity of catalytic reactions

* Higher pressures can increase the concentration of reactants near the catalyst surface, leading to
higher reaction rates

» High pressures may also promote side reactions or catalyst deactivation

» The composition and flow rate of the reactant mixture can affect the catalytic performance by altering:
« Surface coverage of reactants

* Residence time in the catalyst bed

*» The optimal reactant ratio and flow rate depend on the specific catalytic reaction and the desired
product selectivity

Impurities, Reactor Design, and Optimization

» The presence of impurities or poisons in the reactant stream can significantly impact the catalytic
activity and selectivity by:

* Blocking active sites

» Modifying the electronic properties of the catalyst

« Strategies for mitigating the effects of impurities include:
* Using guard beds

* Selective adsorption
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« Catalyst regeneration

* The choice of reactor design can influence the mass and heat transfer, as well as the contact time
between the reactants and the catalyst

* Reactor types: fixed-bed, fluidized-bed, membrane reactors
» The optimal reactor design depends on:

* The specific catalytic reaction

* The scale of operation

* The desired product yield and selectivity

11.3 Electrocatalysis and photocatalysis at surfaces

Electrocatalysis and photocatalysis are powerful tools for driving chemical reactions using electricity and
light. These techniques harness energy to activate catalysts on surfaces, enabling a wide range of
applications from energy conversion to environmental cleanup.

Understanding the principles behind these processes is key to improving their efficiency and selectivity. By
optimizing catalyst properties, reaction conditions, and reactor design, we can unlock the full potential of
electrocatalysis and photocatalysis for sustainable energy and environmental solutions.

Principles of electrocatalysis and photocatalysis

Electrocatalysis: Driving chemical reactions with electrical energy

* Electrocatalysis uses electrical energy to drive chemical reactions at electrode surfaces
* Involves the transfer of electrons between the electrode and the reactant molecules
« Catalyst surface provides active sites where the reactions occur

* Properties of the catalyst surface (composition, structure, electronic states) determine the catalytic
activity and selectivity

» Rate and efficiency influenced by factors such as applied potential, nature of the catalyst, and reaction
conditions (temperature, pH, concentration of reactants)

Photocatalysis: Activating catalytic reactions with light energy
+ Photocatalysis uses light energy to activate catalytic reactions at surfaces
* Involves the absorption of photons by the catalyst, generating excited states or charge carriers
« Catalyst surface interacts with the reactant molecules for the reactions to occur
* Properties of the catalyst surface play a crucial role in determining the catalytic activity and selectivity

+ Rate and efficiency influenced by factors such as wavelength and intensity of light, nature of the
catalyst, and reaction conditions

Versatility in driving chemical reactions

* Electrocatalysis and photocatalysis can drive a wide range of chemical reactions (oxidation, reduction,
synthesis)
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 Important applications in energy conversion (fuel cells, water splitting) and environmental remediation
(pollutant degradation)

* Fuel cells convert chemical energy directly into electrical energy using electrocatalysts

» Water splitting produces hydrogen and oxygen for energy storage and clean fuel production using
electrocatalysts or photocatalysts

* Pollutant degradation removes organic contaminants, heavy metals, and other pollutants from water
and air using electrocatalytic or photocatalytic processes

Charge transfer and energy conversion mechanisms

Electrocatalysis: Charge transfer at the electrode-electrolyte interface

 Charge transfer occurs at the electrode-electrolyte interface in electrocatalysis
* Applied potential drives the transfer of electrons between the electrode and the reactant molecules

+ Rate of charge transfer influenced by factors such as electrode material, surface structure, and nature
of reactant molecules

* Butler-Volmer equation describes the relationship between current density and applied potential in
electrochemical reactions

* Electrode materials (platinum, palladium, nickel) and surface modifications (nanostructuring, alloying)
can enhance charge transfer efficiency

Photocatalysis: Generation and utilization of charge carriers

* Absorption of photons by the catalyst generates excited states or charge carriers (electrons and holes)
in photocatalysis

 Charge carriers participate in redox reactions with reactant molecules adsorbed on the catalyst
surface

« Efficiency of charge transfer and energy conversion depends on the band structure of the catalyst and
alignment of energy levels with reactant molecules

» Competition between desired reactions and recombination processes affects the overall efficiency

» Semiconductor photocatalysts (TiO2, CdS, BiVO4) and their modifications (doping, heterostructures)
can improve charge separation and utilization

Multi-step mechanisms in electrocatalysis and photocatalysis

+ Charge transfer and energy conversion in electrocatalysis and photocatalysis involve multiple steps
* Steps include adsorption of reactants, charge transfer, surface reactions, and desorption of products
» Understanding and optimizing these steps is crucial for enhancing catalytic performance

» Advanced characterization techniques (spectroscopy, microscopy) and computational modeling
provide insights into the reaction mechanisms

+ Rational design of catalysts and reaction systems based on mechanistic understanding can lead to
improved efficiency and selectivity
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Factors influencing efficiency and selectivity

Catalyst properties and design

« Composition, crystal structure, and surface properties of the catalyst influence its catalytic activity and
specificity

» Nanostructured catalysts (nanoparticles, nanowires, nanosheets) offer high surface area and active
sites

« Alloying, doping, and surface modifications can tune the electronic and geometric properties of
catalysts

« Catalyst supports (carbon, metal oxides) can enhance stability, dispersion, and electron transfer

+ Rational design of catalysts based on structure-activity relationships and computational screening can
optimize performance

Operating conditions and parameters

+ Applied potential in electrocatalysis and wavelength and intensity of light in photocatalysis affect
reaction efficiency

+ Optimal values of these parameters maximize the rate and yield of desired products

» Reaction conditions (temperature, pH, concentration of reactants) influence kinetics, thermodynamics,
and catalyst stability

» Higher temperatures can accelerate reaction rates but may also promote side reactions or catalyst
degradation

* pH affects the surface charge and adsorption behavior of reactants and intermediates

+ Concentration of reactants determines the mass transport and availability of molecules at the catalyst
surface

Co-catalysts and additives

+ Co-catalysts or additives can enhance efficiency and selectivity by promoting charge transfer or
suppressing side reactions

* Noble metals (Pt, Pd, Ru) as co-catalysts can facilitate electron transfer and hydrogen evolution in
photocatalytic water splitting

« Sacrificial agents (hole scavengers) can improve charge separation and prevent recombination in
photocatalysis

* lonic liquids or organic compounds as additives can stabilize reactive intermediates or modify the
reaction environment

+ Synergistic effects between the main catalyst and co-catalysts/additives can lead to enhanced
catalytic performance

Reactor design and engineering aspects

+ Electrode configuration, mass transport, and light distribution in the reactor system affect overall
efficiency and selectivity
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* Three-dimensional electrode structures (foams, meshes) can increase surface area and improve
mass transport

* Flow cell or microfluidic designs can enhance mass transfer and minimize concentration gradients
+ Uniform light distribution and effective photon utilization are crucial for photocatalytic reactors

+ Optimization of reactor design, operating conditions, and scale-up strategies is essential for practical
applications

Applications in energy conversion and remediation

Energy conversion: Fuel cells and water splitting

* Fuel cells convert chemical energy directly into electrical energy using electrocatalysts

» Hydrogen fuel cells, direct methanol fuel cells, and solid oxide fuel cells are examples of fuel cell
technologies

« Electrocatalysts (Pt, Pd, Ni) catalyze the oxidation of fuels (hydrogen, methanol) and the reduction of
oxygen

» Water electrolysis and photocatalytic water splitting produce hydrogen and oxygen for energy storage
and clean fuel production

« Electrocatalysts (Pt, IrO2, transition metal oxides) are used in water electrolysis for efficient hydrogen
evolution

* Photocatalysts (TiO2, BiVO4, g-C3N4) enable water splitting under solar light irradiation
* Photocatalytic CO2 reduction converts CO2 into fuels or value-added chemicals using solar energy

* Photocatalysts (TiO2, CdS, Cu-based materials) catalyze the reduction of CO2 to products like
methane, methanol, or formic acid

* Integration with CO2 capture technologies and renewable energy sources for sustainable fuel
production

Environmental remediation: Pollutant degradation and wastewater
treatment

« Electrocatalytic and photocatalytic processes can effectively remove organic contaminants, heavy
metals, and other pollutants from water and air

» Advanced oxidation processes (AOPs) based on electrocatalysis or photocatalysis generate highly
reactive species (hydroxyl radicals) for pollutant degradation

« Electro-Fenton process uses electrocatalysts to generate hydroxyl radicals from hydrogen peroxide

* Photocatalytic AOPs utilize photocatalysts (TiO2, ZnO) to generate reactive species under light
irradiation

* Photocatalytic air purification systems decompose volatile organic compounds (VOCs) and improve
indoor air quality

* Photocatalytic coatings or filters can be applied to walls, windows, or air purification devices
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* Visible-light-active photocatalysts (N-doped TiO2, BiOX) enable efficient air purification under indoor
lighting conditions

Challenges and future prospects

» Development of efficient, stable, and cost-effective electrocatalysts and photocatalysts is crucial for
practical implementation

* Optimization of reaction conditions, reactor design, and process integration for large-scale
applications

» Fundamental understanding of reaction mechanisms, structure-activity relationships, and catalyst
deactivation processes

+ Exploration of new catalytic materials, including metal-free catalysts, perovskites, and 2D materials

« Integration with renewable energy sources (solar, wind) for sustainable and decentralized energy and

environmental solutions

11.4 Design and characterization of catalytic surfaces

Designing catalytic surfaces is like creating a recipe for chemical reactions. Scientists use computer
models and clever tricks to make surfaces that speed up reactions just right. It's all about tweaking the
ingredients to get the perfect mix.

Once they've made these special surfaces, researchers use high-tech tools to see what's happening at the

tiniest level. They're like detectives, using special microscopes and light beams to uncover the secrets of
how these catalysts work their magic.

Designing Catalytic Surfaces

Rational Design and Computational Modeling

+ Rational design involves understanding the relationship between surface structure, composition, and
catalytic activity to guide the synthesis of catalytic surfaces with targeted properties

« Computational modeling, such as density functional theory (DFT), can predict the behavior of catalytic

surfaces and guide experimental design

* DFT calculations can estimate adsorption energies, activation barriers, and reaction pathways on
catalytic surfaces

» Machine learning algorithms can screen vast numbers of potential catalytic materials based on
calculated descriptors (adsorption energies, electronic structure)

Surface Modification and Nanostructuring

+ Surface modification techniques, such as doping, alloying, or depositing thin films, can tune the
electronic and geometric properties of catalytic surfaces

+ Doping with heteroatoms (nitrogen, sulfur) can create new active sites or modulate the electronic
structure of the catalyst

« Alloying can enhance catalytic activity by optimizing the binding strength of reactants and
intermediates (Pt-Ru alloys for methanol oxidation)
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» Nanostructuring approaches, like creating nanoparticles or nanoporous materials, can increase
surface area and expose specific crystal facets with enhanced catalytic activity

* Colloidal synthesis methods can produce catalytic nanoparticles with controlled size, shape, and
composition (cubic Pt nanoparticles for oxygen reduction)

» Templating strategies can create ordered nanoporous structures with high surface area and
well-defined pore sizes (zeolites for shape-selective catalysis)

High-Throughput Screening

+ High-throughput screening enables rapid testing of large numbers of potential catalytic materials to
identify promising candidates

« Parallel synthesis methods can prepare libraries of catalytic materials with varying compositions or
structures

» Automated testing systems can evaluate the catalytic performance of materials under different
reaction conditions (temperature, pressure, reactant concentration)

» Data mining and machine learning can identify trends and correlations between catalyst properties
and performance to guide further optimization

Characterization Techniques for Surfaces

Spectroscopic Techniques

 X-ray photoelectron spectroscopy (XPS) provides information about the elemental composition and
chemical state of surface atoms

* XPS can quantify the relative abundance of different elements on the surface and their oxidation
states (distinguishing between metallic and oxide species)

+ Depth profiling with XPS can analyze the composition of surface layers and interfaces

« Infrared (IR) and Raman spectroscopy can identify surface chemical species and probe molecular
adsorption and reaction mechanisms

* IR spectroscopy can detect the vibrational modes of adsorbed molecules and monitor changes in their
bonding and orientation during catalytic reactions

« Surface-enhanced Raman spectroscopy (SERS) can provide high sensitivity and selectivity for
detecting surface species and reaction intermediates

Microscopy Techniques

+ Scanning tunneling microscopy (STM) enables atomic-resolution imaging of surface topography and
electronic structure

* STM can visualize individual atoms and molecules on catalytic surfaces and map the local density of
states

» Time-resolved STM can capture dynamic processes, such as adsorbate diffusion or surface
reconstruction, in real-time

* Transmission electron microscopy (TEM) allows direct visualization of nanopatrticle size, shape, and
crystal structure
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* High-resolution TEM (HRTEM) can image the atomic structure of nanoparticles and identify exposed
crystal facets

* Environmental TEM (ETEM) can study catalytic nanoparticles under reactive gas environments and
elevated temperatures

Diffraction and Desorption Techniques

» Low-energy electron diffraction (LEED) reveals the long-range atomic structure and symmetry of
crystalline surfaces

« LEED patterns can determine the surface unit cell and identify surface reconstructions or ordered
adsorbate overlayers

* Intensity-voltage (I-V) LEED analysis can provide quantitative information about surface atomic
positions and bond lengths

» Temperature-programmed desorption (TPD) measures the binding strength and coverage of
adsorbates on catalytic surfaces

» TPD can determine the activation energy for desorption and the surface coverage of different
adsorbate species

» TPD can also probe the kinetics of surface reactions by monitoring the desorption of reaction products
as a function of temperature

Interpreting Surface Data

Correlating Surface Structure and Composition with Catalytic Activity

» XPS spectra can reveal the oxidation state of catalytic active sites and monitor surface composition
changes during reaction conditions

* The binding energy of core-level electrons can shift depending on the oxidation state of the element,
allowing identification of active species (metallic vs. oxide)

» Changes in the relative intensities of XPS peaks can indicate surface segregation, oxidation, or
reduction processes under reaction conditions

» LEED patterns provide information about surface reconstruction and the presence of ordered
overlayers that may influence catalytic activity

« Surface reconstructions can expose different crystal facets with varying catalytic properties (Au(110)
(1x2) reconstruction for CO oxidation)

* Ordered adsorbate overlayers can modify the electronic structure and reactivity of the surface (c(4x2)
CO overlayer on Pt(111))

+ STM images can identify catalytically active sites, such as step edges or defects, and visualize
adsorbate ordering and reaction intermediates

+ Atomically resolved STM images can locate individual active sites and correlate their density with
catalytic activity

+ STM can image ordered arrays of reaction intermediates and provide insights into the reaction
mechanism and kinetics (H-bonded networks of water on TiO2(110))
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Elucidating Reaction Mechanisms and Kinetics

* IR and Raman spectra can elucidate the nature of adsorbed species, identify reaction intermediates,
and probe reaction pathways on catalytic surfaces

« Vibrational frequencies can distinguish between different adsorption modes (atop, bridge, hollow) and
bonding configurations (linear, bent) of molecules on surfaces

* Time-resolved IR spectroscopy can monitor the evolution of surface species during catalytic reactions
and identify key intermediates and rate-determining steps

» TPD profiles can determine the number and strength of surface adsorption sites, which can be
correlated with catalytic activity and selectivity

» The peak temperature and shape of TPD spectra can reveal the binding energy distribution and
surface coverage of adsorbates

* The relative intensities of desorption peaks for different reaction products can provide information
about the selectivity and kinetics of competing reaction pathways

* TEM analysis can correlate nanoparticle structure and size with catalytic performance and monitor
particle sintering or phase transformations during reaction

*» The size and shape of catalytic nanoparticles can influence their activity and selectivity by exposing
different crystal facets or modifying electronic properties

* In situ TEM can visualize dynamic changes in nanoparticle morphology, such as sintering or phase
segregation, under reaction conditions and correlate them with changes in catalytic behavior

Optimizing Catalytic Performance

Systematic Variation of Synthesis Parameters

 Systematically vary synthesis parameters, such as temperature, precursor concentration, or support
material, to optimize catalytic surface properties

* Higher synthesis temperatures can promote the formation of crystalline phases or larger particle sizes,
while lower temperatures may favor amorphous or nanostructured materials

* Precursor concentration can influence the nucleation and growth kinetics of nanoparticles, affecting
their size distribution and morphology

* The choice of support material can modulate the electronic properties of the catalytic phase through
metal-support interactions (strong metal-support interaction in TiO2-supported Au catalysts)

* Use in situ characterization techniques to monitor surface structure and composition under realistic
reaction conditions

« In situ XPS can track changes in surface oxidation states and adsorbate coverage during catalytic
reactions

* In situ STM can image the dynamic restructuring of catalytic surfaces and the formation of reaction
intermediates under gas environments

+ In situ Raman spectroscopy can identify surface species and monitor their evolution under reaction
conditions
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Kinetic Studies and Long-Term Stability Tests

* Perform kinetic studies to determine rate-limiting steps and identify opportunities for catalyst
improvement

* Measure the reaction rate as a function of reactant concentration, temperature, or pressure to extract
kinetic parameters (activation energy, reaction order)

» Use isotopic labeling experiments to elucidate the elementary steps in the reaction mechanism and
identify the rate-determining step

* Vary the catalyst composition or structure systematically to probe the relationship between surface
properties and catalytic activity

» Conduct long-term stability tests to assess catalyst deactivation mechanisms and develop strategies
for regeneration or stabilization

» Monitor changes in catalytic activity and selectivity over extended periods of time under realistic
operating conditions

+ Characterize the surface composition and structure of deactivated catalysts to identify the cause of
performance loss (poisoning, sintering, phase transformation)

+ Develop regeneration protocols, such as oxidation-reduction cycles or solvent washing, to restore
catalytic activity

* Explore strategies for improving catalyst stability, such as introducing promoters, modifying the
support, or encapsulating the active phase

Reactor Design and Reaction Optimization

* Explore the effects of reactor design, such as flow rate, pressure, or heat and mass transfer, on
catalytic performance

+» Optimize the flow rate to balance reactant conversion and product selectivity while minimizing mass
transfer limitations

* Investigate the influence of pressure on reaction equilibrium, kinetics, and catalyst stability

+ Design reactor configurations that enhance heat and mass transfer, such as microchannel reactors or
fluidized bed systems, to improve catalytic efficiency

* Investigate the influence of reaction conditions, like temperature, reactant concentration, or solvent
choice, on catalytic activity and selectivity

» Determine the optimal operating temperature that maximizes catalytic performance while minimizing
side reactions or catalyst deactivation

« Vary the reactant concentration or molar ratio to control the surface coverage of adsorbed species and
tune the reaction selectivity

+ Explore the use of different solvents to influence the solubility and diffusion of reactants and products,
as well as the stability of the catalyst

» Employ statistical design of experiments (DOE) to efficiently optimize multiple catalyst parameters
simultaneously
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* Use factorial or response surface designs to systematically vary synthesis parameters and evaluate
their impact on catalytic performance

 Develop empirical models that correlate catalyst properties with catalytic activity and selectivity,
enabling the prediction of optimal catalyst formulations

« Validate the optimized catalyst formulation under realistic reaction conditions and assess its long-term
stability and scalability
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Unit 12 — Surface Modification and
Patterning Techniques

12.1 Chemical and electrochemical surface modification

Chemical and electrochemical surface modification techniques are game-changers in materials science.
They allow us to tweak surface properties, enhancing functionality and performance. From wet chemical
treatments to electrodeposition, these methods offer precise control over surface characteristics.

These techniques impact material properties like wettability, corrosion resistance, and biocompatibility.
While chemical methods work on various substrates, electrochemical ones need conductive materials.
Choosing between them depends on your goals, materials, and resources. It's all about finding the perfect
fit for your project.

Chemical Surface Modification Techniques

Principles and Mechanisms

» Chemical surface modification alters the chemical composition or structure of a material's surface to
enhance its properties or functionality

* Involves principles such as adsorption, covalent bonding, surface grafting, and surface polymerization

* Mechanisms involve the interaction between the surface and modifying agents (functional groups,
polymers, biomolecules)

« Factors influencing effectiveness include surface cleanliness, reactivity, and presence of contaminants
or oxides

Methods and Techniques

* Achieved through various methods (wet chemical treatments, vapor phase deposition, self-assembled
monolayers (SAMs))

* Choice of technique depends on desired surface properties, nature of substrate material, and
compatibility of modifying agents

» Wet chemical treatments involve immersing the substrate in a solution containing the modifying agent,
allowing for surface modification through chemical reactions or adsorption

« Vapor phase deposition techniques (chemical vapor deposition (CVD), atomic layer deposition (ALD))
enable the deposition of thin films or functional layers on surfaces

» SAMs are highly ordered molecular assemblies formed by the spontaneous adsorption of molecules
onto a surface, creating a well-defined and stable surface layer

Electrochemical Surface Modification

Techniques and Processes

* Involves the use of electrical potential or current to alter surface properties of materials
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« Common techniques include electrodeposition, anodization, electrophoretic deposition, and
electrochemical etching

* Electrodeposition deposits a coating material onto a substrate by applying an electrical potential,
allowing precise control over coating thickness and composition

» Anodization forms a protective oxide layer on metal surfaces, enhancing corrosion resistance and
surface hardness

« Electrophoretic deposition uses an electric field to deposit charged particles onto a substrate, enabling
formation of composite or ceramic coatings

* Electrochemical etching selectively removes material from a surface, creating micro- or nano-scale
features or patterns

Advantages and Limitations

» Advantages include precise control over modification process, ability to create uniform and adherent
coatings, and possibility of selective surface treatment

« Limitations include requirement for conductive substrates, need for specialized equipment and
electrolytes, and potential issues with coating adhesion and stability

* Electrochemical methods offer high throughput and scalability for industrial applications

» Substrate geometry and size can pose challenges for uniform surface modification using
electrochemical techniques

» Environmental considerations (disposal of electrolytes, energy consumption) should be taken into
account when employing electrochemical surface modification

Impact of Surface Treatments

Material Properties and Performance

» Chemical and electrochemical surface treatments significantly alter physical, chemical, and
mechanical properties of materials

« Surface wettability can be modified, influencing material's interaction with liquids and suitability for
specific applications (hydrophobicity, hydrophilicity)

« Surface energy and adhesion properties can be tailored by introducing functional groups or modifying
surface roughness, affecting material's ability to bond with other substances

« Corrosion resistance enhanced through formation of protective oxide layers or application of
corrosion-resistant coatings

» Wear resistance and surface hardness improved by creating hard and durable surface layers

+ Biocompatibility of materials enhanced by modifying surface chemistry to promote cell adhesion,
growth, and differentiation

Evaluation and Considerations

+ Long-term stability and durability of surface modifications should be evaluated under relevant
environmental conditions and mechanical stresses
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* Impact of surface treatments on bulk properties of materials (mechanical strength, electrical
conductivity) should be considered

« Surface characterization techniques (X-ray photoelectron spectroscopy (XPS), atomic force
microscopy (AFM), contact angle measurements) are essential for assessing the effectiveness and
quality of surface modifications

» Compatibility of surface treatments with subsequent processing steps or application requirements
should be evaluated

* Cost-benefit analysis and scalability assessment are crucial for determining the feasibility of
implementing surface modification techniques in industrial settings

Chemical vs Electrochemical Surface Modification

Comparison of Principles and Mechanisms

» Chemical surface modification relies on chemical reactions between surface and modifying agents,
while electrochemical methods involve use of electrical potential or current

» Chemical methods (silanization, polymer grafting) often used for introduction of functional groups or
attachment of biomolecules

* Electrochemical techniques more suitable for deposition of coatings or creation of surface textures

« Electrochemical methods generally require conductive substrates and specialized equipment, while
chemical techniques can be applied to wider range of materials, including non-conductive substrates

Selection Criteria and Considerations

 Choice between chemical and electrochemical surface modification depends on desired surface
properties, nature of substrate material, scalability of process, and available resources

* Hybrid approaches combining both chemical and electrochemical methods can be employed to
achieve synergistic effects and optimize surface properties

» Environmental impact, cost-effectiveness, and industrial scalability of different surface modification
approaches should be considered when selecting the most appropriate technique for a given
application

» Regulatory requirements and safety considerations (handling of chemicals, electrical hazards) should
be taken into account when choosing between chemical and electrochemical surface modification
methods

* Intellectual property and licensing aspects may influence the selection of surface modification
techniques in commercial settings

12.2 Lithography and nanopatterning methods

Lithography and nanopatterning are key techniques for creating tiny structures on surfaces. These
methods use light, electrons, or physical contact to etch patterns onto materials, enabling the production of
microchips, sensors, and other high-tech devices.

From photolithography to electron beam writing, each method has its strengths and limitations.
Understanding these techniques is crucial for designing efficient processes that can create intricate
patterns at the nanoscale, pushing the boundaries of what's possible in modern technology.
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Lithography and Nanopatterning Principles

Fundamental Concepts

« Lithography transfers patterns onto a substrate by selectively exposing and removing a resist material

» Nanopatterning creates features with nanoscale dimensions (typically <100 nm) using lithographic
techniques

* Basic lithographic process steps include:
1. Resist coating

2. Exposure

3. Development

4. Pattern transfer

5. Resist removal

» Exposure sources for lithography include light (photolithography), electrons (electron beam
lithography), or other particles or waves

Resolution and Resist Considerations

* Resist material undergoes chemical changes upon exposure, allowing selective removal during
development to create the desired pattern

« Lithography resolution depends on:

» Wavelength of the exposure source

» Numerical aperture of the optical system

* Resist properties (sensitivity, contrast, resolution)

« Factors affecting resolution include diffraction limit, electron scattering, and resist performance

* Optimizing resist chemistry and processing conditions is crucial for achieving high-resolution patterns

Lithographic Methods and Applications
Photolithography

* Photolithography uses light to expose the resist, widely used in the semiconductor industry
» Enables high-throughput and large-area patterning

+ Resolution limited by the wavelength of light (typically in the UV range)

» Advanced photolithography techniques enhance resolution:

* Immersion lithography (using a liquid medium between the lens and wafer)

 Multiple patterning (splitting patterns into multiple exposures)

* Applications include fabrication of integrated circuits, MEMS, and microfluidic devices
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Electron Beam Lithography (EBL)

* EBL uses a focused electron beam to directly write patterns onto the resist

« Offers higher resolution than photolithography

* Lower throughput due to the serial writing process

» Common applications of EBL:

» Mask fabrication for photolithography

» Research and development of nanostructures

* Low-volume production of high-resolution patterns

+ Challenges include electron scattering, proximity effects, and throughput limitations
Nanoimprint Lithography (NIL)

* NIL physically deforms the resist using a pre-patterned mold or stamp

+ Achieves high-resolution patterns with high throughput and low cost

+ Variants include thermal NIL, UV-NIL, and soft lithography

» Advantages of NIL:

* Sub-10 nm resolution possible

+ High-throughput and large-area patterning

* Lower cost compared to other high-resolution methods

* Applications include fabrication of nanostructured surfaces, nanoimprint templates, and functional
nanodevices

Scanning Probe Lithography (SPL)
» SPL uses a sharp probe tip to directly write or modify the substrate surface
* Achieves extremely high resolution (down to atomic scale)
« Limited throughput due to serial nature of the process
» SPL methods include:
+ Atomic force microscopy (AFM) based lithography
* Scanning tunneling microscopy (STM) based lithography
* Dip-pen nanolithography (DPN)

+ Applications mainly in research, proof-of-concept demonstrations, and nanoscale prototyping

Resolution Limits in Nanopatterning

Photolithography Resolution Limits

+ Diffraction of light fundamentally limits the resolution, described by the Rayleigh criterion
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* Minimum feature size is proportional to wavelength and inversely proportional to numerical aperture:
- Resolution = kigz, where K1 is a process-dependent factor

« Strategies to improve resolution:

* Decreasing wavelength (deep UV, extreme UV)

* Increasing numerical aperture (high-NA lenses, immersion lithography)

« Optimizing k1 factor (off-axis illumination, phase-shift masks)

Electron Beam Lithography Resolution Limits

* Electron wavelength is much shorter than light, enabling higher resolution

* Resolution limited by electron scattering in the resist and substrate (forward and backward scattering)
* Proximity effect: dose accumulation from neighboring exposed areas

« Strategies to mitigate resolution limits:

* Thin resist layers to minimize electron scattering

* High-contrast resists to reduce proximity effect

* Proximity effect correction algorithms

Nanoimprint Lithography Resolution Limits

* Resolution determined by the mold or stamp quality and pattern transfer fidelity
+ Challenges in fabricating high-resolution molds with low defectivity

* Factors affecting resolution:

* Mold material and surface properties

* Imprint pressure and temperature

* Resist viscosity and thickness

» Demold process and adhesion control

Scanning Probe Lithography Resolution Limits

» Atomic-scale resolution possible, but limited by tip sharpness and stability
* Factors influencing resolution:

* Tip geometry and aspect ratio

* Tip-sample interaction forces

» Feedback control and positioning accuracy

» Ambient conditions (temperature, humidity)

« Tip wear and contamination can degrade resolution over time
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Design of Lithographic Processes

Process Design Considerations

* Define target pattern or structure:

« Critical dimensions and tolerances

* Functional requirements and performance metrics

* Select appropriate lithographic method based on:

* Required resolution and feature sizes

* Throughput and scalability

» Compatibility with substrate and materials

* Design lithographic process flow:

* Resist selection (tone, sensitivity, contrast)

» Exposure conditions (dose, wavelength, beam parameters)
» Development parameters (developer chemistry, time, temperature)

« Pattern transfer steps (etching, lift-off, electroplating)

Process Optimization and Characterization

» Optimize process parameters to achieve desired pattern fidelity and critical dimensions
» Conduct experimental design and parameter studies

* Use statistical analysis and design of experiments (DOE) techniques
* Incorporate additional process steps for improved pattern quality:

* Surface treatments (adhesion promotion, anti-reflective coatings)

« Post-exposure baking (PEB) for photoresists

* Proximity effect correction for electron beam lithography
 Characterize and analyze resulting patterns using:

» Scanning electron microscopy (SEM)

+ Atomic force microscopy (AFM)

* Optical metrology and scatterometry

* Iterate and refine the process based on characterization results

« Identify and correct pattern defects and non-uniformities

* Optimize process window and control limits

« Validate pattern transfer and functionality
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Advanced Lithographic Process Integration
» Combine multiple lithographic methods for hierarchical patterning
» Example: photolithography for large-scale patterns, electron beam lithography for fine details
* Integrate lithography with other fabrication processes:
* Thin film deposition (evaporation, sputtering, chemical vapor deposition)
 Plasma etching (reactive ion etching, deep reactive ion etching)
» Chemical mechanical polishing (CMP) for planarization
* Develop process flows for multi-layer and three-dimensional (3D) structures
« Alignment and overlay control between layers
* Planarization and surface preparation between lithographic steps

« Consider process scalability, manufacturability, and cost-effectiveness for industrial applications

12.3 Self-assembled monolayers and surface functionalization

Self-assembled monolayers (SAMs) are game-changers in surface modification. These ordered molecular
layers form spontaneously on surfaces, driven by molecule-substrate affinity and intermolecular
interactions. They're like tiny molecular armies, organizing themselves to transform surface properties.

SAMs are versatile tools for tailoring surface characteristics. By choosing the right molecules, you can
make surfaces hydrophobic, hydrophilic, or reactive. This opens doors for applications in biosensors,
corrosion protection, and molecular electronics. It's like giving surfaces superpowers!

Self-assembled monolayer formation

Principles and mechanisms

+ Self-assembled monolayers (SAMs) are highly ordered molecular assemblies that spontaneously form
on solid surfaces through adsorption of molecules from a solution or gas phase

» The formation of SAMs is driven by the affinity of the head group of the molecules for the substrate
surface and the intermolecular interactions between the molecules

* The self-assembly process involves the adsorption, organization, and stabilization of molecules on the
surface, leading to the formation of a densely packed and oriented molecular layer

* The structure and properties of SAMs are influenced by factors such as the nature of the substrate
(gold, silver), the molecular structure of the adsorbates, and the environmental conditions during the
assembly process (temperature, solvent)

Substrate and molecular considerations

* SAMs can be formed on various substrates, including metals (gold, silver), metal oxides (silicon
dioxide), and semiconductors (silicon), depending on the specific surface chemistry and molecular
interactions

* The choice of substrate depends on the desired application and the compatibility with the molecular
head group (thiol groups for gold, silane groups for silicon dioxide)
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» The molecular structure of the adsorbates determines the packing density, orientation, and
functionality of the resulting SAM

» Common molecular components of SAMs include alkanethiols, silanes, and phosphonic acids, which
have a head group that binds to the substrate and a tail group that determines the surface properties

Surface chemistry in self-assembly

Role of surface chemistry

* The surface chemistry of the substrate plays a crucial role in the formation and stability of SAMs, as it
determines the strength and specificity of the molecule-substrate interactions

* The head group of the molecules in SAMs should have a strong affinity for the substrate surface to
ensure stable adsorption and prevent desorption

* The surface chemistry can be modified to enhance the binding of specific molecular head groups
(treatment of gold surfaces with piranha solution to remove contaminants)

 The surface roughness and crystallinity of the substrate can affect the ordering and defects in the
resulting SAM

Intermolecular interactions

* The intermolecular interactions between the molecules in SAMs, such as van der Waals forces,
hydrogen bonding, and electrostatic interactions, contribute to the ordering and packing of the
molecules

* The length and structure of the molecular backbone in SAMs influence the packing density, tilt angle,
and overall organization of the monolayer (longer alkyl chains result in more ordered and stable SAMs)

 The presence of functional groups or specific molecular architectures can enable additional
interactions, such as -1 stacking or host-guest recognition, which can further stabilize the SAM
structure

* Intermolecular interactions can be tuned by varying the molecular structure, such as introducing polar
or nonpolar groups, to control the surface properties (hydrophobicity, hydrophilicity)

Surface functionalization with SAMs

Tailoring surface properties

» SAMs can be used to modify the surface properties of materials, such as wettability, adhesion, friction,
and biocompatibility, by introducing specific functional groups at the surface

* The choice of the molecular structure and functional groups in SAMs allows for the precise control
over the surface chemistry and the resulting surface properties

» Hydrophobic or hydrophilic surfaces can be obtained by using SAMs with appropriate terminal groups,
such as alkyl chains or polar functional groups (hydroxyl, carboxyl), respectively

* SAMs with reactive functional groups, such as carboxylic acids, amines, or thiols, can be used for
further chemical modifications or immobilization of biomolecules, enabling the development of
biosensors and biomedical devices
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Patterning and applications

« Patterned SAMs can be created using techniques such as microcontact printing or photolithography,
allowing for the fabrication of micro- and nanostructured surfaces with specific functionalities

« Patterned SAMs can be used for selective deposition of materials, guided cell growth, or creating
molecular gradients

» SAMs find applications in various fields, such as corrosion protection (passivation of metal surfaces),
molecular electronics (molecular junctions), and biomaterials (control of protein adsorption and cell
adhesion)

* SAMs can be used as templates for the growth of nanostructures (nanoparticles, nanowires) or as
etch resists in lithographic processes

Stability and limitations of SAMs

Stability considerations

* The stability and durability of SAMs are critical factors for their successful application in various fields,
such as sensing, catalysis, and surface protection

* The stability of SAMs depends on the strength of the molecule-substrate interactions, the
intermolecular interactions within the monolayer, and the resistance to external factors such as
temperature, pH, and chemical environment

* The long-term stability of SAMs can be affected by processes such as oxidation, desorption, or
replacement of molecules, which can lead to the degradation of the monolayer structure and properties

» The mechanical stability of SAMs is important for applications involving contact or shear forces, and it
can be influenced by the molecular packing density and the nature of the intermolecular interactions

Limitations and challenges

» The thermal stability of SAMs is relevant for applications in high-temperature environments, and it
depends on the strength of the molecule-substrate bond and the thermal stability of the molecular
backbone

* The limitations of SAMs include the restricted range of substrates suitable for their formation (mostly
noble metals and oxides), the sensitivity to defects and contamination during the assembly process,
and the potential for phase segregation in mixed monolayers

* The formation of high-quality SAMs requires careful control over the assembly conditions, such as
temperature, solvent, and concentration, to minimize defects and ensure reproducibility

*» The characterization of SAMs can be challenging due to their nanoscale thickness and the need for
surface-sensitive techniques (scanning probe microscopy, X-ray photoelectron spectroscopy)

* The scalability and cost-effectiveness of SAM-based technologies can be a limitation for large-scale
industrial applications

12.4 Plasma treatment and ion implantation techniques

Plasma treatment and ion implantation are powerful techniques for tweaking surface properties. They let
you change how materials behave without messing with their core structure. These methods are super
useful for making things stick better, last longer, or play nice with living cells.
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You can fine-tune plasma and ion implantation to get exactly what you want. By adjusting things like gas
type, power, and treatment time, you can make surfaces that repel water, resist wear, or even fight off
bacteria. It's like giving materials superpowers, but only on the outside.

Plasma treatment and ion implantation principles

Plasma generation and surface interactions

+ Plasma treatment involves exposing a surface to a partially ionized gas containing ions, electrons, and
neutral species to modify its properties through physical and chemical interactions

 Plasma can be generated by applying an electric field to a gas, causing ionization and the formation of
reactive species that interact with the surface

* The electric field accelerates electrons, which collide with gas molecules, leading to ionization and the
creation of a plasma

» The plasma contains a complex mixture of ions, electrons, radicals, and neutral species that can
interact with the surface in various ways

+ Plasma treatment mechanisms include:
* Sputtering: physical removal of surface atoms due to bombardment by energetic ions

« Etching: chemical reaction between reactive plasma species and surface material, leading to the
removal of surface atoms

* Deposition: formation of thin films on the surface through the condensation of plasma species or
chemical reactions

« Surface activation: creation of reactive sites on the surface, which can improve adhesion, wettability,
or biocompatibility

lon implantation process and mechanisms

* lon implantation is a process where energetic ions are accelerated and directed towards a surface,
penetrating the material and altering its composition and properties

+ lons are typically generated from a source material, accelerated using an electric field, and focused
into a beam that is directed towards the target surface

» The ion beam can be mass-separated to select specific ion species and control the implantation
process precisely

» The implanted ions can change the surface's chemical composition, crystal structure, and introduce
lattice defects, leading to modifications in mechanical, electrical, and optical properties

* The ions penetrate the surface and come to rest within the material, creating a modified layer with a
depth that depends on the ion energy and mass

» The implantation process can introduce compressive stress, change the lattice parameter, or create
metastable phases in the surface region

* lon implantation mechanisms involve the penetration of ions into the surface, causing atomic
displacements, defect formation, and changes in the surface's chemical composition and structure
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* As ions penetrate the surface, they lose energy through nuclear and electronic interactions with the
target atoms

* Nuclear interactions lead to atomic displacements and the creation of lattice defects, such as
vacancies and interstitials

« Electronic interactions cause ionization and excitation of target atoms, leading to the formation of
reactive sites and changes in chemical bonding

Effects of plasma and ion implantation conditions

Influence of plasma parameters on surface modification

» Plasma parameters such as gas composition, pressure, power, and treatment time significantly
influence the surface modification process and the resulting properties

» Gas composition: The choice of gas (argon, oxygen, nitrogen) determines the type of reactive species
generated in the plasma and the nature of the surface interactions (sputtering, oxidation, nitridation)

* Pressure: Lower pressures lead to longer mean free paths for plasma species, resulting in more
energetic surface collisions, while higher pressures promote more collisions and can enhance chemical
reactions

» Power: Higher plasma power increases the density and energy of reactive species, leading to more
intense surface modification, but excessive power can cause damage or undesired changes in surface
morphology

* Treatment time: Longer treatment times allow for more extensive surface modification, but prolonged
exposure can also lead to surface damage or saturation effects

» The combination of plasma parameters can be tailored to achieve specific surface properties, such as:

» Improved wettability and adhesion by introducing polar functional groups or increasing surface
roughness

» Enhanced biocompatibility by incorporating nitrogen or oxygen-containing groups that promote cell
attachment and growth

* Increased surface hardness and wear resistance through the formation of nitride or oxide layers

Role of ion implantation conditions in determining surface properties

* lon implantation conditions, including ion species, energy, dose, and substrate temperature, govern
the depth of ion penetration, the concentration profile of implanted ions, and the extent of surface
modification

* lon species: The choice of ion species (nitrogen, carbon, boron) determines the chemical and
structural changes induced in the surface layer

« lon energy: Higher ion energies result in deeper ion penetration and more extensive lattice damage,
while lower energies lead to shallower implantation and less disruption of the surface structure

* lon dose: Higher doses increase the concentration of implanted ions in the surface region, leading to
more significant changes in composition and properties

* Substrate temperature: Higher temperatures during implantation enhance the mobility of implanted
ions and promote the recovery of lattice damage, influencing the final surface properties and
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microstructure

* By controlling ion implantation conditions, it is possible to engineer surfaces with tailored properties,
such as:

* Increased hardness and wear resistance through the formation of hard, ceramic-like surface layers
(nitrides, carbides)

* Improved corrosion resistance by creating passive oxide layers or incorporating corrosion-inhibiting
elements

» Modified electrical or optical properties by introducing dopants or creating buried conductive or
insulating layers

Advantages and limitations of surface modification

Benefits of plasma treatment and ion implantation

+ Plasma treatment offers advantages such as surface cleaning, activation, and functionalization
without significantly altering the bulk properties of the material

+ Plasma cleaning removes contaminants, organic residues, and oxide layers from surfaces, improving
adhesion and wettability

+ Plasma activation creates reactive sites on the surface, which can promote bonding with coatings or
adhesives

* Plasma functionalization introduces specific chemical groups (hydroxyl, carboxyl, amine) that can
improve biocompatibility or enable further surface reactions

* lon implantation enables precise control over the depth and concentration of implanted ions, allowing
for the creation of well-defined surface layers with unique properties

* By selecting appropriate ion species and implantation conditions, it is possible to create surface layers
with enhanced hardness, wear resistance, or corrosion resistance

+ lon implantation can be used to modify the surface properties of a wide range of materials, including
metals, semiconductors, and polymers

» The implanted layer is an integral part of the surface, avoiding issues related to coating adhesion or
delamination

Challenges and limitations of plasma treatment and ion implantation

« Limitations of plasma treatment include:

+ Limited penetration depth (typically nanometers to micrometers), which may not be sufficient for some
applications requiring deeper surface modification

« Potential surface damage due to exposure to energetic species, particularly at high plasma powers or
prolonged treatment times

* The need for vacuum or controlled atmosphere processing, which can increase costs and limit
throughput

* lon implantation limitations include:

« High initial costs for equipment, including ion sources, accelerators, and vacuum systems
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* The requirement for high vacuum conditions to ensure a well-controlled implantation process and
avoid contamination

* The generation of lattice damage during implantation, which may require post-implantation annealing
to restore surface properties

* Both techniques may face challenges in treating complex geometries or large surface areas uniformly,
requiring specialized equipment or multiple processing steps

 Plasma treatment may have difficulties in treating high aspect ratio features or porous surfaces
uniformly

« lon implantation may require specialized sample holders or beam scanning systems to ensure uniform
implantation over large areas

Plasma treatment vs other surface modification techniques

Comparison of plasma treatment with other techniques

» Plasma treatment and ion implantation offer unique capabilities compared to other surface
modification techniques such as chemical vapor deposition (CVD), physical vapor deposition (PVD),
and thermal spraying

+ Plasma treatment typically results in shallower surface modification compared to ion implantation,
CVD, or PVD, making it suitable for applications requiring only surface-level changes

+ Plasma treatment can modify surface chemistry and morphology to depths of a few nanometers to
several hundred nanometers

» CVD and PVD can produce coatings with thicknesses ranging from nanometers to several
micrometers, allowing for more substantial changes in surface properties

» Thermal spraying techniques, such as plasma spraying or high-velocity oxygen fuel (HVOF) spraying,
can create thick coatings (tens to hundreds of micrometers) with good adhesion but may have higher
porosity and roughness compared to ion implantation or PVD coatings

» Thermal sprayed coatings are formed by the deposition and rapid solidification of molten or
semi-molten particles, resulting in a lamellar microstructure

* The high temperatures involved in thermal spraying can lead to oxidation or phase changes in the
coating material, which may affect its properties

Advantages of ion implantation over other techniques

« lon implantation allows for the introduction of a wider range of ion species and more precise control
over the concentration profile compared to plasma treatment or other deposition techniques

* Nearly any element can be implanted into a surface, enabling the creation of unique compositions and
structures

» The concentration profile of implanted ions can be tailored by adjusting the ion energy and dose,
allowing for the creation of graded or multilayered surfaces

* lon implantation can be used to modify the surface properties of materials that are difficult to coat
using other techniques, such as polymers or ceramics
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* The physical nature of the ion implantation process allows for the modification of surfaces without the
need for chemical reactions or high temperatures

* lon implantation can be performed at room temperature, minimizing the risk of thermal damage or
degradation of the substrate material

* The choice between plasma treatment, ion implantation, and other surface modification techniques
depends on factors such as the desired surface properties, substrate material, application
requirements, and cost considerations

* Plasma treatment is often used for surface cleaning, activation, and functionalization in applications
such as adhesive bonding, printing, or biomaterials

* lon implantation is preferred for applications requiring precise control over surface composition and
properties, such as in semiconductor doping or the creation of wear-resistant surfaces

* CVD and PVD are widely used for the deposition of functional coatings, such as hard coatings, optical
coatings, or barrier layers

» Thermal spraying is employed for the creation of thick, wear-resistant coatings in applications such as
aerospace, automotive, and industrial components
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Unit 13 — Surface Science in Materials
Design and Engineering

13.1 Surface engineering for improved material properties

Surface engineering is a game-changer in materials science. It tweaks surface properties to boost
performance without messing with the bulk. From making things harder to resist wear to improving
biocompatibility, it's got a ton of tricks up its sleeve.

There's a whole toolbox of techniques to modify surfaces. You've got treatments that change the existing
surface and coatings that add new stuff. Each method has its own perks, and picking the right one
depends on what you're trying to achieve and what you're working with.

Surface engineering principles

Fundamentals of surface engineering

« Surface engineering modifies surface properties to improve performance, durability, and functionality
without altering bulk properties

* The surface is the interface between the material and its environment, playing a crucial role in
determining interactions with external factors (friction, wear, corrosion, adhesion)

« Surface engineering techniques optimize surface characteristics (hardness, roughness, chemical
composition, microstructure) to meet specific application requirements

* Principles encompass understanding of surface chemistry, physics, and mechanics, and selection of
appropriate modification techniques based on desired surface properties and base material

* Applicable to a wide range of materials (metals, ceramics, polymers, composites) to enhance
performance in various industries (automotive, aerospace, biomedical, electronics)

Role of surface engineering in material performance

« Surface properties significantly influence overall performance, despite representing a small fraction of
total material volume

* Increasing surface hardness through techniques (nitriding, PVD coating) improves resistance to
abrasive and adhesive wear, extending service life in applications involving sliding or rolling contact

» Modifying surface composition or applying protective coatings enhances corrosion resistance in
aggressive environments, preventing premature failure and maintaining bulk material integrity

« Surface treatments (shot peening, laser shock peening) introduce compressive residual stresses,
delaying fatigue crack initiation and propagation, improving fatigue life

« Surface texturing or low-friction coatings reduce coefficient of friction, improving tribological
performance, reducing energy consumption, and increasing efficiency in moving components

« Surface modification improves biocompatibility of medical implant materials, promoting better tissue
integration and reducing adverse biological responses
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Surface modification techniques

Surface treatment techniques

* Involve alteration of surface layer's composition, microstructure, or properties without adding new
material

* Mechanical treatments:
» Shot peening

* Laser shock peening

* Burnishing

» Thermal treatments:

* Flame hardening

* Induction hardening

+ Laser surface hardening
» Chemical treatments:

* Nitriding

* Carburizing

* Boriding

* Electrochemical treatments:
* Anodizing

* Electropolishing

* Electrophoretic deposition

Surface coating techniques
* Involve deposition of new material onto surface of base material
* Physical vapor deposition (PVD):
» Evaporation
* Sputtering
* lon plating
* Chemical vapor deposition (CVD):
* Thermal CVD
» Plasma-enhanced CVD
* Atomic layer deposition

* Thermal spraying:
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* Flame spraying

* Plasma spraying

+ High-velocity oxy-fuel spraying
* Electroplating:

* Chrome plating

* Nickel plating

* Gold plating

+ Selection of technique depends on base material, desired surface properties, application environment,
and cost-effectiveness

Surface properties and material performance

Influence of surface properties on material behavior

« Surface hardness and wear resistance:

* Increasing surface hardness (nitriding, PVD coating) improves resistance to abrasive and adhesive
wear

» Extends service life in applications involving sliding or rolling contact (gears, bearings)
+ Corrosion resistance:

» Modifying surface composition or applying protective coatings enhances resistance to corrosion in
aggressive environments (offshore structures, chemical processing equipment)

* Prevents premature failure and maintains integrity of bulk material
« Fatigue strength:

« Surface treatments (shot peening, laser shock peening) introduce compressive residual stresses in
surface layer

+ Delays initiation and propagation of fatigue cracks, improving fatigue life (aerospace components,
springs)

* Tribological properties:
« Surface texturing or low-friction coatings reduce coefficient of friction

* Improves tribological performance, reduces energy consumption, increases efficiency in moving
components (engine parts, cutting tools)

* Biocompatibility:
« Surface modification improves biocompatibility of medical implant materials (titanium, stainless steel)

» Promotes better tissue integration and reduces risk of adverse biological responses (orthopedic
implants, dental implants)
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Relationship between surface and bulk properties

« Surface properties affect overall performance, despite representing small fraction of total material
volume

« Surface engineering techniques optimize surface characteristics without significantly altering bulk
properties

* Proper selection of surface modification technique ensures desired surface properties are achieved
while maintaining integrity of bulk material

» Understanding the relationship between surface and bulk properties is crucial for designing materials
with enhanced performance and durability

Surface engineering approaches for specific requirements

Tailoring surface properties for specific applications

* Wear resistance:

+ For applications with high wear rates (cutting tools, bearing surfaces), surface treatments (nitriding,
PVD coating with hard materials like TiN or DLC) significantly improve wear resistance and extend
component service life

« Corrosion protection:

« In corrosive environments (offshore structures, chemical processing equipment), surface coatings
(thermal sprayed ceramics, electroplated chromium) provide effective barrier protection against
corrosive media, preventing material degradation

* Thermal insulation:

* For high-temperature applications (gas turbine components), thermal barrier coatings (TBCs) applied
using thermal spraying reduce surface temperature and improve resistance to thermal fatigue and
oxidation

» Biomedical applications:

« In orthopedic implants, surface modifications (hydroxyapatite coating, plasma spraying of titanium)
enhance osseointegration and improve long-term stability

« Surface texturing reduces risk of bacterial adhesion and infection
* Optical and electronic properties:

« Surface engineering modifies optical and electronic properties for applications (solar cells, sensors,
displays)

* Anti-reflective coatings improve efficiency of solar cells

» Conductive coatings enhance performance of electronic devices

Evaluating effectiveness of surface engineering approaches

« Effectiveness depends on ability to meet specific material requirements for given application

* Proper selection of surface engineering technique based on desired properties, base material, and
application environment
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» Conducting thorough testing and characterization of surface-modified materials to assess
performance improvements

* Considering cost-effectiveness and scalability of surface engineering approach for industrial
implementation

« Continuous monitoring and evaluation of surface-engineered components in real-world applications to
validate long-term performance and durability

13.2 Nanostructured surfaces and their applications

Nanostructured surfaces are game-changers in materials science. They offer enhanced reactivity, unique
optical properties, and improved catalytic activity due to their high surface area and nanoscale features.
These surfaces can be engineered to control wetting, adhesion, and cell interactions.

Fabricating nanostructured surfaces involves top-down and bottom-up approaches. Top-down methods
like lithography create precise patterns, while bottom-up techniques like self-assembly build structures
from nanoscale components. These surfaces impact electronics, catalysis, biomedicine, and anti-fouling
applications.

Properties of Nanostructured Surfaces

Enhanced Surface Area and Reactivity

» Nanostructured surfaces have a significantly higher surface area to volume ratio compared to bulk
materials, resulting in increased reactivity and improved performance in various applications

* The high surface area of nanostructured surfaces enables more efficient catalytic reactions, enhanced
gas sensing capabilities, and improved energy storage capacity (batteries, supercapacitors)

* Increased reactivity of nanostructured surfaces can be leveraged for chemical synthesis,
environmental remediation, and advanced material fabrication

Wetting Behavior and Surface Interactions

» Nanoscale features on surfaces can greatly influence wetting behavior, adhesion, and friction
properties

« Superhydrophobic surfaces with nanoscale roughness can repel water droplets, leading to
self-cleaning and anti-fouling properties (lotus leaf effect)

» Nanostructured surfaces can be engineered to control adhesion and friction, enabling applications
such as gecko-inspired adhesives and low-friction coatings for mechanical components

« Surface interactions at the nanoscale can be tuned for specific applications, such as controlling
protein adsorption on biomedical implants or enhancing cell attachment in tissue engineering scaffolds

Optical Properties and Light-Matter Interactions

» Nanostructured surfaces can exhibit unique optical properties due to their interaction with light at the
nanoscale

» Nanoscale features can enhance light absorption, reflection, and scattering, enabling applications in
photovoltaics (solar cells), optoelectronics, and optical sensing
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* Plasmonic nanostructures on surfaces can confine and manipulate light at subwavelength scales,
leading to enhanced spectroscopy techniques (surface-enhanced Raman spectroscopy) and novel
photonic devices

» Nanostructured surfaces can be designed to exhibit structural colors, enabling applications in color
displays, anti-counterfeiting, and optical data storage

Catalytic Activity and Chemical Reactivity

» Nanostructured surfaces can exhibit enhanced catalytic activity due to their high surface area and the
presence of highly reactive sites

* Nanoscale features on surfaces can expose specific crystal facets or create defects that act as active
sites for catalytic reactions

» Nanostructured catalysts can improve the efficiency and selectivity of chemical reactions, leading to
applications in energy conversion (fuel cells), chemical synthesis, and environmental remediation (air
and water purification)

* The increased surface area of nanostructured surfaces can also enhance gas sensing capabilities by
providing more sites for gas molecule adsorption and reaction

Biocompatibility and Cell-Surface Interactions

» Nanostructured surfaces can be engineered to promote cell adhesion, proliferation, and differentiation,
making them promising for biomedical applications

* Nanoscale topography and surface chemistry can influence cell behavior and guide tissue
regeneration in tissue engineering scaffolds

» Nanostructured coatings on implants can enhance osseointegration and reduce the risk of
implant-associated infections

» Nanostructured surfaces can be functionalized with biomolecules (peptides, proteins) to create
bioactive interfaces for targeted drug delivery and biosensing applications

Fabrication of Nanostructured Surfaces

Top-Down Approaches

» Top-down fabrication methods involve the manipulation of bulk materials to create nanostructured
surfaces

« Lithography techniques, such as electron beam lithography and nanosphere lithography, enable the
patterning of nanostructures on surfaces with high precision and resolution

* Electron beam lithography uses a focused electron beam to write patterns on a resist-coated surface,
allowing for the creation of arbitrary nanoscale features

* Nanosphere lithography utilizes self-assembled monolayers of colloidal nanoparticles as a mask for
etching or deposition, enabling the fabrication of periodic nanostructures

« Etching methods, including wet etching and reactive ion etching, can selectively remove material to
create nanostructured surfaces with controlled morphology and feature sizes

» Wet etching involves the use of chemical solutions to selectively dissolve material, allowing for the
creation of nanopores, nanochannels, and other nanostructures
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* Reactive ion etching utilizes plasma to etch material in a highly anisotropic manner, enabling the
fabrication of high aspect ratio nanostructures

* Nanoimprinting is a technique that uses a mold with nanoscale features to transfer patterns onto a
substrate, enabling high-throughput fabrication of nanostructured surfaces

Bottom-Up Approaches

* Bottom-up fabrication methods involve the assembly of nanoscale building blocks to create
nanostructured surfaces

* Self-assembly techniques, such as block copolymer self-assembly and colloidal self-assembly, rely on
the spontaneous organization of nanoscale components to form ordered nanostructures on surfaces

* Block copolymer self-assembly utilizes the phase separation of immiscible polymer blocks to create
periodic nanostructures with controllable size and spacing

* Colloidal self-assembly involves the organization of nanoparticles into ordered arrays or superlattices
on surfaces, enabling the fabrication of photonic crystals and plasmonic nanostructures

» Chemical vapor deposition (CVD) enables the growth of nanostructures, such as nanowires and
nanotubes, on surfaces through the decomposition of gaseous precursors

* CVD can be used to grow vertically aligned carbon nanotubes, semiconductor nanowires, and other
one-dimensional nanostructures with controlled composition and morphology

* Electrochemical deposition is a technique that uses electric current to deposit materials onto a
conductive substrate, allowing for the fabrication of nanostructured thin films and coatings

« Electrodeposition can be used to create nanostructured metal films, oxide layers, and composite
materials with tunable properties

Hybrid Approaches

+ Hybrid fabrication approaches combine top-down and bottom-up methods to create hierarchical
nanostructures with multi-scale features

« Hierarchical nanostructures can exhibit enhanced properties and functionality compared to
single-scale nanostructures

* Hybrid approaches enable the integration of top-down patterning with bottom-up assembly, allowing
for greater control over the final nanostructured surface

» Examples of hybrid approaches include directed self-assembly, where top-down patterning guides the
bottom-up assembly of nanoscale components, and nanoscale templating, where bottom-up grown
nanostructures are used as templates for top-down patterning

Impact of Nanostructured Surfaces

Electronics and Optoelectronics

» Nanostructured surfaces can significantly improve the performance of electronic and optoelectronic
devices

* In solar cells, nanostructured surfaces can enhance light absorption and charge collection efficiency,
leading to higher power conversion efficiencies
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» Nanostructured anti-reflective coatings and light-trapping schemes can minimize optical losses and
increase the effective optical path length in solar cells

» Nanostructured electrodes can provide high surface area for efficient charge extraction and reduce
recombination losses in organic and perovskite solar cells

» Nanostructured surfaces can enhance the performance of light-emitting diodes (LEDs) by improving
light extraction efficiency and color purity

» Nanophotonic structures, such as photonic crystals and plasmonic nanostructures, can be integrated
into LEDs to control the emission direction and enhance the outcoupling of light

« In transistors and memory devices, nanostructured surfaces can enable the fabrication of
high-density, low-power, and high-speed devices

» Nanostructured gate dielectrics and channel materials can improve the electrostatic control and
reduce leakage currents in transistors

* Nanostructured resistive memory elements can enable high-density data storage with low power
consumption and fast switching speeds

Catalysis and Energy Conversion

» Nanostructured surfaces can greatly enhance the efficiency and selectivity of catalytic reactions

* The high surface area and presence of active sites on nanostructured catalysts can improve the
catalytic activity and reduce the required amount of catalyst material

» Nanostructured catalysts can be designed with tunable pore sizes and surface chemistry to optimize
the adsorption and reaction of specific molecules

* In energy conversion applications, nanostructured surfaces can improve the performance of fuel cells,
electrolyzers, and photocatalytic systems

» Nanostructured electrodes in fuel cells can enhance the catalytic activity and durability of the catalyst
layers, leading to improved power density and longevity

» Nanostructured photocatalysts can efficiently harness solar energy for hydrogen production, CO2
reduction, and environmental remediation

» Nanostructured surfaces can also enhance the performance of batteries and supercapacitors by
providing high surface area for charge storage and facilitating fast ion transport

Biomedicine and Tissue Engineering

» Nanostructured surfaces can be engineered to promote cell-material interactions and guide tissue
regeneration

* Nanoscale topography and surface chemistry can influence cell adhesion, proliferation, and
differentiation, enabling the development of advanced biomaterials for tissue engineering and
regenerative medicine

» Nanostructured scaffolds can mimic the extracellular matrix and provide physical and biochemical
cues to guide cell behavior and tissue formation

» Nanostructured surfaces can be functionalized with bioactive molecules, such as growth factors and
cell adhesion peptides, to enhance cell-material interactions and promote specific cellular responses
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» Nanostructured surfaces can also enhance the performance of biomedical devices and implants

» Nanostructured coatings on implants can improve osseointegration, reduce inflammation, and prevent
bacterial adhesion and biofilm formation

» Nanostructured biosensors can provide high sensitivity and specificity for the detection of biomarkers,
pathogens, and other biological entities

» Nanostructured drug delivery systems can enable targeted and controlled release of therapeutic
agents, improving the efficacy and reducing the side effects of drug treatments

Anti-microbial and Anti-fouling Surfaces

» Nanostructured surfaces can be designed to exhibit anti-microbial and anti-fouling properties,
reducing the risk of infections and biofouling in various applications

» Nanostructured surfaces can physically prevent the attachment and growth of bacteria and other
microorganisms by creating a surface topography that is unfavorable for microbial adhesion

» Nanopillars and nanospikes on surfaces can rupture bacterial cell membranes upon contact, leading
to cell death and preventing biofilm formation

« Superhydrophobic nanostructured surfaces can repel water and prevent the adhesion of bacteria and
other fouling agents

» Nanostructured surfaces can also be functionalized with anti-microbial agents, such as silver
nanoparticles or antimicrobial peptides, to actively kill bacteria and prevent infections

+ Anti-fouling nanostructured surfaces can be used in marine and industrial settings to prevent the
attachment of organisms and reduce the need for frequent cleaning and maintenance

Challenges of Nanostructured Surfaces

Scalability and Manufacturing

* The scalability and cost-effectiveness of fabrication methods for nanostructured surfaces remain a
challenge for large-scale production and commercialization

» Many nanofabrication techniques, such as electron beam lithography and focused ion beam milling,
are slow and expensive, limiting their applicability for high-throughput manufacturing

» The development of scalable and cost-effective manufacturing processes, such as roll-to-roll
nanoimprinting and self-assembly, is crucial for the widespread adoption of nanostructured surfaces in
various industries

* The integration of nanostructured surfaces into existing manufacturing processes and systems may
require significant modifications and optimization, leading to additional complexity and costs

Stability and Durability

* The long-term stability and durability of nanostructured surfaces under various environmental
conditions need to be addressed for reliable performance in real-world applications

» Nanostructured surfaces may be susceptible to degradation, oxidation, or mechanical damage when
exposed to harsh environments, such as high temperatures, corrosive chemicals, or mechanical stress
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» The development of robust and protective coatings or surface treatments is necessary to enhance the
stability and durability of nanostructured surfaces

* Accelerated aging tests and long-term performance evaluations are essential to assess the reliability
and lifetime of nanostructured surfaces in specific applications

Safety and Environmental Concerns

* The potential toxicity and environmental impact of nanomaterials used in nanostructured surfaces
should be carefully evaluated to ensure their safe use and disposal

» Nanomaterials may exhibit different toxicological properties compared to their bulk counterparts due to
their small size and high surface area

* The release of nanomaterials from nanostructured surfaces during use or disposal may pose risks to
human health and the environment

* Rigorous safety assessments, including in vitro and in vivo studies, are necessary to determine the
biocompatibility and ecological safety of nanostructured surfaces

* The development of safe-by-design strategies and the implementation of appropriate safety guidelines
and regulations are crucial for the responsible development and use of nanostructured surfaces

Standardization and Quality Control

*» The lack of standardized characterization techniques and quality control methods for nanostructured
surfaces can hinder their reliable and consistent production across different laboratories and industries

» The development of standardized protocols for the synthesis, characterization, and performance
evaluation of nanostructured surfaces is necessary to ensure reproducibility and comparability of
results

* Robust quality control measures, including in-line monitoring and non-destructive testing, are essential
to maintain the desired properties and functionality of nanostructured surfaces during manufacturing

* The establishment of international standards and guidelines for the characterization and reporting of
nanostructured surfaces can facilitate their adoption and commercialization

Intellectual Property and Commercialization

* The intellectual property landscape surrounding nanostructured surfaces can be complex, with
potential patent barriers and licensing requirements that may limit their widespread adoption and
commercialization

» The novelty and non-obviousness of nanostructured surfaces may be challenged due to the rapidly
evolving nature of the field and the existence of prior art

* The high costs associated with patent filing, maintenance, and enforcement can be a barrier for small
companies and academic institutions working on nanostructured surfaces

» The development of clear intellectual property strategies and the establishment of licensing
agreements and partnerships are important for the successful commercialization of nanostructured
surfaces

* The identification of key application areas and market opportunities is crucial for the successful
translation of nanostructured surfaces from research to industry
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13.3 Biomimetic surfaces and smart materials

Biomimetic surfaces and smart materials are revolutionizing materials design. Inspired by nature, these
engineered surfaces mimic unique properties like superhydrophobicity and self-cleaning, while smart
materials respond to external stimuli, changing their properties on demand.

From anti-fouling coatings to adaptive drug delivery systems, these innovations are tackling challenges in
healthcare, energy, and sustainability. By combining nature's design principles with cutting-edge materials
science, we're creating advanced functional surfaces with enhanced performance and adaptability.

Biomimetic surfaces: Inspiration from nature

Natural systems and their unique properties

* Biomimetic surfaces are engineered materials designed to mimic the unique properties and functions
of biological surfaces found in nature

* Natural systems exhibit remarkable surface characteristics that have evolved over millions of years to
adapt to specific environmental conditions

* Plant leaves (lotus leaf)

* Animal skin (shark skin)

* Insect wings (butterfly wings)

* These biological surfaces often display multifunctional properties
 Superhydrophobicity

* Self-cleaning

* Anti-fouling

* Drag reduction

Studying biomimetic surfaces

* The study of biomimetic surfaces involves understanding the underlying mechanisms and
micro/nanostructures responsible for these desirable properties in natural systems

+ Biomimetic surfaces aim to replicate or adapt these natural design principles to create advanced
materials with enhanced performance and sustainability

* Improved efficiency
* Increased durability
* Reduced environmental impact

* Researchers investigate the structure-property relationships of biological surfaces at multiple length
scales (macro, micro, nano) to gain insights for biomimetic design
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Design and fabrication of biomimetic surfaces

Design principles and surface characteristics

* The design of biomimetic surfaces relies on understanding the hierarchical micro/nanostructures and
chemical compositions of natural surfaces that contribute to their unique properties

« Surface roughness and topography play a crucial role in determining the wetting behavior and
adhesion properties of biomimetic surfaces

+ Creation of micro/nanoscale features such as pillars, grooves, or bumps
+ Biomimetic surfaces often exhibit hierarchical roughness at multiple length scales

» Chemical modification techniques are used to tune the surface chemistry and enhance the desired
properties of biomimetic surfaces

* Application of low surface energy coatings

* Incorporation of functional groups

Fabrication methods and materials selection

+ Fabrication methods for biomimetic surfaces include top-down approaches and bottom-up approaches
» Top-down approaches: lithography, etching
* Bottom-up approaches: self-assembly, layer-by-layer deposition

» These methods enable precise control over the surface structure and composition at different length
scales

* The choice of materials for biomimetic surfaces depends on the targeted application
* Polymers

* Metals

» Ceramics

» Composites

» Materials are engineered to exhibit the desired surface properties and compatibility with the fabrication
processes

+ Characterization techniques are essential for analyzing the morphology, roughness, and wetting
behavior of biomimetic surfaces

» Scanning electron microscopy (SEM)
+ Atomic force microscopy (AFM)

« Contact angle measurements
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Properties and applications of smart materials

Surface-responsive smart materials

» Smart materials are a class of materials that can sense and respond to external stimuli by altering
their properties or functions

» Temperature

«pH

* Light

* Electric or magnetic fields
* Mechanical stress

« Surface-responsive smart materials exhibit dynamic changes in their surface properties in response to
specific environmental triggers

» Wettability

+» Adhesion

» Permeability

» Examples of surface-responsive smart materials

» Thermo-responsive polymers (poly(N-isopropylacrylamide))
* pH-responsive polymers (poly(acrylic acid))

* Photo-responsive materials (azobenzene-containing polymers)

Applications of surface-responsive smart materials

» These materials can switch between hydrophobic and hydrophilic states, or between adhesive and
non-adhesive states, depending on the applied stimulus

 Enables the control of surface interactions

* Allows the development of adaptive interfaces

* Surface-responsive smart materials find applications in various fields
+ Controllable drug delivery systems

* Self-cleaning surfaces

» Smart textiles

* Anti-fouling coatings

* Microfluidic devices

» The combination of biomimetic surface design principles with smart material properties can lead to the
development of advanced functional surfaces with enhanced responsiveness, adaptability, and
multifunctionality
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Biomimetic surfaces vs smart materials for engineering challenges

Opportunities and potential applications

* Biomimetic surfaces and smart materials offer unique opportunities to address complex engineering
challenges across different sectors

* Healthcare

* Energy

* Transportation

* Environmental sustainability

* In the biomedical field, biomimetic surfaces can be used to develop
+ Anti-thrombogenic coatings for implants

* Cell-instructive scaffolds for tissue engineering

* Bio-inspired drug delivery systems with controlled release properties
» Energy applications of biomimetic surfaces include

» Superhydrophobic and self-cleaning solar panel coatings to enhance light absorption and maintain
efficiency

* Bio-inspired fuel cell membranes with improved ion transport properties
* In the transportation industry, biomimetic surfaces can be applied to create

+ Drag-reducing coatings for ships and aircraft, inspired by the micro/nanostructures found on shark
skin or bird feathers

+ Leading to improved fuel efficiency and reduced environmental impact

Challenges and future perspectives

» Environmental applications of biomimetic surfaces and smart materials include

» Advanced filtration membranes for water purification, inspired by the selective permeability of
biological membranes

» Smart sensors for environmental monitoring and pollution detection

* The integration of biomimetic surfaces with smart materials can enable the creation of responsive and
adaptive systems that can autonomously adjust their properties based on changing environmental
conditions

* Improved performance

* Increased resilience

* Challenges in the widespread adoption of biomimetic surfaces and smart materials
* Scalability

* Long-term durability
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* Need for standardized testing and evaluation methods to ensure reliable performance in real-world
applications

* Future research directions may focus on

+ Developing novel fabrication techniques for large-scale production

* Investigating the long-term stability and performance of biomimetic surfaces and smart materials
» Establishing standardized characterization and testing protocols

* Exploring the integration of biomimetic surfaces with other functional materials and systems for
enhanced multifunctionality

13.4 Computational modeling of surfaces and interfaces

Computational modeling of surfaces and interfaces is a game-changer in materials science. It lets us peek
into the atomic world, predicting how surfaces behave and react. This powerful tool guides the design of
new materials, saving time and money in the lab.

From adsorption to catalysis, computational methods reveal the secrets of surface phenomena. By
simulating atomic interactions, we can optimize materials for specific uses, like better solar cells or more
efficient catalysts. It's like having a crystal ball for surface science!

Computational Modeling for Surfaces

Fundamentals of Computational Modeling

» Computational modeling uses mathematical equations and computer simulations to study and predict
the behavior of surfaces and interfaces at the atomic and molecular level

» Computational techniques enable the exploration of surface and interface properties that are difficult
or impossible to measure experimentally, such as atomic-scale structure, electronic properties, and
reaction mechanisms

» Computational modeling can guide the design of new materials with desired surface and interface
properties by predicting the effects of composition, structure, and environmental conditions on material
performance

« Computational studies can provide insights into the fundamental mechanisms underlying surface
phenomena, such as adsorption, diffusion, growth, and chemical reactions

» The accuracy and reliability of computational predictions depend on the choice of theoretical methods,
the quality of input data, and the validation against experimental results

Advantages and Applications of Computational Modeling

« Computational modeling offers a cost-effective and time-efficient approach to investigate a wide range
of surface and interface properties, complementing experimental studies

» Computational studies can screen and optimize materials for specific applications (catalysis, sensing,
coatings) by predicting their surface properties and performance

» Computational modeling enables the exploration of extreme conditions (high temperature, pressure)
or hazardous environments (corrosive, radioactive) that are challenging for experimental
measurements
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« Computational methods can provide atomic-level insights into the mechanisms of surface reactions,
helping to rationalize experimental observations and guide the development of new materials and
processes

» Computational modeling plays a crucial role in the rational design of surfaces and interfaces for
advanced technologies, such as renewable energy (solar cells, fuel cells), environmental remediation
(membranes, adsorbents), and biomedical applications (implants, drug delivery)

Modeling Surface Phenomena

Adsorption and Desorption Processes

« Adsorption involves the binding of molecules or atoms (adsorbates) onto a surface (substrate),
governed by the interplay of adsorbate-adsorbate and adsorbate-substrate interactions

» Computational methods can predict adsorption energies, geometries, and coverage-dependent
behavior, providing insights into the stability and reactivity of adsorbed species

+ Different adsorption mechanisms (physisorption, chemisorption) can be distinguished based on the
strength and nature of the adsorbate-substrate interactions, as revealed by electronic structure
calculations

* Desorption, the reverse process of adsorption, can be modeled to determine the activation barriers
and kinetics of adsorbate removal from surfaces, relevant for catalysis and sensing applications

» Computational studies can investigate the effect of surface defects (vacancies, steps, kinks) and
co-adsorbates on the adsorption and desorption behavior, guiding the design of selective and
responsive surfaces

Surface Diffusion and Transport

« Surface diffusion refers to the motion of adsorbates along the surface, driven by concentration
gradients and influenced by the surface structure and interactions

» Computational methods (molecular dynamics, kinetic Monte Carlo) can simulate the trajectories and
rates of surface diffusion, providing insights into the mobility and spatial distribution of adsorbates

« The diffusion coefficients and activation barriers for surface diffusion can be calculated from
computational models, enabling the prediction of mass transport and reaction kinetics on surfaces

» Computational studies can investigate the role of surface morphology (terraces, steps, defects) and
adsorbate-adsorbate interactions in controlling the diffusion pathways and rates

* The interplay between surface diffusion and other processes (adsorption, desorption, reaction) can be
modeled to understand the overall behavior of surface systems, such as catalytic reaction networks or

self-assembly processes

Surface Reactions and Catalysis

« Surface reactions involve the transformation of adsorbed species through chemical bond breaking and

formation, often catalyzed by the surface

» Computational methods (density functional theory, ab initio molecular dynamics) can model the
electronic structure and reaction pathways of surface reactions, providing insights into the catalytic
mechanisms and selectivity
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* Reaction energetics, including activation barriers and reaction enthalpies, can be calculated from
computational models, enabling the prediction of reaction rates and equilibrium constants

» Computational studies can investigate the role of surface structure (facets, defects) and composition
(alloys, dopants) in modulating the catalytic activity and selectivity, guiding the design of efficient
catalysts

* The effect of reaction conditions (temperature, pressure, pH) on surface reactions can be modeled
computationally, helping to optimize the performance and stability of catalytic systems

Interpreting Computational Results

Quantitative Predictions and Experimental Validation

» Computational studies can provide quantitative predictions of surface and interface properties, such
as adsorption energies, diffusion coefficients, and reaction rates, which can be compared with
experimental measurements

* The validation of computational results against experimental data is crucial for assessing the accuracy
and reliability of the models and methods employed

» Discrepancies between computational predictions and experimental observations can arise from the
approximations and limitations of the computational methods, as well as from the differences in the
experimental conditions and sample preparation

* Iterative refinement of computational models based on experimental feedback can improve the
agreement between simulations and experiments, leading to more predictive and robust computational
approaches

* Collaborative efforts between computational and experimental researchers are essential for advancing
the understanding and design of surfaces and interfaces through a synergistic combination of modeling
and measurement techniques

Visualization and Analysis of Atomic-Scale Structure

*» The atomic-scale structure and composition of surfaces and interfaces can be visualized and analyzed
from computational models, providing insights into the arrangement of atoms, the presence of defects,
and the nature of chemical bonding

* Three-dimensional visualization tools (VMD, PyMOL, OVITO) can be used to render and manipulate
the atomic structures obtained from computational simulations, facilitating the interpretation and
communication of results

« Structural analysis techniques, such as radial distribution functions, coordination number analysis, and
surface reconstruction identification, can be applied to computational models to quantify the local and
global features of surfaces and interfaces

» Computational studies can reveal the dynamic evolution of surface structures during processes such
as growth, phase transitions, and reactions, providing insights into the mechanisms and kinetics of
surface transformations

» The comparison of computationally predicted surface structures with experimental imaging techniques
(scanning tunneling microscopy, atomic force microscopy) can validate the accuracy of the models and
provide a deeper understanding of surface phenomena at the atomic scale
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Electronic Structure and Properties

« Electronic structure calculations can reveal the distribution of electrons and the formation of surface
states, which govern the optical, magnetic, and catalytic properties of materials

* Density of states (DOS) and band structure diagrams can be computed to visualize the electronic
energy levels and the presence of surface or interface states, providing insights into the electronic
properties and reactivity of surfaces

» Charge density maps and electrostatic potential profiles can be calculated to understand the spatial
distribution of electrons and the local electric fields at surfaces and interfaces, relevant for adsorption,
charge transfer, and polarization phenomena

» Computational studies can investigate the effect of surface or interface modifications (doping,
functionalization, strain) on the electronic structure and properties, guiding the design of materials with
tunable electronic characteristics

* The coupling of electronic structure calculations with spectroscopic techniques (X-ray photoelectron
spectroscopy, UV-vis spectroscopy) can provide a comprehensive understanding of the electronic
behavior of surfaces and interfaces, linking computational predictions with experimental observables

Structure-Property Relationships and Design Principles

» Computational studies can identify the most stable surface terminations and the preferred sites for
adsorption and reaction, guiding the selection of materials and the optimization of surface
functionalization

* The results of computational modeling can be used to establish structure-property relationships and
design principles for tailoring the performance of materials in specific applications, such as catalysis,
sensing, and coatings

» Computational screening of surface and interface properties across a wide range of materials and
compositions can identify trends and correlations, enabling the rational design of materials with desired
characteristics

* Machine learning techniques can be applied to computational datasets to discover complex
structure-property relationships and predict the behavior of new materials based on their surface or
interface features

* The integration of computational modeling with materials informatics and databases can accelerate
the discovery and optimization of surfaces and interfaces for various applications, by leveraging the
vast amount of available data and knowledge

Limitations of Surface Modeling

Accuracy and Approximations

 The accuracy of computational predictions depends on the level of theory and the approximations
used, such as the choice of exchange-correlation functional in DFT or the parametrization of force fields
in MD simulations

« Different computational methods have varying levels of accuracy and computational cost, requiring a
trade-off between the desired precision and the feasibility of the calculations
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* The treatment of electron correlation, relativistic effects, and long-range interactions can affect the
accuracy of electronic structure calculations, particularly for systems with strong correlations or heavy
elements

* The choice of basis sets, pseudopotentials, and boundary conditions can influence the convergence
and reliability of computational results, requiring careful benchmarking and validation

» Approximations in the description of the surface or interface, such as the use of slab models or
periodic boundary conditions, can introduce artifacts or limitations in the computational predictions,
necessitating a critical assessment of the model assumptions

Idealized Models and Real-World Complexity

» Computational modeling often relies on idealized models of surfaces and interfaces, neglecting the
effects of defects, impurities, and environmental factors, which can limit the transferability of results to
real-world systems

* The presence of surface defects (vacancies, steps, kinks) and adsorbates can significantly alter the
properties and reactivity of surfaces, requiring the incorporation of these features into computational
models for realistic predictions

» The modeling of surfaces and interfaces under realistic operating conditions, such as high
temperatures, pressures, or reactive environments, poses additional challenges due to the increased
complexity and the need for accurate thermodynamic and kinetic descriptions

* The treatment of solvation effects, electrolyte interactions, and pH-dependent phenomena is crucial
for modeling surfaces and interfaces in aqueous or electrochemical environments, requiring the
development of specialized computational methods and force fields

» The modeling of complex and heterogeneous surfaces and interfaces, such as those found in
nanomaterials, composites, or biological systems, requires the integration of multiple computational
methods and experimental techniques to capture the multiscale and multiphysics nature of these
systems

Computational Cost and Scalability

» The computational cost and scaling of quantum mechanical methods, such as DFT, can limit their
applicability to small system sizes and short time scales, requiring the development of more efficient
algorithms and hardware

» The treatment of large systems, such as nanoparticles, surfaces with extended defects, or interfaces
with long-range interactions, can be computationally demanding, requiring the use of linear-scaling
methods or multiscale approaches

» The simulation of rare events, such as nucleation, phase transitions, or slow reactions, can be
challenging due to the long time scales involved, requiring the use of enhanced sampling techniques or
accelerated dynamics methods

+ The parallelization and optimization of computational codes for high-performance computing
architectures, such as GPUs or supercomputers, is essential for enabling the efficient modeling of
large-scale surface and interface systems

» The development of user-friendly and interoperable software tools for surface and interface modeling
is crucial for facilitating the adoption and application of computational methods by experimental
researchers and industry practitioners
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Future Directions and Emerging Approaches

* Future developments in computational modeling of surfaces and interfaces include the incorporation
of machine learning and artificial intelligence methods, the coupling of computational and experimental
data, and the integration of computational tools into materials discovery and design workflows

» Machine learning techniques, such as neural networks and Gaussian process regression, can be
trained on computational datasets to predict surface and interface properties, accelerate simulations,
and guide the exploration of vast chemical and structural spaces

* The integration of computational modeling with high-throughput experimentation and materials
informatics can enable the rapid screening and optimization of surfaces and interfaces for specific
applications, by combining the predictive power of simulations with the efficiency of automated
synthesis and characterization techniques

» The development of multiscale and multiphysics modeling frameworks that seamlessly connect
different computational methods across length and time scales is essential for capturing the complex
behavior of surfaces and interfaces, from electronic structure to mesoscale morphology and
device-level performance

* The coupling of computational modeling with in situ and operando experimental techniques, such as
surface-sensitive spectroscopies and microscopes, can provide real-time insights into the dynamic
evolution of surfaces and interfaces under realistic conditions, enabling the validation and refinement of
computational models

* The incorporation of uncertainty quantification and sensitivity analysis methods into computational
workflows can assess the robustness and reliability of computational predictions, guide the selection of
key input parameters, and inform the design of experiments for model validation and improvement
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Unit 14 — Environmental and Biological
Surface Science Applications

14.1 Environmental catalysis and remediation

Environmental catalysis and remediation are crucial for tackling pollution and protecting our planet. These
techniques use special materials to clean up air and water, breaking down harmful substances into safer
ones. It's like having tiny helpers that work tirelessly to keep our environment clean.

From adsorption to photocatalysis, various methods are used to remove pollutants. Scientists are
constantly improving these techniques, making them more efficient and sustainable. The goal is to create
powerful, eco-friendly solutions that can be used on a large scale to combat environmental challenges.

Heterogeneous Catalysis for Environmental Applications

Principles and Mechanisms

» Heterogeneous catalysis uses solid catalysts to facilitate chemical reactions where the catalyst and
reactants are in different phases

« Contrasts with homogeneous catalysis where the catalyst and reactants are in the same phase (liquid
or gas)

» Adsorption is a key process in heterogeneous catalysis, involving reactant molecules binding to the
surface of the catalyst

« Strength of adsorption influences the activity and selectivity of the catalyst

» Weak adsorption may not activate the reactants sufficiently, while strong adsorption can hinder
product desorption

« Surface reactions in heterogeneous catalysis occur at active sites on the catalyst surface

* Active sites can be atoms, defects, or specific surface structures that lower the activation energy of
the reaction

* Examples of active sites include step edges, kinks, and vacancies on metal surfaces or acid sites in
zeolites

Limitations and Deactivation

* Mass transfer limitations can affect the performance of heterogeneous catalysts in environmental
applications

« Diffusion of reactants to the catalyst surface and products away from the surface can be rate-limiting
steps

* Pore size and morphology of the catalyst can influence mass transfer rates
« Catalyst deactivation occurs through various mechanisms
« Poisoning: irreversible adsorption of impurities that block active sites (sulfur, heavy metals)

« Sintering: thermal aggregation of catalyst particles, reducing surface area and active sites
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» Coking: deposition of carbonaceous species on the catalyst surface, blocking active sites
« Strategies to mitigate deactivation include catalyst regeneration and the use of promoters or supports

* Regeneration involves removing the deactivating species through thermal or chemical treatments
(oxidation, reduction)

» Promoters are additives that enhance the stability or selectivity of the catalyst (alkali metals, rare earth
oxides)

» Supports provide a high surface area and thermal stability to the active phase (alumina, silica, carbon)

Surface Properties in Catalyst Design

Physical and Chemical Properties

« Surface area is a critical property of catalysts for pollution control, determining the number of active
sites available for reaction

* High surface area materials such as zeolites and mesoporous materials are commonly used
(MCM-41, SBA-15)

« Surface composition and structure influence the activity and selectivity of catalysts

* Presence of specific metal atoms or oxide phases on the surface can enhance the adsorption and
activation of reactant molecules

« Examples include noble metals (Pt, Pd, Au) for oxidation reactions and transition metal oxides (TiO2,
Ce02) for redox reactions

« Surface acidity and basicity play a role in catalytic reactions for pollution control
+ Acid sites promote cracking and isomerization reactions (Brgnsted and Lewis acids)
* Basic sites facilitate oxidation and reduction reactions (metal oxides, hydrotalcites)

« Surface hydrophobicity affects the adsorption of water and other polar molecules on the catalyst
surface

» Hydrophobic surfaces can be beneficial for reactions involving non-polar reactants (VOCs)

» Examples include siliceous zeolites and fluorinated carbon materials

Surface Functionalization

« Surface functionalization with organic or inorganic species can modify the properties of catalysts for
specific applications

* Grafting of amine groups enhances the adsorption of acidic pollutants such as CO2 and SO2
* Incorporation of metal nanoparticles improves the catalytic activity and selectivity (Au, Ag, Cu)
* Techniques for surface functionalization include impregnation, grafting, and co-precipitation

* Impregnation involves depositing a precursor solution onto the support followed by drying and
calcination

« Grafting involves covalent bonding of functional groups to the surface through organosilane or
phosphonic acid coupling agents
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» Co-precipitation involves simultaneous formation of the support and active phase from a mixed
precursor solution

Effectiveness of Surface-Based Remediation

Adsorption and Catalytic Oxidation

* Adsorption is a widely used technique for removing pollutants from air and water

» Adsorbents such as activated carbon, zeolites, and metal-organic frameworks can selectively bind
pollutant molecules

 Adsorption capacity and selectivity depend on the surface area, pore size, and surface chemistry of
the adsorbent

« Catalytic oxidation is effective for converting volatile organic compounds (VOCs) and other pollutants
into less harmful products such as CO2 and H20

+ Catalysts such as noble metals (Pt, Pd) and transition metal oxides (Co304, MnO2) are commonly
used

+ Oxidation reactions can occur at low temperatures (200-400°C) in the presence of a suitable catalyst

Photocatalysis and Bioremediation

* Photocatalysis involves the use of semiconductor materials that generate reactive species upon
exposure to light

* Reactive species such as hydroxyl radicals and superoxide anions can degrade organic pollutants and
inactivate microorganisms in water and air

« Titanium dioxide (TiO2) is the most widely used photocatalyst due to its high activity, stability, and low
cost

* Bioremediation utilizes microorganisms to degrade or transform pollutants into less toxic forms
» Immobilization of microorganisms on solid supports enhances their stability and reusability

» Examples include the use of bacteria and fungi for the degradation of hydrocarbons, pesticides, and
heavy metals

» Membrane-based techniques such as ultrafiltration and reverse osmosis can remove pollutants based
on size exclusion or charge repulsion

« Surface modification of membranes with functional groups or nanoparticles can improve their
selectivity and fouling resistance

« Examples include the use of cellulose acetate and polyamide membranes for water purification and
desalination

Challenges and Prospects of Environmental Catalysis

Scale-up and Integration

« Catalyst stability and regeneration are major challenges in environmental applications
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« Strategies to improve catalyst lifetime include the use of supports, promoters, and novel synthesis
methods (sol-gel, hydrothermal)

* Scaling up catalytic processes from lab to industrial scale can be difficult due to mass and heat
transfer limitations

» Reactor design and optimization are important considerations for large-scale implementation
(fixed-bed, fluidized-bed, monolithic reactors)

* Integration of catalysis with other technologies such as adsorption and membrane separation can
enhance the overall efficiency of pollution control systems

+ Multifunctional materials that combine catalytic and separation properties are an emerging area of
research (catalytic membranes, adsorbent-catalyst hybrids)

Sustainability and Fundamental Understanding

* Development of low-cost and sustainable catalysts is crucial for widespread adoption of environmental
catalysis

* The use of earth-abundant metals (Fe, Cu, Ni), biomass-derived supports (chitosan, cellulose), and
waste-derived precursors (fly ash, red mud) can reduce the environmental impact of catalyst production

* Fundamental understanding of catalytic mechanisms and structure-property relationships is essential
for rational design of catalysts

» Advanced characterization techniques such as in situ spectroscopy (FTIR, Raman) and microscopy
(TEM, AFM) can provide valuable insights into catalyst behavior under reaction conditions

» Computational modeling and machine learning approaches can accelerate the discovery and
optimization of catalysts for environmental applications

+ Density functional theory (DFT) calculations can predict the adsorption and reaction energetics on
catalyst surfaces

* Machine learning models can identify promising catalyst compositions and structures based on
experimental data and theoretical descriptors

14.2 Biointerfaces and biosensors

Biointerfaces are where biology meets artificial materials, sparking crucial interactions. These boundaries
shape how proteins and cells behave, influencing everything from implants to drug delivery. Understanding
biointerfaces is key to creating materials that play nice with our bodies.

Surface-based biosensors use these biointerfaces to detect specific molecules. By sticking biological
recognition elements onto surfaces, we can measure things like disease markers or environmental toxins.
These tools are changing the game in medicine, food safety, and beyond.

Biointerfaces: Fundamental Concepts and Significance

Key Concepts and Interactions at Biointerfaces

* Biointerfaces are the boundaries between biological systems and artificial materials where interactions
and exchanges occur at the molecular level

« Surface properties, such as chemical composition, topography, and wettability, play a critical role in
determining the behavior of biomolecules and cells at biointerfaces
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* Biointerfaces involve various interactions, including:
* Protein adsorption

+ Cell adhesion

« Signal transduction

* These interactions can influence the biocompatibility and functionality of materials

Importance and Applications of Biointerfaces

* The study of biointerfaces is crucial for understanding the compatibility, functionality, and performance
of materials in contact with biological environments

» The formation of a protein corona on the surface of nanomaterials can alter their biological identity and
impact their interactions with cells and tissues

* Biointerfaces are essential for the development of:
+ Biomaterials

 Implantable devices

» Tissue engineering scaffolds

* Drug delivery systems

Surface-Based Biosensors: Principles and Applications

Principles and Components of Surface-Based Biosensors

* Biosensors are analytical devices that combine a biological recognition element with a
physicochemical transducer to detect and quantify specific analytes

« Surface-based biosensors rely on the immobilization of biorecognition elements, such as enzymes,
antibodies, or aptamers, on a solid surface to capture target molecules

* The transduction mechanism in biosensors converts the biological recognition event into a
measurable signal, such as:

* Electrochemical signals
* Optical signals

* Piezoelectric signals

Types and Applications of Surface-Based Biosensors

« Surface plasmon resonance (SPR) biosensors exploit the sensitivity of surface plasmons to changes
in refractive index caused by biomolecular interactions at the sensor surface

« Electrochemical biosensors, including amperometric and potentiometric sensors, utilize the electrical
properties of the biointerface to detect and quantify analytes

* Optical biosensors, such as fluorescence and colorimetric sensors, rely on changes in optical
properties induced by the binding of target molecules to the biorecognition elements

* Biosensors find applications in various fields:
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* Medical diagnostics
» Environmental monitoring
* Food safety

* Drug discovery

Surface Modification for Biocompatibility and Biosensor Performance

Surface Modification Techniques

« Surface modification techniques are employed to tailor the properties of biointerfaces to improve their
compatibility with biological systems and enhance the performance of biosensors

» Chemical modification methods can be used to introduce functional groups, control surface energy,
and prevent nonspecific adsorption, such as:

* Self-assembled monolayers (SAMs)
* Polymer coatings

* Physical modification techniques can alter the surface topography, roughness, and wettability to
promote cell adhesion and growth, including:

* Plasma treatment

* lon implantation

Biomolecule Immobilization and Surface Patterning

+ Biomolecule immobilization strategies are crucial for the stable and oriented attachment of
biorecognition elements on biosensor surfaces, such as:

+ Covalent coupling
+ Affinity-based methods

« Surface patterning techniques enable the creation of spatially controlled biointerfaces for cell
patterning and multiplexed biosensing, like:

» Microcontact printing
* Photolithography

» Nanostructured surfaces, such as nanoporous materials and nanoparticle arrays, can enhance the
sensitivity and specificity of biosensors by increasing the surface area and providing unique optical or
electrical properties

+ Antifouling coatings, such as poly(ethylene glycol) (PEG) and zwitterionic polymers, can minimize
nonspecific protein adsorption and improve the long-term stability of biointerfaces and biosensors

Challenges and Future Directions in Biointerfaces and Biosensors

Challenges in Biointerface Design and Biosensor Development

+ Achieving long-term stability and functionality of biointerfaces in complex biological environments,
such as blood or tissue fluids, is a major challenge
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» Maintaining the activity and specificity of immobilized biomolecules over extended periods remains a
hurdle in the development of reliable biosensors

* Biofouling, caused by nonspecific adsorption of proteins and cells, can compromise the performance
and sensitivity of biosensors, requiring the development of effective antifouling strategies

* Miniaturization and integration of biosensors into portable and wearable devices pose challenges in
terms of:

* Power consumption
« Signal processing

» Data transmission

Future Directions and Opportunities

+ Developing biosensors with multiplexing capabilities, allowing the simultaneous detection of multiple
analytes, is essential for comprehensive disease diagnosis and monitoring

* Incorporating stimuli-responsive materials and advanced signal amplification strategies can enhance
the sensitivity and dynamic range of biosensors

« Exploring the potential of nanomaterials for the fabrication of high-performance biosensors is an active
area of research, such as:

» Graphene
+ Carbon nanotubes
* Metal-organic frameworks

* Integrating biosensors with microfluidic systems and lab-on-a-chip devices can enable automated
sample handling, processing, and analysis for point-of-care applications

» Addressing biocompatibility issues and ensuring the safety and efficacy of implantable biosensors for
long-term in vivo monitoring remain important challenges

« Collaborative efforts between material scientists, biologists, and engineers are crucial for the
development of advanced biointerfaces and biosensors that can revolutionize:

* Healthcare
» Environmental monitoring

* Industrial applications

14.3 Surface science in corrosion and tribology

Surface science plays a crucial role in understanding and preventing corrosion and wear in materials. By
studying how surfaces interact with their environment, we can develop better ways to protect against
degradation and improve the performance of various components.

Corrosion and tribology are key areas where surface science principles are applied. From automotive parts
to medical implants, these concepts help engineers create more durable and efficient products. Let's dive
into the fascinating world of surfaces and how they impact our daily lives.
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Surface science principles for corrosion and tribology

Corrosion and tribology fundamentals

« Corrosion is the degradation of materials due to chemical or electrochemical reactions with the
environment

* Involves anodic and cathodic reactions with the transfer of electrons between the material and the
environment

» Formation of protective oxide layers can passivate the surface and reduce corrosion rates
« Tribology is the study of friction, wear, and lubrication between interacting surfaces in relative motion
* Involves the interaction of surface asperities, leading to adhesion, abrasion, and deformation

* Presence of lubricants can reduce friction and wear by separating the surfaces and minimizing direct
contact

Surface properties influencing corrosion and tribology

» Chemical composition, microstructure, and surface energy significantly influence the corrosion and
tribological behavior of materials

« Surface roughness and topography affect the contact area and stress distribution, influencing friction
and wear behavior

» Smoother surfaces generally exhibit lower friction and wear compared to rough surfaces

Surface properties in corrosion and wear

Chemical composition and microstructure effects

» Chemical composition of the surface determines its reactivity and corrosion resistance

« Alloys with higher contents of corrosion-resistant elements (chromium, nickel) form stable passive
films and exhibit better corrosion performance

* Microstructure of the surface (grain size, phase distribution, defects) influences the corrosion behavior

* Finer grains and homogeneous microstructures generally improve corrosion resistance

Surface energy and environmental factors

« Surface energy and wettability play a crucial role in the interaction between the surface and the
environment

« Surfaces with high surface energy are more prone to corrosion and adhesive wear

» Environmental factors (temperature, pH, presence of aggressive species) significantly affect the
corrosion rate and mechanism

» Higher temperatures and more acidic or alkaline environments accelerate corrosion

* Presence of abrasive particles (sand, debris) can cause abrasive wear, leading to material removal
and surface damage

* Lubrication conditions (type of lubricant, viscosity, additives) affect the friction and wear behavior
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« Effective lubrication reduces friction and wear by forming a protective film between the surfaces

Surface modification techniques for corrosion and friction

Coatings and surface treatments

+ Coatings and surface treatments are widely used to improve corrosion resistance and tribological
properties

« Common coating techniques include electroplating, thermal spraying, physical vapor deposition
(PVD), and chemical vapor deposition (CVD)

* Electroplating involves the deposition of a thin layer of a protective metal (chromium, nickel) onto the
surface using an electric current

« Electroplated coatings provide a barrier against corrosion and can enhance wear resistance

» Thermal spraying techniques (plasma spraying, high-velocity oxy-fuel spraying) involve the deposition
of molten or semi-molten particles onto the surface

» These coatings offer excellent corrosion protection and wear resistance
* PVD and CVD processes involve the deposition of thin films under vacuum conditions

» PVD techniques (sputtering, evaporation) produce dense and adherent coatings with good corrosion
and wear resistance

* CVD techniques (plasma-enhanced CVD) enable the deposition of hard and wear-resistant coatings
(diamond-like carbon)

Surface modification and texturing techniques

« Surface modification techniques (nitriding, carburizing, laser surface hardening) involve the diffusion
of elements (nitrogen, carbon) into the surface or the transformation of the surface microstructure

» These treatments improve the hardness, wear resistance, and corrosion resistance of the surface

« Surface texturing techniques (laser surface texturing, micro-patterning) create specific surface
topographies that can reduce friction and wear

* Involve the creation of micro-scale features (dimples, grooves) which act as lubricant reservoirs and
debris traps

Industrial applications of surface science

Automotive and aerospace industries

» Surface science plays a critical role in various industrial sectors where corrosion and wear are major
concerns

* In the automotive industry, surface treatments and coatings are applied to engine components, brake
systems, and body parts to enhance corrosion resistance and tribological performance

» Examples include DLC coatings on engine components and zinc-nickel coatings on fasteners

» The aerospace industry relies on advanced surface technologies to protect components from
corrosion and wear in harsh operating conditions
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» Thermal barrier coatings (TBCs) are used on turbine blades to improve high-temperature corrosion
and oxidation resistance

Oil and gas and biomedical industries

« In the oil and gas industry, surface science is crucial for preventing corrosion and wear in pipelines,
drilling equipment, and offshore structures

« Corrosion-resistant alloys and protective coatings are employed to mitigate corrosion in aggressive
environments containing CO2, H2S, and chlorides

» The biomedical industry utilizes surface modifications to improve the biocompatibility, corrosion
resistance, and wear resistance of implants and medical devices

« Surface treatments (anodization, plasma spraying) are used to enhance the osseointegration and
long-term stability of orthopedic implants

Challenges and advancements

+ Challenges in applying surface science to corrosion and tribology include the need for long-term
durability and stability of coatings and treatments under extreme operating conditions

» Compatibility between the coating and the substrate material is crucial to avoid delamination and
failure

« Selection of appropriate surface modification techniques depends on the specific application, material
properties, and environmental conditions

+ Optimization of process parameters and quality control are essential to ensure the desired surface
properties and performance

» Advances in surface characterization techniques (scanning electron microscopy, X-ray photoelectron
spectroscopy, nanoindentation) enable a better understanding of the surface chemistry, morphology,
and mechanical properties

* Aids in the development of improved surface treatments

14.4 Atmospheric and geochemical surface processes

Surface science plays a crucial role in understanding atmospheric and geochemical processes. By
studying interfaces between solids, gases, and liquids, scientists gain insights into cloud formation,
pollution behavior, and mineral reactions. These molecular-level interactions shape our environment in
profound ways.

Techniques like spectroscopy and microscopy reveal the structure and reactivity of environmental
surfaces. This knowledge helps predict pollutant impacts, develop remediation strategies, and manage
resources sustainably. Surface science bridges multiple disciplines to tackle complex environmental
challenges.

Surface science in atmospheric and geochemical processes

Multidisciplinary nature of surface science

« Surface science is a multidisciplinary field that focuses on the physical and chemical properties of
interfaces, including solid-gas, solid-liquid, and liquid-gas interfaces, which are critical in understanding
atmospheric and geochemical processes
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» Surface science techniques, such as spectroscopy, microscopy, and diffraction methods, provide
molecular-level insights into the structure, composition, and reactivity of atmospheric and geochemical
interfaces

» Understanding surface processes is essential for predicting the behavior and impact of pollutants,
greenhouse gases, and other chemical species in the environment, as well as for developing strategies
for environmental remediation and resource management

Role of surfaces in atmospheric and geochemical processes

» Atmospheric processes, such as cloud formation, aerosol chemistry, and heterogeneous reactions,
are greatly influenced by the properties and interactions at the surfaces of atmospheric particles and
droplets

« Cloud formation involves the condensation of water vapor on the surfaces of atmospheric aerosol
particles, which act as cloud condensation nuclei (CCN)

» Heterogeneous reactions, such as the hydrolysis of nitrogen oxides on the surfaces of mineral dust
particles, play a significant role in the formation of secondary pollutants and the removal of atmospheric
species

» Geochemical processes, including mineral dissolution, adsorption, and precipitation reactions, occur
at the interfaces between minerals, water, and gases, making surface science crucial for understanding
the fate and transport of elements in the Earth's crust and aquatic systems

* Mineral dissolution involves the release of ions from the mineral surface into the aqueous phase,
which is influenced by the surface structure, composition, and reactivity of the mineral

« Adsorption of ions and molecules on mineral surfaces can modify the surface charge and reactivity,
affecting the mobility and bioavailability of elements in soils and aquatic systems

Surface-mediated reactions and environmental impact

Types of surface-mediated reactions

+ Surface-mediated reactions are chemical processes that occur at the interface between two phases,
such as gas-solid or liquid-solid interfaces, and play a critical role in atmospheric and geochemical
systems

» Heterogeneous catalysis is a common type of surface-mediated reaction, where the surface of a solid
material acts as a catalyst for chemical reactions between gas or liquid phase reactants, leading to
enhanced reaction rates and selectivity

» Examples of heterogeneous catalysis in the environment include the oxidation of volatile organic
compounds (VOCs) on the surfaces of mineral dust particles and the reduction of nitrogen oxides on
the surfaces of metal oxides

* Adsorption is the accumulation of molecules or ions at an interface, which can modify the surface
properties and reactivity of atmospheric particles and minerals, influencing their behavior and fate in the
environment

+ Adsorption of organic matter on mineral surfaces can enhance the stability of soil aggregates and the
retention of nutrients in soils

« Surface redox reactions, involving the transfer of electrons between surface species and solution or
gas phase species, are important in the cycling of elements and the transformation of pollutants in the
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atmosphere and aquatic systems

» Redox reactions at the surfaces of iron and manganese oxides play a key role in the oxidation of
organic pollutants and the cycling of trace metals in aquatic systems

» Photochemical reactions at surfaces, triggered by the absorption of light, can lead to the formation of
reactive species and the degradation of organic compounds, with implications for air and water quality

* Photocatalytic degradation of organic pollutants on the surfaces of semiconductor materials (titanium
dioxide) is a promising approach for water and air purification

Environmental impact of surface-mediated reactions

« Surface-mediated reactions can have both beneficial and detrimental impacts on the environment,
such as the removal of pollutants through adsorption and catalytic degradation, or the formation of toxic
byproducts and the depletion of natural resources

* Beneficial impacts:

+ Adsorption of heavy metals and organic pollutants on the surfaces of clay minerals and activated
carbon can help remove these contaminants from water and soil

« Catalytic converters in vehicles use heterogeneous catalysis to reduce the emissions of carbon
monoxide, nitrogen oxides, and unburned hydrocarbons

* Detrimental impacts:

* The formation of ground-level ozone through the photochemical reactions of nitrogen oxides and
VOCs on the surfaces of atmospheric particles can lead to air pollution and respiratory health problems

» The adsorption of phosphate on the surfaces of iron and aluminum oxides in soils can reduce the
bioavailability of phosphorus for plants, leading to nutrient limitations in ecosystems
Surface characterization techniques for atmospheric and geochemical
interfaces

Spectroscopic techniques

+ X-ray photoelectron spectroscopy (XPS) is a powerful technique for determining the elemental
composition and chemical states of surface species, allowing for the identification of adsorbed
molecules, reaction intermediates, and surface functional groups

* XPS has been used to study the oxidation states of sulfur species on the surfaces of atmospheric
aerosols, providing insights into the formation and aging of sulfate particles

* Infrared and Raman spectroscopy are valuable tools for studying the vibrational modes of surface
species, providing information on the molecular structure, orientation, and interactions of adsorbed
molecules and surface functional groups

* Attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectroscopy has been applied to
investigate the adsorption of organic acids on mineral surfaces, elucidating the mechanisms of soil
organic matter stabilization
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Microscopy and diffraction techniques

» Scanning probe microscopy techniques, such as atomic force microscopy (AFM) and scanning
tunneling microscopy (STM), enable the visualization and manipulation of surfaces with atomic
resolution, revealing the topography, electronic structure, and reactivity of atmospheric and
geochemical interfaces

* AFM has been used to study the morphology and aggregation of atmospheric aerosol particles,
providing insights into their optical properties and climate effects

« Surface X-ray diffraction (SXRD) and grazing incidence X-ray scattering (GIXS) techniques allow for
the determination of the atomic structure and orientation of surfaces and interfaces, elucidating the
arrangement and spacing of atoms and molecules at atmospheric and geochemical interfaces

+ SXRD has been applied to investigate the structure of water adsorbed on mineral surfaces, revealing
the formation of ordered water layers and their role in surface reactivity

» The combination of multiple surface characterization techniques, along with computational modeling
and simulation, provides a comprehensive understanding of the complex processes occurring at
atmospheric and geochemical interfaces, guiding the development of predictive models and
environmental management strategies

Challenges and future directions in surface processes

Challenges in studying surface processes

* The study of surface processes in atmospheric and geochemical systems faces several challenges,
including the complexity and heterogeneity of natural interfaces, the presence of multiple phases and
chemical species, and the dynamic nature of surface reactions and transport processes

+ Characterizing the structure and composition of atmospheric and geochemical interfaces under
realistic conditions, such as high humidity, variable temperature, and the presence of organic matter,
remains a significant challenge that requires the development of advanced in situ and operando surface
characterization techniques

* In situ techniques, such as environmental transmission electron microscopy (ETEM) and ambient
pressure XPS (AP-XPS), allow for the characterization of surfaces under realistic atmospheric
conditions

* Investigating the kinetics and mechanisms of surface-mediated reactions in complex environmental
systems, involving multiple reaction pathways, competing processes, and non-equilibrium conditions,
necessitates the integration of experimental and computational approaches

* Multiscale modeling approaches, combining quantum chemical calculations with molecular dynamics
simulations and continuum models, are needed to bridge the gap between molecular-level processes
and macroscopic environmental phenomena

» Understanding the role of biological processes, such as microbial activity and biofilm formation, in
modifying the properties and reactivity of atmospheric and geochemical interfaces is an emerging area
of research that requires interdisciplinary collaboration between surface scientists, microbiologists, and
environmental scientists

* The study of biogeochemical interfaces, such as the surfaces of microbial cells and extracellular
polymeric substances (EPS), is crucial for understanding the cycling of elements and the transformation
of pollutants in the environment
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Future directions in surface science for environmental applications

* Developing predictive models that accurately describe the behavior and impact of surface processes
in atmospheric and geochemical systems, across multiple spatial and temporal scales, is a major
challenge that requires the incorporation of molecular-level insights into larger-scale environmental
models

* The integration of surface science data into atmospheric chemistry models and geochemical transport
models can improve the accuracy of predictions and guide environmental policy decisions

* Future directions in the study of surface processes in atmospheric and geochemical systems include
the development of novel surface characterization techniques with improved sensitivity, spatial
resolution, and temporal resolution, as well as the integration of surface science with other disciplines,
such as atmospheric chemistry, geochemistry, and environmental microbiology, to address complex
environmental challenges

» The development of single-molecule spectroscopy and microscopy techniques can provide
unprecedented insights into the heterogeneity and dynamics of surface processes at the molecular
level

* The integration of surface science with omics approaches, such as proteomics and metabolomics, can
help elucidate the molecular mechanisms underlying the interactions between microorganisms and
surfaces in the environment

+ Advancing the understanding of surface processes in atmospheric and geochemical systems is crucial
for addressing global environmental challenges, such as climate change, air and water pollution, and
the sustainable management of natural resources
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Unit 15 — Frontier Topics and Emerging
Research in Surface Science

15.1 Two-dimensional materials and van der Waals heterostructures

Two-dimensional materials like graphene and transition metal dichalcogenides are revolutionizing surface
science. Their unique properties, from high conductivity to direct bandgaps, enable applications in flexible
electronics, sensors, and energy storage.

Van der Waals heterostructures, created by stacking different 2D materials, open new possibilities for
tailored properties and device engineering. These structures allow for the study of interfacial physics and
the development of novel electronic and optoelectronic devices.

Properties and Applications of 2D Materials

Unique Properties of 2D Materials

» Two-dimensional materials are atomically thin, consisting of a single or few layers of atoms
* Results in unique physical, chemical, and electronic properties compared to their bulk counterparts

* Graphene, a single layer of carbon atoms arranged in a hexagonal lattice, exhibits exceptional
properties

» High mechanical strength (stronger than steel)

* High electrical conductivity (higher than copper)

+ High thermal conductivity (higher than diamond)

* Optical transparency (absorbs only 2.3% of visible light)

* Transition metal dichalcogenides (TMDs) have a layered structure with strong in-plane bonding and
weak out-of-plane interactions

* Examples: MoS2, WS2

» Enables the isolation of single or few layers with distinct properties

* Direct bandgap in monolayer form (suitable for optoelectronic applications)
» Hexagonal boron nitride (hBN) is an insulating two-dimensional material

» Wide bandgap (5.9 eV)

* High thermal conductivity

* Excellent chemical stability

« Suitable for use as a dielectric layer or encapsulation material in electronic devices

Potential Applications of 2D Materials

* Flexible electronics
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» Graphene and other 2D materials can be used to create flexible, transparent, and conductive
electrodes for flexible displays, touch screens, and wearable devices

* Optoelectronics

* TMDs with direct bandgaps in monolayer form are promising for light-emitting diodes (LEDs) and
photodetectors

» Graphene's high carrier mobility and broadband absorption make it suitable for high-speed
photodetectors and modulators

» Sensors

+ 2D materials' large surface-to-volume ratio and sensitivity to environmental changes enable their use
in gas sensors, biosensors, and chemical sensors

* Energy storage and conversion

* Graphene and TMDs can be used as electrode materials in high-capacity batteries and
supercapacitors

» 2D materials can also be used in solar cells and fuel cells for efficient energy conversion
« Catalysis

+ 2D materials' high surface area and exposed active sites make them effective catalysts for chemical
reactions (water splitting, CO2 reduction)

* Quantum computing

+ 2D materials can host quantum bits (qubits) and enable the development of scalable quantum
computing architectures

Van der Waals Heterostructures in Surface Science

Concept and Significance of van der Waals Heterostructures

» Van der Waals heterostructures are artificial materials formed by vertically stacking different
two-dimensional materials

* Held together by weak van der Waals interactions
+ Allows the creation of novel hybrid structures with tailored properties

» Weak interlayer coupling in van der Waals heterostructures enables the combination of materials with
different lattice constants and crystal structures

» Overcomes the limitations of traditional epitaxial growth techniques (lattice mismatch)
* Ability to mix and match different two-dimensional materials in a heterostructure
* Allows for the engineering of electronic band structures

+ Leads to the emergence of new physical phenomena and functionalities not found in individual
components

Interfacial Physics in van der Waals Heterostructures

* Van der Waals heterostructures provide a platform for studying interfacial physics
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* Charge transfer: Movement of electrons or holes between layers

* Energy transfer: Exchange of energy between layers through mechanisms like Forster resonance
energy transfer (FRET)

* Proximity effects: Modification of properties in one layer due to the presence of another layer
(superconductivity, magnetism)

 Understanding and controlling the properties of layered materials
* Crucial for the design of functional van der Waals heterostructures

» Development of van der Waals heterostructures has opened up new avenues for the design of novel
electronic and optoelectronic devices

* Tunneling transistors: Utilize quantum tunneling between layers for low-power, high-speed operation

+ Photodetectors: Exploit the strong light-matter interaction and interlayer charge transfer for
high-sensitivity, broadband detection

* Light-emitting diodes: Combine materials with different bandgaps for efficient, tunable light emission

Synthesis and Characterization of 2D Materials

Synthesis Techniques for 2D Materials

» Mechanical exfoliation ("Scotch tape method")

« Simple and effective technique for isolating high-quality single or few-layer 2D materials from their
bulk counterparts

* Involves repeatedly peeling off layers using adhesive tape

* Chemical vapor deposition (CVD)

+ Scalable method for synthesizing large-area, high-quality 2D materials on suitable substrates
* Involves the reaction of gaseous precursors at elevated temperatures

* Examples: Graphene growth on copper foil, MoS2 growth on sapphire

* Liquid-phase exfoliation

* Involves the dispersion and exfoliation of bulk layered materials in suitable solvents or surfactant
solutions

* Uses ultrasonication or shear forces to separate layers

« Centrifugation is used to separate the exfoliated nanosheets

Characterization Techniques for 2D Materials and Heterostructures

+ Atomic force microscopy (AFM)

» Powerful tool for characterizing the surface topography, thickness, and mechanical properties of 2D
materials with nanoscale resolution

+ Can measure the thickness of individual layers and identify surface defects

« Raman spectroscopy
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* Non-destructive technique for identifying the number of layers, crystal structure, and quality of 2D
materials

 Based on the characteristic vibrational modes of the material
* Example: Graphene's G and 2D peaks, MoS2's E2g and A1g modes
* Transmission electron microscopy (TEM)

+ Enables the direct imaging of the atomic structure, defects, and grain boundaries in 2D materials and
heterostructures with sub-nanometer resolution

+ Can identify the stacking order and orientation of layers in heterostructures
 Scanning tunneling microscopy (STM) and spectroscopy (STS)

* Provide information on the local electronic structure, density of states, and work function of 2D
materials and heterostructures with atomic resolution

» Can probe the electronic properties at the interfaces between layers in heterostructures

Challenges and Opportunities in 2D Device Development

Challenges in 2D Device Development

* Scalable and controllable synthesis of high-quality 2D materials

+ Uniform thickness, large grain size, and low defect density are crucial for practical applications
» Remains a challenge for widespread adoption

* Integration of 2D materials into existing semiconductor manufacturing processes

* Requires the development of compatible transfer, patterning, and contact formation techniques
* Minimizing contamination and damage to the atomically thin layers is essential

* Performance and reliability of 2D material-based devices can be limited by various factors

+ Charge trapping at interfaces or defects

* Interface states that affect carrier transport

» Environmental instability (oxidation, humidity)

* Necessitates the development of effective passivation and encapsulation strategies

Opportunities in 2D Device Development

+ Unique properties of 2D materials offer opportunities for high-performance, energy-efficient, and
flexible devices

* High carrier mobility (graphene)

« Strong light-matter interaction (TMDs)

* Mechanical flexibility (all 2D materials)

» Van der Waals heterostructures enable novel device architectures

* Tunneling transistors: Utilize quantum tunneling between layers for low-power, high-speed operation
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* Photodetectors: Exploit the strong light-matter interaction and interlayer charge transfer for
high-sensitivity, broadband detection

« Light-emitting diodes: Combine materials with different bandgaps for efficient, tunable light emission
+ Atomically thin nature of 2D materials makes them promising for transparent and flexible electronics
» Wearable devices, smart surfaces, and displays

+ Sensors for health monitoring and environmental sensing

* Energy harvesting (solar cells, thermoelectrics)

* Integration of 2D materials with other emerging technologies presents new opportunities

« Spintronics: Utilizing the spin degree of freedom for information processing

+ Valleytronics: Exploiting the valley degree of freedom in TMDs for novel electronic and optoelectronic
functionalities

» Quantum computing: 2D materials can host quantum bits (qubits) and enable scalable quantum
computing architectures

15.2 Surface plasmonics and nanophotonics

Surface plasmonics and nanophotonics are revolutionizing light manipulation at the nanoscale. By
exploiting the unique properties of surface plasmons, researchers can confine and control electromagnetic
fields in ways previously thought impossible, opening doors to exciting applications in sensing, imaging,
and energy harvesting.

This cutting-edge field bridges the gap between optics and electronics, enabling the development of
ultra-compact photonic devices. From enhancing solar cell efficiency to enabling quantum information
processing, surface plasmonics and nanophotonics are pushing the boundaries of what's possible in
surface science and nanotechnology.

Surface plasmons in hanophotonics

Definition and properties of surface plasmons

» Surface plasmons are collective oscillations of free electrons at the interface between a metal and a
dielectric material, typically excited by electromagnetic radiation

« Surface plasmons can confine electromagnetic fields to subwavelength dimensions, enabling the
manipulation of light at the nanoscale

* This confinement allows for the concentration of light into highly localized regions, overcoming the
diffraction limit of conventional optics

» Subwavelength confinement enables the development of nanoscale optical devices and circuits
(nanophotonic integrated circuits)

* The strong field enhancement and localization associated with surface plasmons make them crucial
for various nanophotonic applications, such as sensing, imaging, and energy harvesting

* Field enhancement factors can reach several orders of magnitude, enabling single-molecule detection
and ultra-sensitive biosensing
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* Localized surface plasmons in metallic nanoparticles can be used for targeted photothermal therapy
and drug delivery in biomedical applications

* The dispersion relation of surface plasmons differs from that of free-space electromagnetic waves,
allowing for the control of light-matter interactions at the nanoscale

* Surface plasmons have a shorter wavelength compared to free-space light of the same frequency,
enabling subwavelength confinement and guiding of light

* The dispersion relation can be engineered by tailoring the geometry and composition of the
metal-dielectric interface (plasmonic metamaterials)

* The properties of surface plasmons, such as their resonance frequency and propagation length,
depend on the material properties and geometry of the metal-dielectric interface

* The choice of metal (gold, silver, aluminum) and dielectric material (air, glass, polymer) determines
the plasmonic response

» Nanostructure geometry, such as nanoparticle shape and size or nanoaperture dimensions,
influences the plasmonic resonance and field distribution

Excitation and manipulation of surface plasmons

« Surface plasmons can be excited by various means, including optical excitation using prisms or
gratings, near-field excitation using scanning probe tips, and electron beam excitation

* Prism coupling methods, such as the Kretschmann and Otto configurations, enable efficient excitation
of surface plasmons on planar metal-dielectric interfaces

« Diffraction gratings can be used to compensate for the momentum mismatch between free-space light
and surface plasmons, allowing for their excitation on planar surfaces

* The propagation and routing of surface plasmons can be controlled by designing plasmonic
waveguides and nanostructures

* Plasmonic waveguides, such as metal-insulator-metal (MIM) and insulator-metal-insulator (IMI)
structures, enable the guiding of surface plasmons with subwavelength confinement

* Plasmonic nanostructures, such as nanoantennas and nanoresonators, can be used to manipulate
the propagation direction and phase of surface plasmons

* Active control of surface plasmons can be achieved through the integration of plasmonic structures
with active materials, such as semiconductors, phase-change materials, and electro-optic polymers

« Electrical or optical modulation of the active material's refractive index enables the dynamic control of
plasmonic resonances and propagation

* Plasmonic switches and modulators can be realized by exploiting the active control of surface
plasmons for optical signal processing and computing

Surface plasmon resonance principles

Surface plasmon resonance sensing

« Surface plasmon resonance (SPR) occurs when the frequency of incident light matches the natural
oscillation frequency of surface plasmons, leading to enhanced optical absorption and field localization
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* SPR is highly sensitive to changes in the refractive index of the dielectric medium near the metal
surface, making it a powerful tool for label-free sensing of biomolecules and chemical analytes

* The binding of target molecules to the metal surface alters the local refractive index, causing a shift in
the SPR resonance condition

* SPR sensors can detect minute changes in refractive index, enabling the detection of analytes at very
low concentrations (down to picomolar levels)

» SPR-based sensors exploit the shift in the resonance condition caused by the binding of target
molecules to the metal surface, enabling real-time monitoring of molecular interactions

» The metal surface is functionalized with recognition elements, such as antibodies or aptamers, that
specifically bind to the target analyte

* The binding events cause a change in the SPR signal, which can be monitored in real-time using
optical detection methods (angular interrogation, wavelength interrogation, or intensity measurement)

* SPR sensors have found widespread applications in various fields, including biomedical diagnostics,
environmental monitoring, and food safety analysis

* SPR biosensors are used for the detection of disease biomarkers, drugs, and pathogens in clinical
samples (blood, urine, saliva)

» Environmental SPR sensors are employed for the monitoring of pollutants, toxins, and heavy metals in
water and air samples

Surface plasmon resonance imaging and spectroscopy

» SPR imaging allows for the spatially resolved detection of multiple analytes simultaneously, enabling
high-throughput screening and multiplexed sensing applications

» The metal surface is patterned with an array of sensing spots, each functionalized with different
recognition elements

* The binding of target molecules to the sensing spots causes local changes in the SPR signal, which
can be imaged using a CCD camera or photodetector array

* SPR imaging enables the parallel analysis of multiple biomolecular interactions, such as
protein-protein interactions, DNA hybridization, and antibody-antigen binding

* High-throughput screening of drug candidates against multiple protein targets can be performed using
SPR imaging platforms

» Multiplexed SPR imaging can be used for the simultaneous detection of multiple disease biomarkers
or pathogens in a single assay

* The extraordinary transmission of light through subwavelength apertures in plasmonic nanostructures,
such as nanohole arrays, can be utilized for enhanced optical imaging and spectroscopy

» Nanohole arrays exhibit enhanced transmission of light at specific wavelengths corresponding to the
excitation of surface plasmons

* The enhanced transmission can be exploited for improved sensitivity and resolution in optical imaging
and spectroscopy applications (surface-enhanced Raman spectroscopy, fluorescence enhancement)
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Fabrication and characterization of plasmonic nanostructures

Fabrication techniques for plasmonic nanostructures

* Electron beam lithography is a high-resolution patterning technique used to fabricate plasmonic
nanostructures with precise control over size, shape, and spacing

* A focused electron beam is used to write patterns on an electron-sensitive resist, which is then
developed and used as a mask for metal deposition or etching

« Electron beam lithography enables the fabrication of complex plasmonic nanostructures with feature
sizes down to a few nanometers (nanoantennas, metamaterials)

» Focused ion beam milling enables the direct fabrication of plasmonic nanostructures by selectively
removing material from a metal film or nanoparticle

+ A focused beam of gallium ions is used to sputter away metal atoms, creating nanoscale patterns and

structures

* Focused ion beam milling allows for the precise fabrication of plasmonic nanostructures with high
aspect ratios and complex geometries (split-ring resonators, bowtie antennas)

» Chemical synthesis methods, such as seed-mediated growth and polyol reduction, allow for the
large-scale production of plasmonic nanoparticles with tunable sizes and shapes

» Seed-mediated growth involves the use of small metal nanoparticles as seeds for the controlled
growth of larger nanoparticles with desired shapes (nanorods, nanocubes, nanobipyramids)

* Polyol reduction methods utilize high-boiling-point solvents, such as ethylene glycol, to reduce metal
salts in the presence of shape-directing agents, yielding nanoparticles with various morphologies
(nanospheres, nanotriangles, nanoprisms)

* Nanoimprint lithography is a high-throughput fabrication technique that uses a pre-patterned mold to
transfer plasmonic nanostructures onto a substrate

* A rigid mold with the desired nanopattern is pressed onto a polymer resist, which is then cured and
used as a mask for metal deposition or etching

» Nanoimprint lithography enables the rapid and cost-effective fabrication of large-area plasmonic
nanostructure arrays for sensing and metamaterial applications

Characterization techniques for plasmonic nanostructures

+ Scanning electron microscopy (SEM) and atomic force microscopy (AFM) are commonly used to
characterize the morphology and surface topography of plasmonic nanostructures

+ SEM provides high-resolution images of the nanostructure's surface, revealing details of the size,
shape, and spacing of the plasmonic elements

* AFM measures the three-dimensional topography of the nanostructure's surface with nanometer-scale

resolution, providing information on surface roughness and feature heights

« Optical characterization techniques, such as dark-field microscopy, extinction spectroscopy, and
near-field scanning optical microscopy (NSOM), are employed to study the optical properties and field
distributions of plasmonic nanostructures
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+ Dark-field microscopy collects scattered light from the plasmonic nanostructures while rejecting the
directly transmitted light, enabling the visualization of individual nanoparticles and their scattering
spectra

« Extinction spectroscopy measures the wavelength-dependent absorption and scattering of plasmonic
nanostructures, providing information on their resonance frequencies and linewidths

* NSOM uses a nanoscale probe to map the near-field distribution of plasmonic nanostructures with
subwavelength resolution, revealing the localized field enhancements and plasmonic mode profiles

* Electron energy loss spectroscopy (EELS) and cathodoluminescence (CL) imaging are powerful
techniques for studying the plasmonic properties of nanostructures with high spatial and energy
resolution

» EELS measures the energy loss of electrons as they interact with the plasmonic nanostructure,
providing information on the local density of optical states and plasmonic resonances

+ CL imaging collects the light emitted by the plasmonic nanostructure upon electron beam excitation,
enabling the mapping of radiative plasmonic modes and their spatial distribution

Potential of surface plasmonics in various applications

Energy harvesting and conversion

 Plasmonic nanostructures can enhance the absorption of light in photovoltaic devices, enabling more
efficient solar energy harvesting by concentrating light into the active layer

* Metallic nanoparticles can be integrated into solar cell architectures to scatter and localize light within
the active material, increasing the effective optical path length and absorption efficiency

* Plasmonic metamaterials can be designed to exhibit broadband absorption enhancement, matching
the solar spectrum and boosting the overall power conversion efficiency of photovoltaic devices

* The strong field enhancement and subwavelength confinement of surface plasmons can be exploited
for hot-electron generation and injection, leading to the development of plasmonic hot-carrier devices
for energy conversion and catalysis

* Plasmonic nanostructures can be used to generate hot electrons upon illumination, which can be
injected into semiconductors or molecules for photocatalytic reactions (water splitting, CO2 reduction)

* Plasmonic hot-carrier devices can enable the efficient conversion of light into electrical or chemical
energy, opening up new opportunities for solar fuel generation and photocatalysis

Optical computing and signal processing

» Plasmonic waveguides and interconnects offer the potential for high-speed, low-power optical signal
processing and computing at the nanoscale

+ Plasmonic waveguides can confine and guide light with subwavelength dimensions, enabling the
development of ultra-compact photonic integrated circuits

 Plasmonic interconnects can overcome the limitations of electrical interconnects in terms of bandwidth
and power consumption, enabling faster and more efficient on-chip communication

* The integration of plasmonic nanostructures with phase-change materials enables the realization of
ultracompact, non-volatile optical switches and memory elements for optical computing
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* Phase-change materials, such as vanadium dioxide or germanium-antimony-tellurium alloys, exhibit
reversible changes in their optical properties upon exposure to heat or light

» Plasmonic nanostructures can be used to locally heat or switch the phase-change material, enabling
the realization of nanoscale optical switches, modulators, and memory devices

» Plasmonic logic gates and arithmetic circuits can be implemented by exploiting the nonlinear optical
properties of plasmonic nanostructures

» Plasmonic nanostructures can exhibit strong nonlinear optical responses, such as second-harmonic
generation or four-wave mixing, which can be harnessed for all-optical signal processing and logic
operations

* Plasmonic logic gates, such as AND, OR, and XOR gates, can be realized by cascading plasmonic
nanostructures with tailored nonlinear responses, enabling the development of all-optical computing
architectures

Quantum information processing and communication

* The strong coupling between surface plasmons and quantum emitters, such as quantum dots and
color centers, can be harnessed for the development of single-photon sources and quantum logic gates

* Plasmonic nanostructures can be used to enhance the emission rate and directionality of quantum
emitters, enabling the efficient generation of single photons on demand

* The strong coupling between plasmonic modes and quantum emitters can be exploited for the
realization of quantum logic gates and entanglement operations, enabling the processing of quantum
information at the nanoscale

+ Plasmonic nanostructures can serve as nanoscale antennas for the efficient collection and routing of
single photons, enabling the realization of integrated quantum photonic circuits

+ Plasmonic nanoantennas can be designed to efficiently capture and direct single photons from
quantum emitters, enabling the development of on-chip quantum light sources and detectors

 Plasmonic waveguides can be used to route and manipulate single photons with subwavelength
confinement, enabling the realization of quantum photonic integrated circuits for quantum
communication and computing

* The integration of plasmonic nanostructures with superconducting quantum circuits can enable the
development of hybrid quantum systems for enhanced quantum sensing and information processing

+ Plasmonic nanostructures can be used to enhance the coupling between superconducting qubits and
microwave photons, enabling the realization of long-range qubit-qubit interactions and entanglement

* Hybrid quantum systems combining plasmonic nanostructures and superconducting circuits can
exploit the strengths of both platforms, such as the strong light-matter interaction of plasmonics and the
long coherence times of superconducting qubits, for advanced quantum technologies

15.3 In-situ and operando surface characterization techniques

In-situ and operando techniques revolutionize surface science by allowing real-time observation of

dynamic processes under realistic conditions. These methods bridge the gap between idealized lab
experiments and real-world applications, providing crucial insights into surface phenomena as they
happen.
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From monitoring catalyst restructuring during reactions to studying electrode surfaces in batteries, these
techniques offer a window into the complex world of surfaces in action. They combine structural, chemical,
and functional information, enabling a deeper understanding of surface processes across various fields.

Importance of in-situ and operando characterization

Real-time observation of surface processes

* In-situ and operando surface characterization techniques allow for the real-time observation and
analysis of surface processes as they occur under realistic conditions

* These techniques provide valuable insights into the dynamic nature of surface phenomena, such as
adsorption, desorption, reaction kinetics, and surface restructuring

* In-situ measurements capture the transient states and intermediate species involved in surface
reactions, which are crucial for understanding reaction mechanisms and kinetics

» Examples of surface processes that can be observed in real-time include:
 Adsorption and desorption of molecules on surfaces (CO on metal surfaces)
« Surface restructuring during catalytic reactions (reconstruction of metal nanoparticles)

» Formation and evolution of surface species during chemical reactions (intermediates in
heterogeneous catalysis)

Bridging the gap between laboratory and real-world conditions

» Operando techniques combine surface characterization with simultaneous measurement of catalytic
activity or other performance metrics, enabling direct correlation between surface properties and
functionality

* By studying surfaces under operating conditions, in-situ and operando techniques bridge the gap
between idealized laboratory conditions and real-world applications, providing more relevant and
actionable information

» Examples of operando studies include:

 Monitoring surface structure and composition of catalysts during catalytic reactions (in-situ XPS of
metal nanoparticles during CO oxidation)

« Studying electrode surfaces in batteries or fuel cells during charge-discharge cycles (in-situ Raman
spectroscopy of lithium-ion battery electrodes)

* Investigating corrosion processes under realistic environmental conditions (in-situ AFM of metal
surfaces in corrosive media)

In-situ vs Operando Techniques

Low Energy Electron Diffraction (LEED)

* LEED is a surface-sensitive technique that provides information about the long-range order and
symmetry of surface structures

» LEED uses low-energy electrons (20-200 eV) to probe the surface, resulting in diffraction patterns that
reflect the periodic arrangement of surface atoms
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* In-situ LEED allows for the monitoring of surface structure changes during adsorption, desorption, or
reaction processes

* Examples of in-situ LEED studies include:

» Observing surface reconstruction of single-crystal surfaces upon adsorption of gases (Si(111) surface
reconstruction upon H2 adsorption)

* Monitoring the growth of thin films or nanostructures on surfaces (epitaxial growth of metal oxides on
metal surfaces)

Scanning Tunneling Microscopy (STM)

* STM is a high-resolution imaging technique that provides atomically resolved images of surface
topography and electronic structure

* STM relies on the quantum tunneling of electrons between a sharp tip and the surface, allowing for the
mapping of surface features with sub-angstrom resolution

* In-situ STM enables the visualization of dynamic surface processes, such as adatom diffusion, island
growth, and catalytic reactions, with atomic-scale precision

» Examples of in-situ STM studies include:

* Observing the diffusion and aggregation of adatoms on surfaces (diffusion of metal adatoms on metal
surfaces)

* Monitoring the growth and dissolution of surface nanostructures (growth of metal clusters on oxide
surfaces)

« Imaging catalytic reactions at the atomic scale (dissociation of molecules on metal surfaces)

X-ray Photoelectron Spectroscopy (XPS)

» XPS is a surface-sensitive technique that provides information about the chemical composition and
oxidation states of surface species

» XPS uses high-energy X-rays to excite core-level electrons from surface atoms, resulting in
photoelectrons with characteristic binding energies

* In-situ XPS allows for the monitoring of surface chemical changes during reactions, such as the
formation of intermediates or the evolution of oxidation states

* Examples of in-situ XPS studies include:

* Monitoring the oxidation state changes of metal nanoparticles during catalytic reactions (reduction of
metal oxides during CO oxidation)

« Studying the formation and decomposition of surface species during chemical reactions (formation of
surface carbonates during CO2 adsorption)

* Investigating the surface composition of electrodes in batteries or fuel cells during operation (evolution
of solid-electrolyte interphase in lithium-ion batteries)

Complementary nature of techniques

» While LEED and STM provide structural and topographic information, XPS focuses on the chemical
aspects of surfaces, making these techniques complementary in understanding surface phenomena
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» Combining multiple in-situ and operando techniques can provide a comprehensive picture of surface
processes, linking structure, composition, and reactivity

* Examples of complementary studies include:

» Combining in-situ LEED and XPS to study the structure and composition of surfaces during adsorption
and reaction processes (adsorption of organic molecules on metal surfaces)

* Using in-situ STM and XPS to investigate the relationship between surface morphology and chemical
state during catalytic reactions (evolution of metal nanoparticles during CO oxidation)

Challenges of in-situ and operando characterization

Instrumentation and experimental setup

* One major challenge in in-situ and operando surface characterization is the need for specialized
instrumentation that can operate under realistic reaction conditions, such as high temperatures, high
pressures, or controlled atmospheres

» The presence of gas-phase molecules or liquid environments can interfere with the surface-sensitive
techniques, requiring careful design of experimental setups to minimize signal attenuation or
background noise

» Examples of instrumentation challenges include:

* Designing high-temperature sample holders for in-situ LEED or STM studies (maintaining sample
stability and minimizing thermal drift)

* Developing high-pressure cells for in-situ XPS measurements (maintaining UHV conditions while
introducing gases)

« Integrating electrochemical cells with surface characterization techniques for operando studies
(minimizing electrolyte interference and maintaining potential control)

Data interpretation and analysis

* The interpretation of in-situ and operando data can be complex, as the measured signals often
represent a convolution of multiple surface processes occurring simultaneously

* The time resolution of in-situ and operando techniques may be limited by the acquisition time of the
measurement, making it challenging to capture very fast or transient surface events

* Examples of data interpretation challenges include:

+ Deconvoluting overlapping peaks in in-situ XPS spectra to identify individual surface species
(distinguishing between different oxidation states or chemical environments)

* Resolving fast surface processes in in-situ STM images (capturing intermediate states or short-lived
species)

« Correlating surface structure and composition changes with catalytic activity or selectivity in operando
studies (establishing structure-activity relationships)
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Spatial resolution and surface sensitivity

* The spatial resolution of some in-situ techniques may be lower compared to their ex-situ counterparts,
due to the constraints imposed by the reaction environment or the need for compromise between
resolution and data acquisition speed

* The limited penetration depth of surface-sensitive techniques may not provide a complete picture of
the bulk properties or the behavior of subsurface species, which can also play a role in surface
processes

* Examples of spatial resolution and surface sensitivity limitations include:

* Achieving atomic resolution in in-situ STM images under high-pressure conditions (maintaining tip
stability and minimizing noise)

* Probing subsurface species or bulk properties with surface-sensitive techniques like XPS (limited
information depth of a few nanometers)

* Resolving nanoscale heterogeneities or local variations in surface composition or reactivity (spatial
averaging of surface properties)

Applications of in-situ and operando techniques

Heterogeneous catalysis

* In heterogeneous catalysis, in-situ and operando techniques can provide valuable insights into the
structure-activity relationships of catalytic surfaces

+ By monitoring surface structure, composition, and oxidation states during catalytic reactions, these
techniques can help identify active sites, elucidate reaction mechanisms, and guide the rational design
of improved catalysts

* In-situ studies can also reveal the role of surface defects, such as steps or vacancies, in catalytic
activity and selectivity

» Examples of in-situ and operando studies in heterogeneous catalysis include:

* Monitoring the surface restructuring of metal nanoparticles during CO oxidation using in-situ TEM
(observing the formation of metal-oxide interfaces)

« Studying the evolution of surface species during selective hydrogenation reactions using in-situ FTIR
spectroscopy (identifying the role of surface hydrides in selectivity)

* Investigating the influence of support materials on catalytic activity using operando XPS (probing the
metal-support interactions during reactions)

Corrosion science

* In corrosion science, in-situ and operando techniques can shed light on the mechanisms of corrosion
initiation and progression under realistic environmental conditions

» By monitoring surface changes during exposure to corrosive media, these techniques can help identify
the critical factors that influence corrosion rates, such as surface composition, defects, or local pH
variations

* In-situ studies can also provide insights into the formation and stability of protective passive layers,
which are crucial for corrosion resistance
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* Examples of in-situ and operando studies in corrosion science include:

+ Monitoring the early stages of corrosion initiation using in-situ AFM (observing the formation of
localized corrosion sites)

« Studying the composition and thickness of passive layers using in-situ XPS (probing the role of
alloying elements in passivation)

* Investigating the influence of environmental factors on corrosion rates using operando electrochemical
techniques (measuring corrosion currents under different conditions)

Energy storage and conversion

* In energy storage applications, such as batteries and fuel cells, in-situ and operando techniques can
elucidate the surface processes that govern charge transfer and energy conversion

» By monitoring surface structural and chemical changes during charge-discharge cycles or fuel cell
operation, these techniques can help optimize electrode materials, electrolyte compositions, and cell
designs for improved performance and durability

* In-situ studies can also provide insights into the degradation mechanisms of energy storage devices,
such as surface passivation, electrode dissolution, or electrolyte decomposition, guiding the
development of mitigation strategies

» Examples of in-situ and operando studies in energy storage and conversion include:

* Monitoring the formation and evolution of solid-electrolyte interphase (SEI) layers in lithium-ion
batteries using in-situ Raman spectroscopy (understanding the role of SEI in battery performance)

+ Studying the surface composition and oxidation states of fuel cell electrodes using operando XPS
(identifying the active sites for oxygen reduction reaction)

« Investigating the structural changes of electrode materials during cycling using in-situ XRD (probing
the reversibility and stability of phase transformations)

15.4 Quantum effects at surfaces and interfaces

Quantum effects at surfaces and interfaces are mind-bending phenomena that arise when electrons are
confined to small spaces. These effects lead to unique electronic and optical properties that differ from bulk
materials, opening up exciting possibilities for new technologies.

Understanding and controlling quantum effects at surfaces is crucial for developing advanced materials
and devices. From quantum computing to spintronics, these effects are driving innovation in fields that
could revolutionize technology as we know it.

Quantum effects at surfaces and interfaces

Manifestation of quantum effects

» Quantum effects at surfaces and interfaces arise due to the reduced dimensionality and confinement
of electrons, leading to distinct electronic and optical properties compared to bulk materials

« Surface states and interface states can emerge as a result of the abrupt termination of the periodic
potential at the surface or interface, giving rise to localized electronic states with unique energy levels
and wave functions
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» Quantum tunneling can occur at surfaces and interfaces, allowing electrons to penetrate potential
barriers and enabling phenomena such as scanning tunneling microscopy (STM) and resonant
tunneling in heterostructures

* Quantum well states can form in thin films or layered structures due to the confinement of electrons in
the direction perpendicular to the surface or interface, resulting in quantized energy levels and modified
electronic properties

Impact of quantum effects on properties

* Spin-orbit coupling can be enhanced at surfaces and interfaces due to the broken inversion symmetry,
leading to spin-dependent electronic states and the emergence of spin-polarized surface or interface
states

* Electron-electron interactions can be modified at surfaces and interfaces due to the reduced screening
and altered Coulomb potential, leading to phenomena such as surface plasmons and many-body
effects

» Quantum effects at surfaces and interfaces can significantly alter the electronic, optical, magnetic, and
transport properties of materials compared to their bulk counterparts

» The understanding and control of quantum effects at surfaces and interfaces are crucial for the
development of advanced materials and devices with tailored functionalities (quantum dots, 2D
materials)

Quantum confinement and its impact

Concept of quantum confinement

» Quantum confinement refers to the spatial confinement of electrons or holes in one or more
dimensions, leading to the modification of their energy levels and wave functions compared to the bulk
material

* In quantum wells, electrons are confined in one dimension, resulting in the formation of
two-dimensional electron gases (2DEGs) with quantized energy levels and modified density of states

* The energy levels in a quantum well are inversely proportional to the square of the well width, leading
to size-dependent electronic and optical properties

* Quantum wires and quantum dots exhibit confinement in two and three dimensions, respectively,
resulting in one-dimensional and zero-dimensional electronic systems with discrete energy levels

Impact on electronic and optical properties

» Quantum confinement can lead to the blue-shift of the bandgap in semiconductor nanostructures,
enabling the tuning of optical properties such as absorption and emission spectra

» The modified density of states in quantum-confined systems can enhance the efficiency of
light-emitting devices, such as quantum well lasers and quantum dot light-emitting diodes (LEDs)

» Quantum confinement can also influence the transport properties of electrons, leading to phenomena
such as ballistic transport and conductance quantization in nanoscale systems

* The control of quantum confinement effects allows for the engineering of electronic and optical
properties in nanomaterials and nanodevices (quantum cascade lasers, single-photon emitters)
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Probing quantum effects at surfaces

Scanning tunneling microscopy and spectroscopy

» Scanning tunneling microscopy (STM) is a powerful technique for imaging and probing the electronic
structure of surfaces with atomic resolution, based on the quantum tunneling of electrons between a
sharp tip and the sample surface

+» Scanning tunneling spectroscopy (STS) is an extension of STM that measures the local density of
states (LDOS) of a surface by recording the differential conductance (dl/dV) as a function of the applied
bias voltage

» STS can provide information about the energy-resolved electronic structure, including the presence of
surface states, bandgaps, and quantum well states

+» Scanning tunneling microscopy/spectroscopy (STM/S) can be combined with magnetic fields to study
the spin-dependent electronic states and magnetism at surfaces and interfaces, enabling the
investigation of spin-polarized surface states and spin-orbit coupling effects

Other experimental techniques

* Angle-resolved photoemission spectroscopy (ARPES) is a technique that measures the energy and
momentum distribution of electrons emitted from a surface upon excitation by photons, allowing the
mapping of the electronic band structure and Fermi surface

 Low-temperature STM/S measurements can provide enhanced energy resolution and enable the
study of superconductivity, Kondo effect, and other many-body phenomena at surfaces and interfaces

« Inelastic electron tunneling spectroscopy (IETS) can probe the vibrational and magnetic excitations at
surfaces and interfaces by measuring the inelastic tunneling channels in the differential conductance
spectra

» Scanning probe techniques, such as atomic force microscopy (AFM) and Kelvin probe force
microscopy (KPFM), can complement STM/S by providing information about the surface topography,
work function, and local electrostatic properties

Applications of quantum effects in surface science

Quantum computing

* Quantum computing leverages the principles of quantum mechanics, such as superposition and
entanglement, to perform computations that are intractable for classical computers. Surfaces and
interfaces play a crucial role in the realization of quantum bits (qubits) and quantum gates

 Superconducting qubits, such as Josephson junctions, rely on the quantum tunneling of Cooper pairs
across insulating barriers, where the interface quality and surface properties are critical for qubit
performance

* Spin qubits, based on the manipulation of electron spins in quantum dots or donor atoms, require
precise control over the surface and interface properties to achieve long coherence times and efficient
qubit operations

* Topological insulators, which possess conducting surface states with spin-momentum locking, offer
potential applications in quantum computing due to their robustness against backscattering and
disorder
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Spintronics and quantum devices

* Spintronics exploits the spin degree of freedom of electrons for information processing and storage,
offering the potential for low-power, high-speed, and non-volatile devices

+ Giant magnetoresistance (GMR) and tunnel magnetoresistance (TMR) effects, which rely on the
spin-dependent transport across magnetic/non-magnetic interfaces, have revolutionized the field of
magnetic data storage and sensing

+ Spin injection and detection at surfaces and interfaces are crucial for the development of spin-based
logic devices and spin transistors, where the efficient transfer and manipulation of spin-polarized
currents are essential

» Quantum metamaterials, engineered structures with tailored quantum properties, can be designed by
controlling the surface and interface properties, enabling novel applications in quantum sensing,
quantum communication, and quantum simulation

» Quantum cryptography, based on the principles of quantum key distribution (QKD), relies on the
quantum properties of single photons or entangled photon pairs to ensure secure communication.
Surfaces and interfaces play a role in the generation, manipulation, and detection of quantum states of
light

15.5 Machine learning applications in surface science

Machine learning is revolutionizing surface science, enabling faster analysis of complex data and
prediction of surface properties. It's helping scientists discover new materials, optimize experiments, and
gain deeper insights into surface phenomena that were previously hard to uncover.

From predicting catalytic activity to analyzing spectroscopic data, machine learning is transforming how we
approach surface science. While challenges like data availability and model interpretability exist, the future
looks bright with prospects of autonomous experimentation and inverse material design.

Machine learning for surface science

Fundamentals of machine learning

* Machine learning is a subset of artificial intelligence that focuses on the development of algorithms
and models that enable computers to learn and make predictions or decisions based on data, without
being explicitly programmed

» Machine learning algorithms can be broadly categorized into:

* Supervised learning: Learns from labeled data to predict outcomes for new, unseen data
(classification, regression)

» Unsupervised learning: Discovers patterns and structures in unlabeled data (clustering, dimensionality
reduction)

+ Reinforcement learning: Learns through interaction with an environment to maximize a reward signal
(decision-making, control)

* In the context of surface science, machine learning can be applied to various tasks, such as predicting
surface properties, identifying patterns in experimental data, and optimizing materials design and
synthesis processes
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* Machine learning enables the analysis of large and complex datasets generated in surface science
experiments, facilitating the extraction of valuable insights and knowledge that may be difficult to
discern through traditional data analysis methods

Potential impact of machine learning in surface science

* The application of machine learning in surface science has the potential to:

* Accelerate the discovery and development of novel materials with desired properties (catalysts,
coatings, sensors)

« Streamline experimental workflows by guiding the selection of experiments and optimizing conditions

* Provide a deeper understanding of surface phenomena by uncovering hidden patterns and
relationships in data

» Enable the rational design of materials with tailored surface properties for specific applications (energy
storage, environmental remediation)

« Facilitate the integration of computational and experimental approaches for a more comprehensive
understanding of surface science

Applications of machine learning in surface science

Prediction of surface properties and behavior

« Structure-property relationship prediction: Machine learning can be used to develop models that
predict the properties of surfaces based on their atomic structure, composition, and other relevant
features

» Example: Predicting the electronic band structure of a surface based on its atomic arrangement

« Surface reconstruction and phase transition prediction: Machine learning algorithms can be trained to
predict surface reconstruction patterns and phase transitions based on experimental data or
computational simulations

» Example: Predicting the reconstruction of a metal surface under different environmental conditions
(temperature, pressure)

« Catalytic activity prediction: Machine learning models can be developed to predict the catalytic activity
of surfaces for specific chemical reactions, enabling the rational design of high-performance catalysts

* Example: Predicting the turnover frequency of a catalyst surface for a given reaction (CO oxidation,
water splitting)

+ Adsorption behavior prediction: Machine learning can be applied to predict the adsorption behavior of
molecules on surfaces, including adsorption energies, geometries, and reaction pathways

» Example: Predicting the adsorption energy and configuration of a molecule (CO, H2) on a metal
surface

Analysis and interpretation of surface science data

* Spectroscopic data analysis: Machine learning techniques can be employed to analyze and interpret
complex spectroscopic data, such as X-ray photoelectron spectroscopy (XPS) or scanning tunneling
microscopy (STM) images, facilitating the identification of surface species and structures
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* Example: Classifying surface species based on their XPS spectra using a trained neural network

+ Defect and impurity identification: Machine learning algorithms can be trained to detect and classify
surface defects and impurities based on experimental or computational data, aiding in the
understanding of their impact on surface properties

» Example: Identifying and localizing atomic-scale defects in STM images using a convolutional neural
network

» Materials screening and discovery: Machine learning can be used to screen large databases of
materials and identify promising candidates with desired surface properties, accelerating the discovery
of novel materials for various applications

» Example: Screening a database of metal alloys to identify compositions with high catalytic activity for a
specific reaction

Machine learning workflow for surface science

Feature selection and engineering

* Feature selection involves identifying the most informative and relevant input variables (features) that
have a significant impact on the target variable or outcome of interest in a surface science problem

» Domain knowledge and expert intuition play a crucial role in selecting initial features based on their
physical or chemical relevance to the problem at hand

« Statistical methods, such as correlation analysis and mutual information, can be used to assess the
relationship between features and the target variable, helping to identify redundant or irrelevant features

» Dimensionality reduction techniques, such as principal component analysis (PCA) or t-distributed
stochastic neighbor embedding (t-SNE), can be employed to transform high-dimensional feature
spaces into lower-dimensional representations while preserving important information

Model training and optimization

* Model training involves using a subset of the available data, known as the training set, to learn the
underlying patterns and relationships between the input features and the target variable

* The choice of machine learning algorithm depends on the nature of the problem (regression,
classification, clustering), the size and quality of the dataset, and the desired interpretability of the
model

* Hyperparameter tuning is performed to optimize the model's performance by systematically varying
the algorithm's settings and evaluating the model's performance on a validation set

* Regularization techniques, such as L1 (Lasso) or L2 (Ridge) regularization, can be applied to prevent
overfitting, which occurs when the model learns noise or irrelevant patterns in the training data

Model validation and evaluation

» Model validation is the process of assessing the trained model's performance and generalization
ability on an independent dataset that was not used during training, known as the test set

+ Cross-validation techniques, such as k-fold or leave-one-out cross-validation, are commonly used to
obtain more robust performance estimates by iteratively splitting the data into training and validation
subsets
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 Performance metrics, such as mean squared error (MSE) for regression tasks or accuracy and F1
score for classification tasks, are computed to quantify the model's predictive power and identify areas
for improvement

+ Visual inspection of the model's predictions against the ground truth values can provide insights into
the model's strengths and weaknesses, guiding further refinement of the feature set or the choice of
algorithm

Limitations and future of machine learning in surface science

Current challenges and limitations

+ Data availability and quality: Machine learning models heavily rely on the availability of large, diverse,
and high-quality datasets for training. Surface science datasets may be limited in size or biased towards
specific materials or experimental conditions, restricting the generalizability of the trained models

« Interpretability and explainability: Some machine learning models, particularly deep learning
architectures, can be difficult to interpret, making it challenging to gain physical insights into the
underlying mechanisms governing surface phenomena. Developing interpretable models or techniques
to extract knowledge from black-box models is an active area of research

* Transferability across scales: Machine learning models trained on data from one length or time scale
may not seamlessly transfer to other scales, limiting their applicability in multi-scale surface science
problems. Efforts to develop scale-bridging or multi-scale machine learning approaches are ongoing

* Integration with physical models: Combining machine learning with physical models, such as density
functional theory (DFT) calculations or kinetic Monte Carlo (KMC) simulations, can provide a more
comprehensive understanding of surface phenomena. However, effectively integrating these
approaches remains a challenge and requires further research

» Experimental validation: Machine learning predictions must be validated against experimental data to
ensure their reliability and practicality. Establishing collaborative frameworks between computational
and experimental surface scientists is crucial for iterative model refinement and validation

Future prospects and research directions

» Autonomous experimentation: Machine learning can be coupled with robotics and automation to
enable autonomous experimentation in surface science, where the algorithms guide the selection of
experiments and optimize experimental conditions in real-time. This approach has the potential to
accelerate discovery but requires significant advancements in experimental infrastructure and data
management

* Inverse design: Machine learning can be used for inverse design, where desired surface properties
are specified, and the algorithm suggests materials or structures that exhibit those properties. This
approach can revolutionize materials discovery but requires efficient search algorithms and a deep
understanding of the structure-property relationships

* Integration with high-throughput experimentation: Machine learning can be combined with
high-throughput experimental techniques, such as combinatorial materials synthesis or parallel
screening, to accelerate the exploration of vast materials spaces. Developing robust data processing
pipelines and active learning strategies is essential for effective integration

» Multiscale and multiphysics modeling: Integrating machine learning with multiscale and multiphysics
modeling approaches can provide a more comprehensive understanding of surface phenomena across
different length and time scales. This requires the development of novel algorithms and frameworks that
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can seamlessly bridge different modeling paradigms

« Uncertainty quantification: Incorporating uncertainty quantification techniques into machine learning
models can help assess the reliability of predictions and guide decision-making in surface science
applications. This is particularly important when dealing with limited or noisy data and can help prioritize
experiments or computational studies
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