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Welcome to Our
2022 Scientific Report

This year’s scientific report
focuses on surface science,
the study of chemistry and
physics that happens at
interfaces.

If you're reading this on a touchscreen-enabled device, you are actively participating in surface
science, based on the interaction of your finger and the screen. A voltage is applied to a thin,
conductive coating creating an electrostatic field. When you touch the screen to zoom in or
scroll down, the charge is transferred to your finger, and sensors identify and measure where
a change in charge has occurred. The proximity of your finger to the screen matters because
it is the interaction at the surface that gives you the ability to scroll down and read further.

Scientists across the world have studied the materials that can make these conductive layers
while also understanding how the interfaces between the conductive layer, the protective
covering, and your finger interact. Similarly, scientists at Entegris routinely study solid-solid
interactions, gas-solid interactions, liquid-solid interactions, and all the combinations in
between to best understand how materials used in a variety of high-tech industries interact.
We believe materials science is most interesting and challenging at surfaces.



In last year's report, we highlighted the ways in which Entegris enables the semiconductor
and pharmaceutical industries, concentrating on our innovations that deliver the products
to enable our digital world. This year, we're focusing further on how surface science enables
those innovations. We start the report by describing the complicated process steps and
characterization techniques that are used to precisely deposit, remove, pattern, and transform
the surfaces that create an integrated circuit. Within that story, we describe how Entegris’
research and development enables advanced logic and memory device manufacturing and
enhances specific unit processes.

At the heart of this innovation is our unrelenting commitment to collaborate closely with our
customers. They inspire and motivate us to push the limits of today’'s technology and deliver
breakthrough solutions for the future. To facilitate this collaboration, we engage with our
customers at technology centers located strategically throughout our global operations in
close proximity to their manufacturing sites. To further expand our opportunities to collabo-
rate successfully with our customers and create innovative solutions that address the CMP
challenges they face, CMC Materials became part of Entegris in July 2022. This transaction
further expands Entegris’ R&D footprint and has created an even larger community of
innovative scientists and engineers ready to engage and serve our customers.

These are unprecedented times, especially for our industry. Between 2010 and 2020, the
semiconductor industry grew from $250B to $500B. Between now and 2030, the industry
is anticipated to double again to $1T. The demands on the materials supply chain to sustain
such a level of growth are staggering, and Entegris’ innovative mindset will ensure that we
play a key role in this growth.

In addition to focusing on enabling new technologies with increasing volumes of materials,

we must also consider how we will do so in a sustainable manner. This year's report describes
how Entegris will address the growing demand for semiconductors while also ensuring that
our innovations are a force for positive change that not only meets the needs of our customers
but also improves the lives of our teams and the communities where we work.

Sincerely,
Q\ Q Q!&

James A. O'Neill, Ph.D.
Senior Vice President and Chief Technology Officer






SCIENCE AT
THE INTERFACE

Introduction to Surfaces
and Interfaces

Authors: Jennifer Braggin
Thomas Phely-Bobin, Ph.D.

Surface science forms the scientific basis for everything that
Entegris does, whether it's functionalizing the surface of polymer
membranes for enhanced liquid filtration, formulating new
liquid chemistries for better surface cleanliness, developing
etch chemistries or precursor molecules to engineer materials
on surfaces, or devising polishing slurry mixtures to control
the morphology of critical films. Surface science specifically
refers to the study of the chemical and physical processes
that occur at the interface between two solids or between
a solid and either a liquid or a gas. The presence of such an
interface influences the thermodynamic parameters of a
system and controls processes like crystal growth, adsorption,
and diffusion, as well as chemical reaction events such as
etching, deposition, and corrosion.

The field of surface chemistry traces its roots to the early
1900s with Fritz Haber's discovery of a heterogeneous catalysis
process for the synthesis of ammonia. This development
revolutionized the production of synthetic fertilizers used
throughout the agricultural industry. Irving Langmuir also
contributed significantly to the fundamental understanding
of surface phenomena, and the Langmuir equation is used to
describe the process of monolayer adsorption. Over the next
50 years, significant progress was achieved in characterizing
metal and insulating surfaces to better describe the interaction
between adsorbed molecules and the solid material. This focus
led to advancements in high vacuum technology as well as
analytical techniques such as low-energy electron diffraction
(LEED), time-of-flight secondary ion mass spectroscopy
(TOF-SIMS), Auger electron spectroscopy (AES), and X-ray
photoelectron spectroscopy (XPS) (Figure 1).
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Figure 1. The development of surface science along the S-curve drives new capabilities that build upon one another to increase our understanding

of science at interfaces and drive new semiconductor technologies.!

An understanding of the chemistry that occurs on
solid surfaces is critical to the semiconductor industry
where engineered materials impart function or structure
to the surface — such as that needed to build a transis-
tor device on a silicon wafer. Today’'s most advanced
chips contain tens of billions of transistors, each with
critical structures of roughly 5 nm. Such miniaturiza-
tion requires the uniform deposition and selective
removal of material at atomic scale dimensions. This
is an extraordinary level of process control that can
only be achieved through a precise understanding
and skilled manipulation of fundamental chemical
processes on the surface. Surface phenomena that
must be considered for depositing thin films at the
solid-gas interface include selective adsorption and
thermal decomposition of precursor molecules on
materials of differing composition (metal vs. insulator).
For the selective etching of a single film in a complex
material stack, phenomena such as surface diffusion,
selective reaction on targeted surfaces, and desorp-
tion are important.

At the solid-liquid interface, electrochemistry controls
many of the phenomena that occur on the surface.
Electrochemistry is a thermodynamically favorable
process that occurs in response to an electrical
potential. This potential can arise from differences

in the half-cell reactions of different materials in

the system — for example, two different metals on

a surface in a wet processing environment. The
simplest type of electrochemistry is corrosion that

results from the two half-cell reactions of reduction
and oxidation (redox). The corrosion process occurs
as a result of the formation of a galvanic cell where
the metal acts as the anode. Understanding the electro-
chemistry of a system also allows the process to be
used to its advantage, such as in the deposition of
critical films for semiconductor applications. In fact,
for the last 25 years, electroplating of copper has been
the preferred method for achieving the thin conductive
wires used to interconnect the billions of transistor
devices on a chip. Advances in electroplating chemistry
have enabled precise control of the deposition process
to achieve high quality, conductive wires tens of nano-
meters in dimension.

While the focus is often on surface science for semi-
conductors, there are many more surfaces involved
in other industries that also require attention. To deliver
chemistries across industries, there are many surface
interactions. The chemistries are handled in drums
and canisters and delivered to wafer surfaces through
miles of tubing and hundreds of filters. The surfaces in
these components also require special consideration
as the interaction of the chemistry with these surfaces
can create adverse reactions that generate contami-
nation. Contaminants like organics, metallics, particles,
and moisture can all have adverse impacts on sensitive
processes. Therefore, it is also important to understand
the surface interactions in these components to ensure
the purity of the entire system.



CHANGING THE SURFACE

Semiconductor manufacturing, at its core, is a series
of controlled additive and subtractive steps (Figure 2).
Many of the steps are repeated over 20-30 times,
and all are designed to create a very precise surface.
Entegris supports innovation in each of these unit
process steps to design and deliver high-purity
materials that can create these surfaces.

Front-end Processing

Certain steps repeated 20 — 30 times

T

Figure 2. Semiconductor processing steps?

DEPOSITION

Insulators, conductors, and barrier materials are

all deposited onto the surface of the wafer to build
transistors. Significant innovations in materials design
are required to enable advanced 3D device architec-
tures like fin field effect FinFETs, gate-all-around (GAA)
transistors, and 3D NAND memory devices, and to
boost performance and reduce power requirements.

What makes these advanced devices unique is that
they often require the creation of high aspect ratio
(HAR) structures that, once created, require additional
layers of deposition. Therefore, the ability to deposit
highly conformal, thin layers is of utmost importance.

Deposition precursor materials
must be specifically designed
to address the end-state of
the surface being created.

The development of materials that can be highly
conformal in HAR structures is quite challenging. One
important consideration is controlling the surface termi-
nation of deposited films. Differences in the surface
terminations between different exposed materials allows
deposition to be controlled to affect some, but not all of
the exposed surfaces.® Selective deposition techniques,
like atomic layer deposition (ALD), require specific ma-
terials design to achieve the required film properties
and also enable ease of use. ALD is a technique that
increases in use as more HAR structures are designed.
It is different from traditional deposition steps because
deposition materials are sequentially deposited on the
surface a few atomic layers at a time. Through repeated
exposures to different precursor materials, a highly
conformal layer is grown. Precursor materials used in
this process must be specifically designed to address
the end-state of the surface being created.

Once materials are deposited, they must be patterned
before they are etched. Patterning materials, in the form
of photoresists and other photochemicals, require pre-
cise design and delivery to ensure an accurate pattern
transfer. As extreme ultraviolet (EUV) lithography is
adopted as a high-volume manufacturing process,
new materials are being introduced to increase
resolution and speed while decreasing variability.

ETCH

Etching has become one of the most difficult and
important unit processes as both logic and memory
devices move into the third dimension. Once HAR
structures are patterned, they must be etched to transfer
the pattern into the underlying materials. This creates a
significant etch challenge, as these HAR structures are
quite deep and narrow, making it difficult to transport
the etch and subsequent cleaning chemistries to where
they are needed to carry out the process. Even more
challenging is the 3D aspect of some patterns, such as
those formed when making 3D NAND. Not only are the
structures deep and narrow, but there are horizontal
areas out of the line of sight from the top of the wafer
that also need to be etched and cleaned. These design
changes dramatically increase the surface area to be
etched and cleaned, and understanding the reaction at
these surfaces is critical to efficiently design chemistries
that achieve process and cycle time performance
expectations in the fab.



Collecting empirical data alone is no longer efficient or
effective, so scientists worldwide are using new digital
tools to understand these interactions, including density
functional theory (DFT) and molecular dynamics (MD).
More information about these techniques, their results,
and their applications in materials designs at interfaces
is described in Embedding Computational Chemistry

in Material Development.

PLANARIZATION

A number of processes typically found in the semi-
conductor industry involve chemistry that occurs on
surfaces that are in motion relative to each other. The
science that describes this field is known as tribology,
and it is directly applicable to understanding chemical
mechanical planarization (CMP) and brush cleaning
of wafers (post-CMP cleaning). Chemical mechanical
planarization is a process in which a wafer surface

is smoothed and planarized through the combined
action of chemical and abrasive forces. CMP was a
radical idea when it was first introduced into high-
volume manufacturing at the 0.35 pm node, creating
a new level of complexity in the process. The slurry
materials introduced had to be designed to selectively
polish the different film features with high precision,
and then those materials had to be reliably cleaned
and removed from the surface after the process was
complete.* The subsequent brush cleaning process
uses a chemically active formulation to remove slurry
residue and polish debris remaining on the surface to
eliminate any negative impact on succeeding fabrica-
tion steps. In this case, both the electrochemistry and
the hydrodynamics of the system must be controlled
to achieve clean and defect-free wafers.

Typically, the electrochemistry of the system is
controlled by additives in the cleaning formulation,
and tribology is controlled by the properties of the
formulation in addition to the spin speed of the
brush and the rotation of the wafer under it. Abrasive
removal of material in CMP is controlled by engineered
nanoparticles that are an integral component of the
polishing slurry. In advanced slurries, the surface of
the nanoparticle can be chemically treated to enable
specific functionality such as preferential adhesion
to one type of surface over another — viz. metal vs.
dielectric. An important factor in this exercise is the
Zeta potential, which is the electric potential at the

solid-liquid interface. When applied to nanoparticles
in solution, the Zeta potential quantifies the tendency
of the particle to adhere to a surface — that is, lending a
desirable characteristic of enabling preferential polishing
of a target material or an undesirable quality of making
residual particles more difficult to remove during the
cleaning process. Typically, Zeta potential can be con-
trolled by engineering the chemical composition of
the formulation, making it easier to detach the particles
from the surface.

MODIFYING THE SURFACES OF COMPONENTS
THAT ENABLE ADVANCED TECHNOLOGIES

Polymeric materials are an intrinsic part of the semi-
conductor manufacturing ecosystem. Tubing, canisters,
drums, valves, filters, fittings, purifiers, and other supplies
are all part of the system that brings critical chemistries
to critical surfaces. Maintaining a high-quality interface
between chemistries and polymeric components is
essential in contamination control to avoid defects
on the wafer. The surface properties of this interface
can be modified to

1. effectively capture contaminants from
chemistries and

2. prevent undesirable interactions at the
interface that could result in contamination
being released into the chemical stream.

One way to capture contaminants from chemistries is
to modify the surface of filter membranes. Membranes
have two primary mechanisms by which they can
capture contaminants — size exclusion and adsorption.
Size exclusion relies on the size of the porous path-
ways being smaller than the contaminants of interest.
However, as defects of interest reduce in size, it is not
possible to reduce the pores infinitely, as that will result
in a loss of flow for a given pressure drop. Instead,
surface modification is leveraged to create surfaces
that can adsorb contaminants.®> However, there is no
single, universal modification that can adsorb the
contaminants of interest without negatively impact-
ing the chemistry of interest.® Significant research

is required to tailor surface modifications to the
application of interest. To better understand the
science and unique approaches to determine the
right surface modifications, the article Modifying
Polymer Surfaces for Contamination Control goes
into more depth.



Polymers aren't the only materials modified to enable
the delivery of chemistries in advanced technologies.
Entegris has conducted significant research in gas and
air purification, which rely on two phenomena, chemi-
sorption and physisorption, to capture molecular
contaminants. Gases are used in deposition, etching,
and photolithography. Hydrogen, in particular, is a gas
that is used as a chemical reducing agent, heat transfer
material, stabilizer, and can increase the resistivity of
certain deposited materials. Hydrogen is an important
gas in EUV lithography where it is employed as a purge
and clean gas in the EUV chamber and its source. This
critical chemistry requires part-per-trillion (ppt) levels
of purity to ensure that mirrors and optic surfaces do
not degrade when molecular contaminants decom-
pose in the chamber and at the source’” Entegris has
developed several technologies, including adsorber
purifiers and palladium membrane purifiers, to meet
these stringent requirements. Beyond semiconductor
manufacturing, these particular technologies that rely
on surface science to capture molecules are being
explored for new industries.

CHARACTERIZING THE INTERFACE

The ability to characterize the state of a surface is
critical to controlling the processes used to create
the surface. In the semiconductor industry, metrology
measurements are necessary in all the steps of develop-
ing and manufacturing high-yielding integrated circuits.®
The parameters being measured are critical dimension,
film thickness, defectivity, physical properties, surface,
and interface properties. The semiconductor industry
faces many challenges, especially in high throughput
metrology and contamination detection in the bulk
material and at surfaces (Figure 3). Many new chemistries
(liquid and gas), new materials, and new components
are introduced that require high levels of contamination
control to ensure acceptable yields. Contaminants in
the bulk can often be transferred to the surface after
processing either through bulk migration or insolubility
in chemistries and gases resulting in defects on surfaces.
Contaminants often result in defects that are either
random or systematic. Random defects are caused by
particles that adhere to the surface, organic residuals
or metal ions, and complexes that are left on the wafer
during processing. Systematic defects are usually caused
by the variation of mask and exposure conditions that
result in a specific recurring defect.
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Figure 3. Example of available technologies for measuring liquid
contaminants and possible targets?

Wafer optical inspection is either done on bare or
patterned wafers. Dark-field microscopy remains
the metrology of choice for defect inspection on
bare wafers. Because of increasingly complex three
dimensional topography both in logic and memory
designs, patterned wafer inspection is comprised of
state-of-the-art microscopy and spectroscopy and is
also supported by advanced modeling and intricate
post processing data analysis.’ Efficient on-wafer
detection is becoming critical for high throughput
manufacturing.!* Common in-line defect inspection
techniques such as critical-dimension (CD) scanning
electron microscopy (CD-SEM), CD atomic force
microscopy (CD-AFM), CD small angle X-ray scatter-
ing (CD-SAXS), e-beam metrology with e-beam review
(EBR) and e-beam inspection (EBI) are routinely used
during manufacturing.®*

Off-line highly sensitive metrology tools are often
used during process development to characterize
contaminants, but a gap still exists between detection
limits and contamination levels on surfaces. State-
of-the-art liquid particle counters can reliably detect
20 nm particles at low particle concentration.

However, leading edge on-wafer detection today is
limited to 13—14 nm defects. Smaller and undetectable
defects are still a threat to both semiconductor yield
and reliability. There is a real gap in particle detection
both in the bulk and on wafer below 10 nm. Moreover,
the increasing number of layers in new semiconduc-
tor design makes the challenge even more relevant,
having to simultaneously detect different contaminants
(ex. organic, ions, metals, and particles) and doing it in
a cost-effective, time-sensitive manner.
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Figure 4: A comparison of different imaging techniques. The sample is collected from a wet-etch process, SEM/EDS result shows the residue

contains C, 0, and AlP

The concept of hybrid metrology is used both in fabs
and analytical laboratories during process develop-
ment. The identification and quantification of surface
contaminants often require multiple techniques. Scan-
ning and transmission electron microscopy (SEM
and TEM), atomic force microscopy (AFM), and X-ray
diffraction (XRD) are common techniques to identify
the physical structure of the surface contaminants.
Sub 10 nm features are still very challenging for these
laboratory techniques, and are therefore combined
with chemical and/or elemental composition charac-
terization techniques such as: Raman spectroscopy,
Fourier-transform infrared spectroscopy (FTIR), Auger
electron spectroscopy (AES), X-ray photoelectron
spectroscopy (XPS), and X-ray fluorescence (XRF).
Other common bulk characterization such as gas and
liquid chromatography, inductively coupled plasma
mass spectrometry (ICPMS), and ion chromatogra-
phy, are also used to complement surface analysis.
Surface metrology will remain a significant challenge
to the semiconductor industry for years to come.

Figure 5. The residue collected from a deionized water sample. The right
picture is a close-up image of AFM which shows aggregated particles.”

The Entegris laboratory network remains on

the forefront of key contaminants detection. Our
worldwide laboratories develop their own hybrid
methodologies to identify surface contaminants.
One such methodology is multi-modal imaging and
analysis. This method analyzes a single sample using
confocal laser 3D microscopy, AFM, SEM, electron
dispersive spectroscopy (EDS), micro-Raman, micro-
TIR, and nano-infrared (IR) spectroscopy. Alone, each
of these techniques provide a single piece of information
that can characterize contamination. When the data
are combined, a holistic view of the contamination is
revealed, providing the opportunity to identify root
causes more quickly (Figures 4-5).%%

SUMMARY

Understanding the science at interfaces is the founda-
tion of Entegris’ contributions to enabling advanced
technologies in semiconductor manufacturing, green
energy, and beyond. The ability to control processes
that occur on surfaces with atomic scale precision and
control is necessary to manufacture the high-perfor-
mance structures required for autonomous vehicles,
high-performance servers, or even your smart phone.
Engineering materials at these vanishing dimensions
requires a detailed understanding and precise control
of the state and cleanliness of the interface where the
chemical and physical processes of interest are occur-
ring. A deep understanding of the processes that
occur on such surfaces is instrumental to ensuring
the integrity of a high-performance, pure material
from the point where it is manufactured to the point
where it is used in the process.



Fundamental advances in surface science continue to
drive innovation that enables progress in a number of
technical fields including semiconductor, life sciences,
and energy science. It is equally important to recog-
nize, however, the significance of all the surfaces that
a material comes in contact with along an extended
delivery path that may extend across several continents,
over several months, and that represents today's typical
supply chain. In high-volume semiconductor manu-
facturing, high-throughput metrology remains a major
challenge. Innovation is not only focused on “in-line”
detection by combining most advanced microscopy
techniques with modeling and complex post data
analysis, but also in analytical laboratories to support
contamination control of all materials throughout

the supply chain.

Later in this report, we consider the supply chain
for semiconductors, one such industry that requires
the delivery of high-purity solutions to surfaces. The
article Semiconductor Materials Supply Chain for
2030 highlights a scientific approach to estimate
material needs for the changing supply landscape.
As the global population increases and relies even
more heavily on advanced technology to access
information, there will be increasing challenges to
our ability to innovate, design, and deliver materials
to high-technology industries. It is therefore import-
ant to focus our efforts not only at the interfaces of
materials, but also at the interfaces of communities
and countries.

As a conscientious global citizen, Entegris can have a
positive impact on new and emerging industries when
we apply decades of learning from the demanding
field of semiconductors to other areas with similar
requirements. Green energy is a new industry that can
be readily addressed by Entegris’ understanding of gas
purification. More specifically, hydrogen, increasingly
used for the generation and storage of energy, can
be generated by many different methods. Each of
the methods, however, will confront the challenge of
purifying the gas, specifically removing moisture, and
ensuring the integrity of the material as it is stored
and transported for use. This is a problem that has
long been addressed in the semiconductor industry,
and the knowledge gained there can be adapted and
used to address green energy, a topic which is explored
in the final article: Hydrogen Gas for Semiconductors
and Clean Energy: New Surface Chemistry Challenges.

When reflecting on the advances in surface science
over the past century, it seems obvious that we've
been able to use each discovery to drive the next.
If we reframe the challenges of the semiconductor
manufacturing, supply chain disruptions, and green
energy as if they were advances in surface science,
we can begin to see how we can leverage learning
in one area and apply it to another. We then identify
unique interfaces that we didn't know existed and
create innovations there.
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EMBEDDING
COMPUTATIONAL
CHEMISTRY

IN MATERIAL
DEVELOPMENT

Applications of Molecular
Dynamics on Formulation
Design for Complex HAR
3D Nanostructures

Authors: Albert Chen
Montray C. Leavy, Ph.D.

As the semiconductor industry continues to push the limits of
performance, power, area, and cost (PPAC), the development
and co-optimization of enabling new materials and device
structures in semiconductor technologies become ever
critical. In the past, we have experienced the migration of
transistor structures from planar to FinFET devices, and we
expect to enter another gate-all-around (GAA) epoch in

the coming 3/2 nm tech nodes in a few years (Figure 1).
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Figure 1. Evolution of enabling material technologies and device architectures in semiconductor.

Other novel structures such as forksheet and CFET
are being developed to meet PPAC requirements for

sub-2 nm nodes. In the evolution of these diversified
structures, one shared trend is the increasing complexity

and aspect ratio (AR) of 3D structures in logic, DRAM,
and NAND flash structures. As designs continue to
shrink, the storage cell must maintain a minimum
charge. One approach to address this is to increase
the height of the capacitor, resulting in a higher AR.
To increase memory capacity in 3D NAND devices, the
number of layers is increased, while the thickness of
SiO/SiN pairs decreases, leading to an increase of AR
in both vertical and lateral directions (Figure 2). The
evolution to complex and high AR 3D structures has
posed holistic challenges to almost all semiconductor
process modules including:

e Etch

» Deposition
e Implant

e Cleans

This trend requires all industry members to address
new phenomena in process development and control
as device features continue to shrink.

3D NAND

DRAM

Next Node:
Shrink more K

Figure 2. High AR structures in DRAM and 3D NAND devices.

HOW MODELING AND SIMULATION CAN BE USED
TO AID IN CHEMISTRY DISCOVERY

In wet etch and clean processes, for example, when
we apply wet chemistry to complex nanostructures,
the chemical reactions tend to become more diffusion
limited. As a result, the etch rate and cleaning perfor-
mance reduces, and it takes longer to completely etch
or clean a structure. Longer process time generally
suggests longer manufacturing cycle time and higher
costs. Longer process time also contributes to a shift
in etch selectivity between different materials in a
structure because longer process time may also
lead to excessive loss of other materials. In addition,
complex structures may also hinder the diffusion of
etching byproducts, which consequently leads to
issues in uniformity or process yields. Not only will
nanostructures cause diffusion-related issues, but also
directly change the nature of chemical reactions.



In nanoscale 3D structures, the surface reactions
become dominant owing to an increase in surface-
to-volume ratio. At the nanoscale, the movement of
molecules in structures can be within the range of
influence of some intermolecular forces and result in
a shift of concentration or even depletion of chemical
species within the nanostructures.*? A change of mo-
lecular arrangement has also been reported,® as well
as a change of chemical viscosity* in nano-confined
spaces. All such additional effects at the nanoscale
inevitably will complicate the development, integration,
and control of processes and related materials. In the
front end of line (FEOL) where the critical dimensions
are smallest and structures are most complex, some
chemical suppliers are trying to improve the perfor-
mance of conventional bulk chemistries at the nanoscale
by incorporating functional additives such as surfac-
tants. Therefore, it is expected that more formulated
chemistries will be introduced in the FEOL in addition
to the back end of line (BEOL) in future technology
nodes.

No matter how formulations are designed or applied,
the key challenge lies in the prediction and validation
of their performance within complex nanostructures
in targeted applications. Currently, we can hardly find

reliable and affordable methods to acquire information
about chemical properties or reactions in nanostruc-
tures for reference in formulation development, which
leads to a long development cycle time and high costs.
Similar concerns are also highlighted in other emerging
processes or technologies like atomic layer deposition
(ALD), atomic layer etching (ALE), and area selective
deposition (ASD). In response to this new challenge,
Entegris has developed capabilities in computational
chemistry based on density functional theory (DFT)
and molecular dynamics (MD). These capabilities can
be applied in the development of a variety of materials
of interest.

MD is an agent-based simulation method used to
analyze the physical movement of particles (atoms
or molecules) based on the force field between them
over a fixed period of time, providing a dynamic view
of the evolution of a system. With such knowledge of
a system derived from MD, one can “calculate” the
macroscopic physical or chemical properties of the
system accordingly. MD is an important modeling
and simulation capability to bridge conventional
quantum mechanics’ density functional theory (DFT)
and rule-based continuum models that currently
are broadly used at Entegris (Figure 3).
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Figure 3. General modeling and simulation techniques at different scales.



In general, DFT is used to investigate the local properties
of a very small system of only a few particles based on
their electronic structures. Despite recent improve-
ments, it is still difficult to describe the intermolecular
interactions with DFT that are critical to understanding
chemical reactions. And, it can be misleading to use
continuum models to describe a nano-system whose
behavior is no longer considered a “continuum” and
properties may deviate from those of the bulk phase.
MD on the one hand can complement the DFT and
continuum models while on the other hand can work
with the two synergistically to extend the scope of
applications in various areas of interest.

UNDERSTANDING THE CHALLENGES IN 3D NAND
FLASH CLEANING PROCESSES

Highly selective nitride etch (HSNE) is one of the key
challenges in advanced 3D NAND flash processes in
which the industry seeks to increase memory capac-
ities by continuously adding layers (Figure 4).

& 300+ >

Figure 4. In advanced 3D NAND flash processes, the industry seeks
to increase memory capacities by continuously adding layers.

In such a 3D layered structure, the HSNE is used to
remove the sacrificial nitride layers for the deposition
of word line materials (W or Mo) (Figure 5). In 2022,
almost all leading 3D NAND manufacturers were able
to manufacture 3D NAND flash memories of >150
layers in high volume. In 2023, it is expected that these
manufacturers will continue to push the number of
layers to 200 and above. However, as the number of
layers continue to grow, the aforementioned new
issues resulting from high AR and nano-confinement
will manifest and gradually dominate.

In conventional HSNE applications, hot phosphoric
acid (H;PO,) of ~86 wt% at around 160°C is used to
etch the SiN sacrificial layers selectively over SiO. In this
chemical reaction, phosphoric acid acts as the catalyst
to promote the reaction between water and silicon
nitride. The products after this nitride etch reaction are
SiO, and NHj. Since this nitride etch reaction is very
slow, usually the process is performed in a traditional
recirculated etching bath (REB) rather than in single
wafer tools to maximize wafer throughput and save
costs. In REB applications, reaction products are accu-
mulated in the baths and may redeposit on wafers and
form defects. The extension of chemical bath life to
further reduce costs usually exacerbates the defect
conditions, especially for high loading applications
like HSNE. In the HSNE application, one of the main
reaction products is SiO,, which is accumulated in the
bath gradually during the silicon nitride etch reaction.
The SiO, in the bath will regrow on the silicon oxide
layers causing a shift of their critical dimensions and
nonuniform etching of silicon nitride sacrificial layers.

A typical phenomenon observed in HSNE is illustrated in
Figure 6. The SiO, accumulated in the chemistry tends
to regrow on the top of the silicon oxide layers and
form match-like morphologies. In addition, because
of nonuniform distribution of etchant concentration
across the deep trench, etching rates in the top layers
are usually higher than those in the bottom layers,
resulting in obvious nonuniform etch profiles from top
to bottom after long processing times. These issues
will become even more severe as the number of layers
increases and the thickness of SiO/SiN pairs decreases
in future technology nodes. Entegris proposes to
address these challenges by developing formulated
HSNE chemistries optimized for specific application
conditions and device structures. Therefore, under-
standing the mechanisms and processes of silicon
oxide regrowth in HSNE is critical.

SiOx Oxide_N+1

SiOx Oxide_N+1

Oxide_N Oxide_N
Oxide_N-1
Oxide_N-2 Oxide_N-2

Figure 5. The HSNE is used to remove the sacrificial nitride layers for
the deposition of word line materials (W or Mo).



Figure 6. The Si0, accumulated in the chemistry tends to regrow on
the top of the silicon oxide layers and form match-like morphologies.

In the conventional approach, to develop a viable
formulated chemistry for HSNE requires intensive
investments and serious commitments from both
the chip manufacturers and solution providers. Chip
manufacturers need to use their precious tool time to
prepare test structures and validate the performance
of chemistries under high-volume manufacturing
(HVM) conditions, while solution providers need to be
equipped with capabilities to verify etch performance,
defect performance, effects of bath life, effects of
chemical shelf life, and other properties of a variety of
prototype formulations on both coupons and whole
wafers to identify the most appropriate prototype
formulations for chip manufacturers’ evaluations. Since
the overall evaluation costs are high and cycle times
are long, it is highly valuable for solution providers to
explore methodologies that more efficiently screen
viable solutions and improve trial success rates.

RESULTS OF USING MULTI-SCALE MODELING AND
SIMULATION TO MAKE DISCOVERIES

Multi-scale modeling and simulation approaches based
on MD are introduced to help scientists and chemists
understand the mechanisms of different formulations
at a very fundamental level and acquire new insights

into directions for formulation design. The first step in

building a multi-scale model is to understand the influ-
ences of key parameters that are used to describe the
behaviors of a system. In HSNE, such parameters include
diffusion, etch, and adsorption rates of reaction products
in various formulations under different boundary and

initial conditions. Unfortunately, among the three key
parameters only the etch rate can be measured directly
through experimental design. Diffusion and adsorption
rates of reaction products in nano-trenches, however,

can hardly be observed and measured by existing tech-
niques. For such parameters that cannot be obtained

easily, MD can be used to estimate them computation-
ally at lower costs and faster speeds (Figure 7). As the

HSNE system is too huge to be modeled or simulated
by MD practically within a reasonable computation time
using ordinary workstations or computer clusters, our
next step is to reduce the order of modeling and simu-
lation without sacrificing the key attributes of the system
by coarse-graining techniques to reduce the scale

of computation.
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Figure 7. An example of an MD model for the HSNE application.

The simplified coarse-grain model is trained to
ensure its key attributes (adsorption and diffusion

in this case) are aligned with those derived from the
finer MD model (finer trains coarser). With the coarse-
grain model established, the relative performance of
different formulations in this huge HSNE system can
be compared virtually. For example, with the coarse-
grain model we are able to observe the development
of a concentration gradient of reaction products along
the vertical trench over time (Figure 8), which suggests
that accumulation of reaction products in the vertical
trench due to inefficient diffusion may be responsible
for etch nonuniformity.

Depth

=
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Figure 8. An HSNE coarse-grain model that illustrates the development
of a concentration gradient of reaction products along the vertical
trench over time.



In Figure 9, we demonstrate the simulated perfor-
mance of different formulations and quantify the
regrowth of silicon oxide over time for reference in
formulation design or process development. We can
then zoom into the molecular view to delve deeper
into how atoms and functional groups of different
molecules in the system interact with one another
(Figure 10) to grasp mechanisms underlying different
phenomena and build solid know-how. Combining
different information derived from MD-based model-
ing and simulation, Entegris’ scientists and chemists
can acquire the insights and foresight to develop
viable solutions much more efficiently.

Condition 1

Condition 3

Degree of Oxide Regrowth

Time

Figure 9. Quantifying the regrowth of silicon oxide over time in the
HSNE application with coarse-grain models based on MD.
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Figure 10. An example to explore potential reaction mechanisms based
on radial distribution functions (RDF) of particles (atoms, molecules,
colloids, etc.) of interest derived from MD.

Design of post-etch residue removal (PERR) formula-
tions for complex 3D structures with HAR is another
potential application of MD in advanced semiconduc-
tor processes. In conventional BEOL dual damascene
processes, special PERR formulations must be applied
to remove the residues after dry etch (Figure 11). In PERR
formulations the types and concentrations of functional
additives such as etchants, solvents, pH adjusters, and
inhibitors must be carefully controlled to remove the
polymerized nonvolatile residues without corroding
the exposed metal surfaces and corresponding liner,
barrier, or etch stop layers. Currently, the first few
“minimum viable formulations” are usually developed
based on their effects on structure-free planar coupons
of different materials concluded from laboratory beaker
tests. The formulation developers then need to prepare
drums of samples for customers’ evaluations in real
processes and get customer feedback on performance
and defectivity for reference in adjusting formulations
for the next on-site evaluation. These iterations repeat
until a satisfactory formulation is identified.

Formulated Chemistry

L Post-etch residues =

Etching Stop Layer !“

Figure 11. A schematic expression of post-etch residue removal (PERR)
applications in BEOL.



There are several intrinsic issues with this process.
First, the cycle time of the whole process is very long,
and the costs very high for both formulation developers
and customers. Second, the formulation developers
design formulations based on coupon tests without
actual post-etch residues, which can result in significant
cleaning performance deviations compared to real
processes. In addition, the necessity to co-optimize the
PERR formulation and the dry etch recipes dynamically
during a customer’s R&D process further complicates
the situation. Third, the behaviors of formulations in
complex 3D nanostructures can hardly be captured by
laboratory coupon tests. Without knowing the behav-
iors of components of a formulation in nanostructures,
it's difficult to determine how to change a formulation
even with performance and defectivity information
of the formulation in real processes. Unfortunately,
such uncertainties contributed by nanostructures will
continue to grow as customers continue to shrink
critical dimensions and increase the aspect ratio of
BEOL structures. Therefore, MD is introduced as one
of the approaches to mitigate the impacts of these
intrinsic issues by improving the accuracy and the
success rate of formulation development. Some appli-
cations of MD in PERR formulation development are
illustrated below.
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When developing a PERR formulation, the first un-
certainty chemists face is the difference between
the performance of the formulation in targeted
nanostructures and the designed formulation based
on structure-free coupon test results. As the critical
dimension shrinks, the deviation from the performance
expectation will increase and may cause unexpected
side effects. To contain such uncertainties better when
formulating a new chemistry, Entegris uses MD to
explore potential mechanisms for formulation devia-
tions and their impact at different nanoscales (an
example of the model is illustrated in Figure 12).
With the MD models established, scientists and
chemists can envision more realistic concentration
distributions of formulation components at different
nanoscales. New insights derived from this informa-
tion can drive modifications to formulations more
accurately to meet targeted purposes or functions
in real application scenarios. Figure 13 demonstrates
the simulated spatial concentration distribution of
different components of an Entegris PERR formula-
tion in a nano-trench. The simulation shows that
component D concentrates and forms micelles in
the middle of the nano-trench, which eventually may
compromise the expected residue removal perfor-
mance of this formulation. Through MD modeling
and simulation, Entegris scientists and chemists can
optimize a formulation for real application scenarios
virtually before the formulation is evaluated on site
using expensive processes.

Formulation

Figure 12. Concentration distributions of different components of a PERR formulation in the nano-trench.
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Figure 13. Simulated spatial concentration distribution of different components of an Entegris PERR formulation in a nano-trench. The simulation
shows that component D concentrates and forms micelles in the middle of the nano-trench, which eventually may compromise the expected residue

removal performance of this formulation.

Another challenge for scientists and chemists when
developing a formulation is the accurate prediction of
the relative residue cleaning performance of different
formulations in real processes. To make more accurate
predictions, a fundamental understanding of the roles
of different components in a formulation in the residue
removal process is necessary. In this regard, MD can
help us in various ways. For example, in one approach
various hypothetical “standard” residue molecules
were defined, derived from analytical results, and
then used to study the relative residue cleaning
efficacy of different formulations as well as the
underlying mechanisms.

In Figure 14, we demonstrate the dynamics of residue
removal by a PERR formulation simulated by MD.
We can clearly see that component D (green mole-
cules) plays a key role in the removal of residues

The potential applications
of molecular dynamics are
ubiquitous and the only
limitation will be imagination.

(blue molecules) from the substrate. If we track the
evolution of different components in the process,
we can also find that both components E and G are
adsorbed to the component-residue complex (Figure
15). The adsorption of component E can enhance the
overall lifting force to remove residue from the surface
and is considered positive. However, the adsorption
of component G is not preferable since it is designed to
cover the exposed metal surface in the bottom of the
trench. In this simulation, component G is completely
adsorbed by the residue complex and loses its function
to protect the metal surface.

Figure 14. The dynamics of residue removal by a PERR formulation simulated by MD.
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Figure 15. Tracking the evolutions and interactions of different components

for formulation development.

FUTURE APPLICATIONS AND MODELING
AND SIMULATION

MD can also be used in a variety of other material
development areas. In the microcontamination
control area, MD can be used to study the removal
efficiency of different media or surface modifications
for different contaminants under different process
conditions. For area selective deposition (ASD), MD
can be used to assess the deposition, selectivity, block-
ing, stability, and performance of molecules used to
form self-assembled monolayers (SAM) on different
substrates. In chemical mechanical planarization
(CMP) applications, MD can be used to predict the
results of modifying slurry abrasive particles with
different functional modifiers and the behaviors of
modified abrasive particles on targeted substrates.
Even in traditional computational fluid dynamics
(CFD) applications that have been widely adopted,
MD can be used to computationally estimate thermal
dynamics, fluid dynamics, or mechanical properties
of materials when the properties of interest cannot
be obtained easily through experiments. Potential
applications of MD or other similar computational
approaches at Entegris are ubiquitous and the only
limitation will be imagination. We will continue to
develop new capabilities in computational chemistry
to catalyze knowledge development and generation
and lay the foundation for Entegris’ science-based
product development process.
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in a PERR formulation can provide insightful information
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Metal contaminants are notorious yield detractors throughout
semiconductor unit processes. For example, metallic contami-
nants found in photolithography materials can create cone
defects, resulting in the potential for leakage.! Because these
contaminants are so hard to detect, it is extremely difficult to
pinpoint their root cause and identify opportunities to remove
them. Clean chemicals used to process semiconductors ex-
perience many contamination opportunities between their
final quality control checks at the end of manufacturing and
dispense onto a wafer. The complexity of the interactions of
contaminants and the functional components in semiconduc-
tor chemicals is an important consideration when designing
removal methods.
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As the number of contaminants grows and the size
of these contaminants shrink, it is increasingly difficult
to find a single solution to address the challenge.
One solution is through the modification of polymer
surfaces to target the removal of specific contaminants,
like metals. This becomes even more challenging in
photolithography, for example, when metal-oxide
photoresists are introduced into high-volume manufac-
turing, whereby metals that enhance etch resistance
must remain in the formulation, while specific metal
contaminants must be removed. Here we explore the
means to remove metals from photochemicals as an
example of the type of work that is needed to target
different types of contaminants from a wide range of
semiconductor chemicals.

IMPORTANCE OF CONTAMINATION CONTROL
IN PHOTOLITHOGRAPHY

Extreme ultraviolet (EUV) lithography is expected to
enable a more efficient semiconductor manufactur-
ing process by reducing the number of lithography
steps compared to a 193 nm immersion process.?
This promise is hampered by the constraint of a low
number of photons per energy dose® and the exponen-
tial increase in the number of defects observed when
transitioning from a 7 nm node to the dimensions
associated with a 5 nm node or lower.*

Novel photoresists have been under development to
improve the photon capture efficiency and increase
productivity. One such formulation utilizes copolymers
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Figure 1. Hypothesis on defect generation mechanism.
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of acrylate and phenol.>¢ Phenol groups play an im-
portant role in addressing stochastic issues in EUV
lithography.”®° Because the quantity of photons varies
from shot to shot, acids are generated via secondary
electron release after phenols absorb photons.’* This
is different from standard chemically amplified resist
systems that are used in ArF processes. Therefore,
phenols are important to enhance resist sensitivity
with small numbers of photons.*? Unfortunately, while
phenols can improve sensitivity, they have a negative
impact on defectivity as they may be a source of micro-
bridge defects. Since phenol moieties are less soluble
than acrylates, phenol-rich polymer chains can remain
as aggregates post development. When aggregated,
these chains are not easily developed or rinsed away,
leaving a bridge defect on the wafer surface between
fully developed patterns (Figure 1).

Trace metal contamination is another source of
defects in novel photoresists that can influence
device performance and result in low yield.! Mobile
metal ions can diffuse into the silicon oxide layer
and are not effectively removed by sulfuric peroxide
mixture (SPM) etch.”* Metallic contaminants can also
act as nucleation sites around which resist polymer
chains may aggregate and result in gate leakage.**

The complexity of the interactions of metal contami-
nants and the components in photochemicals is an
important consideration when designing removal
methods. This challenge increases when the unifor-
mity of the photoresist comes into play, whereby
resist chains that enhance sensitivity must remain,
while defect-causing resist chains must be removed.

Bridge defect generation
After Spin Dry



There are many more than two types of contaminants
to consider when exploring contamination control in
photoresists. Systematically identifying root cause is
time and resource consuming. While a single solution
to address all contaminants is desirable, it is not realistic.
Therefore, different methods must be designed to
address each contaminant type. Significant efforts
have been made to address metallic contaminants,
which pose the biggest risk to circuit performance
and yield.

CURRENT STATE OF CONTAMINATION
REMOVAL TECHNOLOGIES

There are several techniques to reduce metal con-
tamination load in a solution, such as electrodialysis,*®
liquid-liquid extraction,* metal organic frameworks
(MOFs),Y” and ion exchange adsorbents.’** However,
most of these technologies were developed for
waste or brackish water purification applications
and have limited utility in the more stringent field

of photochemicals.

lon exchange media is by far the most used technique
for the purification of photochemicals.?° It can be in
the form of porous polymer resins packed in a column
or modified filtration membranes. Fluid flow in a packed
column tracks the path of least resistance which is
the interstitial volume formed by the space between
the resin. To remove metal contamination, ions in the
fluid must diffuse and interact with the ion exchange
groups on the crosslinked resin surface. Since the
internal surface of the resin represents the larger
fraction of the surface area available for adsorption,
the flow rate must be kept low to enhance the mass
transport process and increase the binding capacity
of the packed bed. This is especially important in the
case of highly crosslinked resins with poor accessibil-
ity and viscous photochemicals, both of which can
negatively impact the diffusion rate of the metal ions
and consequently their extraction efficiency. Increasing
contact time with the resin, either through recirculation
or flow rate reduction, negatively impacts process
efficiency and throughput. Moreover, it is labor- and
time-intensive to pack, clean, and validate packed
resin columns.

The shortcomings of packed bed resins can be offset
by using filtration membranes, which offer faster setup
time, flexible processing, and easy handling. These are
highly convective media with optimized membrane
morphology, pore size, and functionality to enable
fast mass transfer and easy access of metal ions to all
available surface area. In one approach, the surface
of a microporous ultra-high molecular weight poly-
ethylene (UPE) membrane can be functionalized with
application-specific functional groups that act as
adsorbents for metals without releasing counter
ions into the solution.???

UPE filters are widely used in photochemical filtration
because of their chemical inertness, cleanliness, and
ability to be modified. Unlike packed bed chromatogra-
phy columns, where good extraction efficiency comes
at the expense of reduced process throughput, all the
functional groups on a filtration membrane are in the
convective flow of the liquid, and, therefore, there are
no diffusional mass transfer limitations.

A few Entegris products have entered the market
that extract metal contaminants from solvents with
high efficiency.?? However, utilizing this technology
in photoresist formulations reveals a different picture
compared to pure solvent. The interaction between
the other components in the resist formulation and
membrane surface functional groups creates a nega-
tive impact on photoresist performance and metal
removal efficiency. Figure 2 highlights the filtration of
a solution of photo acid generator (PAG) in propylene
glycol methyl ether acetate (PGMEA)/ethyl lactate
containing 1.2 ppb of native metals using two prod-
ucts, A and B. Total metal removal efficiency did not
exceed 70% with almost no extraction of Zn and
100% extraction of Fe (Figure 2a).
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Figure 2a. Metal reduction in a PAG solution using product A, product B,
and a 0.2 pm UPE membrane modified with a new molecule.
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Figure 2b. Sensitivity shift in resist formulation comprising the PAG
solution purified using a new membrane, product A, and product B.
Connecting line is a guide for the eye.

Figure 2b shows the results of a wafer coated with a
photoresist generated from the filtered PAG solution
and other components. A shift in critical dimension
was observed when compared to a formulation of
similar components but with unfiltered PAG. This was
possibly due to the extraction of some amount of the
PAG by surface functional groups on the membrane.

This result drove research into the development of

a new molecule that was even more highly selective
to the metal contaminant and no other formulation
component. A 0.2 um UPE membrane was modified
with a proprietary molecule and used to purify the PAG
solution, as described before. Figure 2a shows that
the total metal removal efficiency of this membrane
exceeded 90% with an impressive removal efficiency
for both Fe and Zn. At the same time, no change in
the pattern size created by using a resist formulation
comprising the purified PAG solution, was observed
(Figure 2b). This indicates high selectivity of the mem-
brane for metal contaminants without interfering with
other components in the formulation.

LOOKING AHEAD

Innovative filtration technologies are needed to address
the most stringent defect targets and eliminate defect-
causing species before they negatively impact semi-
conductor production efficiency. Adsorptive retention
mechanisms boost membrane filtration efficiency and
can be an effective tool for contamination control in
photolithography solvents. Functionalized membranes
are likely to show a similar benefit in more complex,
multicomponent formulations where selectivity toward
metal contamination and lack of interaction with other
crucial components in the system are desirable. While

the example in photolithography shows promising re-
sults, additional research is needed to address the many
chemicals used in the semiconductor manufacturing
process and to further address the many different
types of contaminants, like phenol aggregates.

Entegris constantly researches opportunities to
tailor filtration for the emergence of new innovative
photochemicals. However, such experimentation
comes at the price of laborious processes requiring
several iterations, which adds to the cost of develop-
ing advanced purification solutions. To counter these
challenges, methods that leverage computation
along with experiments are being developed. One
such method is based on a probable correlation of
metal retention by ligands with complexation energy
of the resulting ligand-metal complex. Using this
resulting parameter, ligands can be screened and
ranked against metal ions of interest in a solution at a
given pH. Presently, a large amount of experimental
data is needed for validation purposes and to further
understand the limitations of such computational
methods.

The same methodology can be extrapolated to larger
databases of ligands and metals in solutions or solvent
at specific pH levels. User-friendly tools can be designed
such that most of the work is automated, where the
user initiates the computations by providing appropriate
inputs. Experiments can then be narrowed down to
a smaller set of trials to identify a final combination
tailored for the application, thus saving several
months of costly work.

Validation of such computational methods is an im-
portant part of the development cycle. In the validation
step, the ligands are ranked against the metal ion of
interest. In addition, residual concentrations of metal
ions in solutions from experiments that have been
treated with the same list of ligands are ranked. The
rankings from simulations and experiments are then
compared to evaluate the simulations. Outcomes
from such analysis have shown that additional experi-
mental factors need to be considered to make the
simulations robust and on target. Factors include the
structure of the membrane used, initial distribution
of metal ion species, and ratio of available ligands

to metal ions species within the solution. These
factors affect the process of metal removal rates
and models need to be tuned in to better correlate
with experiments.



Currently, advances in computational resources
combined with machine learning algorithms create
opportunities for scaling the screening quickly and
identifying potential solutions. Such efforts are already
in progress and have been successfully demonstrated.?
With such methods ligands can also be synthesized
with deep-learning algorithms based on inverse design
models.? These find a place in cases where there are
no readily available ligands or a need to tailor solutions
for specific applications.

CONCLUSION

Stochastic defects pose an ever-greater problem to
EUV photolithography success with sub-16 nm device
features size. Chemical suppliers continue to make
significant efforts to improve photoresist chain unifor-
mity and create high-quality materials that address
defectivity challenges. These manufacturers cannot
accomplish these goals without innovative filtration
solutions. Entegris — like all members of the semicon-
ductor supply chain — leverages our scientists’ and
engineers’ creativity and innovative ideas to find
new solutions to target selective removal of post-
development aggregation-prone resist chains helping
to improve material quality and device yield.

As technology changes, we must all adapt. While the
tools of the past have enabled Entegris to demonstrate
the ability to tailor membranes to address particular
contaminants, it is time to seek new sources of inspira-
tion and analysis, such as machine learning, to create
the filters that are likely to show a similar benefit in
more complex, multicomponent resist formulations
where selectivity toward metal contamination and
lack of interaction with other crucial components in
the system, such as polymers and metal oxide catalysts,
are desirable. Filters of the future that address these
complex contamination challenges, as well as those
faced by other unit processes, will only be created by
combining deep technical knowledge, collaborations
with the semiconductor value chain, and advanced
computational resources.
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INTRODUCTION

The semiconductor industry has completed a transformation in
the last five years from a stable-growth industry to a high-growth
industry, highlighted by its double-digit annual post-pandemic
growth rate since 2020. With multiple secular growth drivers
in place, such as 5G, artificial intelligence (Al), internet of things
(IoT), big data, and electric vehicles/autonomous driving, it is
well accepted that semiconductor long-term growth will be
here to stay.

With the semiconductor industry historically growing at 2x
the rate of global gross domestic product (GDP), it is now
a consensus that the industry will reach sales of one trillion
dollars by 2030, roughly doubling in size within a decade
(Figure 1). While this is great news for the semiconductor
supply chain, it is a massive challenge for the industry’s
entire ecosystem to scale in support of such rapid and
significant growth.
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Figure 1. 2020 sales at $471B, 2030 sales are projected to be >$1T. Source: Gartner and Entegris estimates.

For the world to reach semiconductor shipment levels
of S1T, It is estimated that the industry will need to
produce 20 billion square inches annually, an increase
of 67% over the 12 billion square inches of wafers
produced in 2020. This requires an addition of 77
new 300 mm mega fabs with 100,000 wafer starts
per month capacity, a very tall order that requires a
massive amount of capital investment to achieve
(Figure 2). The expected growth for semiconductor
materials to support a S1T level is even more stagger-
ing, with estimated materials consumption more than
doubling from 2020 to 2030, exceeding the industry.
Our calculations indicate that the anticipated pace of
expansion will require growth across all key materials
segments, providing substantial opportunities for semi-
conductor materials suppliers, but also posing several
significant challenges to the materials supply chain.

AGGRESSIVE CAPACITY EXPANSION

To more than double semiconductor materials ship-
ments in one decade, materials suppliers must be
very aggressive in expanding capacity. The industry
traditionally has operated with a conservative approach
to capacity addition, requiring a paradigm change
toward timely decision-making and bold actions to
add capacity to support such rapid industry growth.
For semiconductor materials, in particular, there are

increasingly complex factors to consider, such as new
demands on the materials that are being ramped in
this timeframe, like improved materials purity and
reduced materials variability. These demands drive
new manufacturing capabilities in the area of robust
automation and stringent process control as well as
new ways of thinking about materials packaging.

Millions of Square Wafer Fah
Inches of Silicon Equipment (WFE) Fab Materials
()] Market
$20B/2021
to
10K 77 new 100K $160B/yr. $100B/yr. $50B/2030
additional wafer starts to build WEFE market
annual per month and equip to equip .
MSI (WSPM) fabs new fabs new fabs s CHER
VS.

Figure 2. What does a $1T industry mean to the supply chain?
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HIGHER MATERIAL PURITY

With the industry producing 3 nm node devices today
and chasing the Angstrom era within this decade, ma-
terial purity requirements will increase significantly.
Already, advanced logic processes specify material
purity in the ppg regime for metals and the low-ppt
level! for organic contamination. As a basis for compari-
son, 1 ppq is equivalent to one drop of water flowing
over Niagara Falls in a day. This is vanishingly small
and nearly undetectable. In addition, the size of a killer
defect for a 7 nm technology is less than 5 nm. Yet
the detection capability of an on-wafer inspection
toolis in the range of 10—-15 nm. Therefore, most
IC manufacturers are operating in the dark. They
physically cannot see the defects that can lead to
device failure and must rely on downstream electrical
testing to identify such defects. This challenges the
materials supply chain to manage material purity
throughout the ecosystem from raw materials to
on-wafer delivery, and it has driven many customers
to implement redundant filtration and purification
schemes as an insurance policy against the contami-
nation and defects they cannot see. It requires more
advanced filtration, purification, packaging, and
delivery solutions to maintain purity of the materials,
as well as a robust quality control system to sustain
the quality of materials from batch to batch.

MANUFACTURING AUTOMATION AND STRINGENT
PROCESS CONTROL

Process variability is the bane of any semiconductor
process engineer. Rigorous process controls and statis-
tical methods are implemented across the fab to ensure
that every process in the fabrication sequence is both
centered and controlled within precise limits. As a key
input to the process, materials variability must be strictly
controlled as well. Increasingly, fab operators require
rigorous certificates of analysis (COAs) to ensure that
incoming materials hold to their specifications. This is
true not only for the final material but also for material
ingredients used to formulate the final product. In effect,
they seek complete transparency from their supply
chain. To achieve such requirements at rapidly increas-
ing volumes, materials suppliers will need to rely on

a higher level of automation during synthesis, and
more thorough implementation of statistical process
controls throughout their manufacturing process.

‘ Vanishingly Small And Nearly Undetectable

Figure 3. 1 ppq is equivalent to 1 drop of water flowing over
Niagara Falls in 1 day.

There are many points along the
material’'s journey where it may
become contaminated or other-
wise degraded in quality. It is no
longer sufficient simply to make
a pure material.

ROBUST MATERIAL INTEGRITY

Materials packaging is a critical aspect of ensuring

the integrity of the product from the point where it is
manufactured to where it is used on the wafer. Since
the lifecycle of a material may span several months and
cover several continents (manufacture in the U.S., use
in Taiwan), there are many points along the material’s
journey where it may become contaminated or other-
wise degraded in quality. It is no longer sufficient simply
to make a pure material. The supplier must be able to
ensure the integrity of that material from the point of
manufacture to the point of use. While filtration and
purification methods are increasingly implemented at
more points along the supply chain (point of manu-
facture, sub-fab, point of use), new ideas are required
to ensure “constant cleaning” during the period when
the material is in a package. Also, most wet chemistries
are typically packaged in drums, and as the volume of
chemistry increases, the number of drums would be
expected to rise as well. However, since most contam-
ination is introduced from the interaction of a material
with the surface of its container, there is an opportunity
to consider new options that allow shipping increased
volumes without increasing the surface area of the
packaging (new container geometries). A new approach
would have implications for how a material is intro-
duced to the fab, so a comprehensive consideration
of the material flow over its lifecycle is required.



SUPPLY CHAIN COMPLEXITY

Today’'s advanced logic IC requires 2,000-3,000
process steps to manufacture and hundreds of materi-
als to be used at various stages of the process flow. This
is a 2x increase compared to the process flow of just
a decade ago. With the adoption of the gate all around
(GAA) transistor, 3D structures, backside power rails,
and new materials for better interconnect schemes,
the number and complexity of materials used for semi-
conductor manufacturing will only further increase.
Many of the materials used to fabricate semiconduc-
tor devices carry safety, health, and environmental
hazards. In addition, raw materials are sourced from
many regions around the world, some more stable
than others. This requires the materials supply chain
to develop much more sophisticated operations

and modern data management to handle this vast
complexity. In this regard, several factors need to be
considered including data transparency, geopolitical
risk, and sustainability.

DATA TRANSPARENCY

Doubling semiconductor materials shipments within
the decade will demand that scalable supply chain
ecosystems become closely knit networks of key
customers, suppliers, and sub-suppliers collaborating
toward shared advantage. Future ecosystems will be
enabled using system-to-system connections with
visibility to inventory and work in progress (WIP) across
the supply chain, shared and secured with private
blockchain clouds. This new way of operating will
greatly eliminate waste and minimize overall risk to all
partners. The ecosystem model in combination with
digitalization further allows for robust and systematic
sharing of data to help identify potential issues to both
customers and suppliers, dramatically reducing the
time to resolve excursion activities, and in many cases,
eliminating them before a problem even arises. We
must manage massive amounts of data across the
supply chain, while ensuring data security, or it will be
difficult to achieve the availability, scalability, and quality
in the timeframes required. Digitalization provides the
visibility and scenario planning for all aspects of the
material life cycle, enabled through modeling and/or
a digital twin of the supply chain internally as well as
downstream. This allows for robust contingency

planning and constant machine-based optimization
to create a nimble and flexible supply chain adjusting
to rapidly changing scenarios with minimal personnel
involvement. A paradigm shift results when people
are involved only where they can add value, such
as model training, unique situations, or relationship
management. Digitalization is not about replacing
people with machines, but rather augmenting the
abilities of both to work together seamlessly which
will enable better and faster decisions.

GEOPOLITICAL RISK

Since the 1990s, many companies have pursued a
strategy of outsourcing and lean manufacturing to
cut costs. This distributed, low-inventory strategy has
the potential of introducing supply chain disruptions
from factors largely out of the company’s control. In
this context, recent geopolitical conflicts and increased
nationalization of the semiconductor industry have
forced the materials supply chain to adapt to new
geopolitical requirements.

Ukraine ——— ’

&— Taiwan

China

Russia ——— >

Figure 4. Tricky geopolitical interplay.

For example, several elements common to the semi-
conductor industry have been designated as conflict
minerals — including cobalt, tantalum, and tungsten

— making sourcing decisions a critical factor in any
supply chain informed by human rights considerations.
Also, the world's largest reserves of rare earth elements,
many of which are used in semiconductor fabrication,
are found in China, giving a single country dominance
over a critical part of the materials supply chain. In
addition, the recent conflict in Ukraine has highlighted
the vulnerability of access to materials such as neon
and other critical metals within the semiconductor
materials supply chain.



Finally, the global COVID-19 pandemic, particularly
pandemic-related shutdowns, highlighted vulnerabili-
ties in critical supply chains that manifest themselves
in shortages of key products that depend on semi-
conductor components, such as automobiles. These
challenges and crises accelerated the need for
businesses to re-examine both short- and long-term
supply chain decisions and forced new supply chain
strategies that include sourcing management, logistics
and freight optimization, localization of manufacturing
and distribution, and sufficient redundancy to minimize
the supply risk at specific geographic locations.

SUSTAINABILITY

The entire semiconductor industry
Is prime for a concerted effort to
reduce its plastics footprint from
packaging to process applications.

Climate change is creating disruptions around the
world due to extreme weather, rising sea levels, and
increasing drought. Materials ubiquitous to the industry
like PFAs (per- and polyfluoroalkyl substances) are
being regulated by an increasing number of countries.
Semiconductor fabs are large consumers of both power
and water. All of these factors warrant that sustainability
be a major emphasis for semiconductor companies in
general, and materials companies in particular, as they
ramp production to meet the increased demand for
chips. Companies have already begun to set objectives
to achieve reduced energy consumption, to consume
energy from renewable sources, and to decrease
water consumption in their manufacturing processes.
In addition, an increasing focus of R&D is to identify
alternatives to hazardous or environmentally unfriendly
chemistries by developing processes that require less
solvent use or replace hazardous materials. And the
circular economy is a focus of many materials com-
monly found in the semiconductor process such as
polymer tubing, drums, and filters. In fact, the entire
semiconductor industry is prime for a concerted
effort to reduce its plastics footprint from packaging

to process applications.

This new era of sustainable materials, while a chal-
lenge, is by no means limiting the number of options
to explore — the technology to manipulate materials

is emerging every day. Chemists in the industry have
identified processes that have unlimited recyclability,
as well as materials that are inherently safe while also
maintaining a clear advantage to their earlier prede-
cessors. Given its overall contribution to the world
economy and the ensuing financial benefits that the
semiconductor industry has enjoyed, the industry
has a responsibility to lead the way in solving the
major unmet challenges of our time. This next era of
sustainable materials development is an opportunity
to establish a legacy of outperforming the industry’s
social responsibility while providing our customers
with products that are certain to give them an acceler-
ated trajectory to future advances in semiconductor
technology.

SUMMARY

The semiconductor industry is rocketing toward the
S1T milestone. It's driven by the demand for chips,
the fundamental building blocks that enable so many
societal trends that depend on data: autonomous
vehicles, ubiquitous communication, artificial intelli-
gence, smart cities, and efficient manufacturing and
supply chains. But therein lies an opportunity for the
industry that enables this advancement to eat a bit

of its own home cooking — to leverage the power of
the products it enables to address some of its own
challenges. Using computational methods to accel-
erate development would reduce the consumption of
resources and enable more efficiently manufactured
designs. Leveraging data to streamline supply lines
would improve raw material usage and reduce waste.
Automating manufacturing processes and implement-
ing more statistical controls would improve productivity
and reduce scrap. Reflecting on the events of the last
two years (the pandemic, effects of climate change,
global conflicts), there is no better time to apply urgency
to addressing the challenges that face the semiconduc-
tor materials industry. Looking ahead to 2030 provides
ample opportunities to change our practices to ensure
wider collaboration and transparency between parties
to ease the strain in the supply chain, specifically
leveraging technologies enabled by the semicon-
ductors being manufactured.
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INTRODUCTION

Hydrogen is the simplest and most abundant chemical
element in the universe, having an atomic number of 1
and normally existing as H, (gas) in standard conditions.
It came into existence in the first second of the big bang
and currently comprises about 75% by mass of the normal
matter in the universe. The hydrogen atom consists of one
proton and one electron in its most abundant isotope *H.



Global Hydrogen Consumption by Industry

55%

Ammonia Production

25%

Petroleum Refining

Other, Including
Green Energy Storage

10%

Methanol Production

10%

Figure 1. Today, only a small percentage of hydrogen is used for
green energy.!

H, was first produced in the 16th century by the
reaction of acids on metals. Henry Cavendish was
the first to isolate hydrogen gas and recognize that
it produces water when burned, hence the name in
Greek "hydrogen” meaning “water forming.” Hydrogen
is colorless, odorless, tasteless, and non-toxic but is
highly combustible. Hydrogen is less reactive than
other naturally occurring diatomic elements such

as halogens.
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Figure 2. Airbus is developing a hydrogen-based aircraft?

The H-H bond is very strong (dissociation energy
435.7 kd/mol). The reactivity of H, is greatly affected
by the presence of metal catalysts. Though mixtures
of H, and O, or air combust readily when heated to at
least 500°C (932°F) by a spark or flame, the reaction
does not occur at room temperature in the absence
of a catalyst. Today, the agricultural industry consumes
55% of global hydrogen to produce ammonia used
in fertilizers (Figure 1), while less than 10% is used for
other applications like semiconductor manufacturing,
hydrogenated food production, metalworking, welding,
flat glass production, and energy storage. The forecast
for the overall use of hydrogen and the importance
of hydrogen for the world’'s economy is growing.

New applications exist for hydrogen ranging from
liquid hydrogen fuel using modified jet engines for
aviation? to fuel cells for trucks,3*® buses,® and trains.”
Airbus?, as an example, has several concept aircraft
called ZEROe, each powered by hydrogen combus-
tion through modified gas turbine engines. Airbus
announced their ZEROe demonstrator aircraft in
February 2022. The goal is to release the first zero
emissions commercial aircraft by 2035.

Here we will discuss only current and future hydrogen
challenges in semiconductor manufacturing and the
evolving energy ecosystem. Specifically, we will exam-
ine the approach to purity requirements in those
sectors, how they work today, and the likely evolution
of these needs and challenges.
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HYDROGEN USED IN SEMICONDUCTOR MANUFACTURING  Contaminants have been grouped into standardized
_— classes as shown in Table 2 along with typical concen-
trations found in a supply of 99.999% H, (termed "5N”
or “five nines”). From the initial 5N purity, typical outlet
purity requirements are also provided per class.

Semiconductor devices are ubiquitous today and
will be into the future. This industry is predicted
to reach a trillion dollars (U.S.) by 2030. Microchip
fabrication is a series of basic processes: patterning,

deposition, etching, doping, all in a precise manner TYPICAL
and sequence. Due to the nanoscale of semicon- CLASS TEST CONCENTRATION
. o . CLASS SURROGATE IN 5N H,
ductor chip devices, even parts-per-billion (ppb)
levels of contamination can result in device failure Acids NO,, SO, 0.1-1 ppmv
immediately in manufacturing as yield loss or later in NO,, SO, (<1 pptv)*
use as poor reliability.? Hence, most processes have organic acids
very stringent purity requirements and sensitivity to .
y > 9 P . yreq y Atmospherics CO,, CO, 0.1-1.0 ppmv
specific contaminant types. 0. N (<100 pptv)
2! 2
Hydrogen is considered a bulk gas in semiconductor
manufacturing, employed in many areas of the ecosys- Bases NH; 1100 ppbv
ufacturing, p yed! y o Y Amines, silazanes (<1 ppbv)
tem. Key examples in Table 1 show how H, is utilized
in many semiconductor fabs. Metals Fe Cr 1-100 ppbv
Fe, Mn, Mo, Ni, (<1 ppbv)
KEY ENABLING Cr, others
STEP DESCRIPTION PROPERTY OF H,
Moisture H,O 0.1-25 ppmv
Epitaxy Precise growth Hydrogen as a (< 1 ppbv)
of silicon layers  chemical reducing
agent in growth .
Organics
Condensabl Tol
Annealing Heating to Hydrogen transfers (4?5’116&752”% oruene
ca. 100°C heat and removes 0.1-2 ppmv
repairs silicon unwanted oxide Non-condensable D (<1pptv)
from doping layer (>100 amu) ecane
implantation
steps
Refractory compounds  Hexamethyl- <100 ppbv
- Halogenated organics, disiloxane (<1 pptv)
Deposition Steps that Hydrogen silicon compounds (HMDSO)
introduce thin incorporation into
films to the thin films increases *Typical purity requirements.
surface of resistivity
the wafer Table 2. Semiconductor gas contaminant classes.
lon The doping of In the ion source,
implantation semiconductor hydrogen blocks
layers to the transport of W,
enable device increasing the stability
functionality and lifetime of the
tool
EUV The process Liquid Sn is used
lithography of defining a to generate EUV

patternin a radiation and
photosensitive may be deposited
material inside the system;

hydrogen cleans
up the residual Sn

Table 1. Semiconductor steps that utilize hydrogen.



REQUIRED

INLET IMPURITIES RELATIVE
TYPE PURITY FLOW RANGE NOT REMOVED CoST NOTES
Adsorber 4.5-5N 0.01-1,000 m*/hr N,, CH,, $S Least expensive, best scalability
noble gases
Cryogenic 4N 20-1,000 m3/hr Helium $SS Requires liquid N,, suitable for
adsorber high flows
Getter 6N 0.1-300 m3/hr Noble gases $SS Excellent performance, cleaner
gas needed
Palladium 35N 0.1-100 m3/hr None $SSS Removes all impuirities, insensitive
to gas quality, high cost
Table 3: Comparison of semiconductor hydrogen purification technologies.
PURIFICATION NEEDS OF H, CRYOGENICS

Surface science plays a major role in the purification
of hydrogen. Several surface-based technologies are
available to purify hydrogen for use in the semicon-
ductor. For any given semiconductor process, the
appropriate solution is a balance of purity needs,
scale, and cost. We provide a brief description of
the most widely adopted technologies and compare
technologies in Table 3.

ADSORPTION

Adsorption-based purification employs porous materials,
generally in a packed-bed configuration. Depending
on the need, current products contain adsorbent ma-
terials (media) that can range from zeolites and activated
carbon, to metal organic (MOF) or covalent organic
(COF) frameworks. Immobilizing gaseous contaminant
molecules on the media surface involves weaker forces
of physical attraction (physisorption), as well as stronger
chemical bonds (chemisorption). Adsorbent materials
are evaluated on selectivity, the ability to remove
molecules preferentially in the presence of others,
and porosity of the form factor. Suitable adsorbents
should be readily regenerable, meaning once they
have reached end-of-life, performance can be
restored by the application of heat and additional

gas to desorb contaminants.

Because the adsorption process is generally exother-
mic, or heat generating, colder temperatures improve
performance substantially. For example, the use of
liquid nitrogen as a coolant (-196°C) allows for much
more favorable separations resulting in removal of
unwanted contaminants, such as argon, that have
no media affinity near room temperature.

Ultimately, the best performance of adsorbent-based
technology relies on understanding and optimization
of the gas-solid mass transfer process.

GETTER

Gettering technology has been invaluable for decades,
enabling such pioneering developments as the vacuum
tube. When heated, the getter material — a solid metal
alloy — becomes very reactive and accumulates im-
purities through a chemisorption mechanism. Though
most getter development was done targeting vacuum
or noble gas applications, zirconium-based getter
purifiers are widely used for the purification of hydro-
gen, especially when methane and nitrogen removal
are required. During the high-temperature removal of
impurities, corresponding nitrides, carbides, and oxides
form on the surface of the alloy, then migrate to the
center of the solid. Once the getter has completely
reacted, it must be replaced. Due to the high reactivity
of getter alloys, practical safety concerns limit the
flow rating to 300 m3/hr.



PALLADIUM

Palladium metal has the uncommon property of being
permeable to hydrogen. Under certain conditions, the
hydrogen molecule binds to the Pd surface and dissoci-
ates into hydrogen atoms, which migrate through the
metal crystal lattice to recombine on the opposite
side (Figure 3). Because this permeation mechanism
is exclusive to hydrogen, it is the only 100% selective
purification technology. Given sufficient surface area,
palladium membrane technology can tolerate much
higher impurity levels than other techniques, which
makes it attractive for reclaiming and recycling hydro-
gen from process effluent and other H, waste streams.
To prevent impurity buildup on or near the membrane
surface, a small portion of the incoming H, flow, typic-
ally 2%, is continuously vented along with the impuirities.

H, Flow Rate: Inside/Out

LT rerion

FHIELDT oo

Figure 3. Hydrogen permeation through a palladium membrane.
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HYDROGEN AS PART OF THE TRANSITION
TO THE NEW GREEN ENERGY ERA

THE GLOBAL TREND

The COP 26 United Nations Conference of the Parties
summit was held in Glasgow, UK and attended by
over 100 world leaders. The output included a joint

Energy Generation

Energy Conversion, Storage, Delivery

Electricity Grid

commitment to target global CO, emissions reduction
by 45% by 2030 relative to 2010 level and to net zero
around midcentury.® To varying degrees, all regions of
the world have an energy plan including hydrogen, for
example (1) the EU commission®® set out investments
between Euro180B and Euro470B from now to 2050
and (2) green H, generation in China supplying Japan'’s
needs to meet 2050 targets*

A future state is envisaged (Figure 4) with a mix of
generation sources including renewables, nuclear,
and fossil fuels, that feed an electrical grid infrastruc-
ture that includes storage and delivery in the form
of batteries, hydrogen, and ammonia. These forms
of stored energy will provide all our energy needs,
whether it be electrically or in the form of synthetic
fuels for combustion engines, heating, industrial
processes, and others. Carbon from CO, would be
captured and included in the manufacture of syn-
thetic greener or e-fuels. As we proceed through the
transition over the coming years and decades, the
proportion of renewables versus gas and petroleum
will increase to meet the net zero targets. Hydrogen
storage is an excellent match for renewable sources
because these sources often generate power when
it is least needed.*? The figure below illustrates the key
role of hydrogen gas and highlights the challenges
that remain for maintaining the required purity. These
are specifically at the points of electrolysis output,
storage/transport, and point-of-use dispense at fuel
cells or internal combustion engines.

Steam methane reforming (SMR) is a well-established
technology'® that involves the reaction of methane
gas and steam.

CH,+H,0> CO+3H,
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Figure 4. H, generation by steam methane reforming.
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The hydrogen produced is considered grey or blue

if the CO is prevented from entering the atmosphere.
Despite not being classified green, SMR-based produc-
tion will continue during the coming transition phase
for a number of years.

SMR is a decades old technology, and the hydrogen
produced is typically cryogenically distilled for purifica-
tion to 4-5N grades. Many hydrogen supplies are
delivered and stored in the liquid phase in which
purity can easily be maintained.

H2 GENERATION BY ELECTROLYSIS

The generation of hydrogen by electrolysis is simple
and well known. Electricity acts on H,O to separate
hydrogen and oxygen. There are three dominant elec-
trolysis technologies used today: alkaline, polymer
electrolyte membrane (PEM), and high temperature
(Figure 5). The arrangements are different between
each type resulting in various pros and cons, and
one may be chosen over the other depending on the
application’s constraints. All are predicted to play a
role in future H, generation and require appropriate
purification technology to result in a supply of
hydrogen gas able to be deployed to its end use.

Type ALKALINE
Anode ¢ ¢ Cathode
%0, | H,
OH-
KOH Electrolyte
Electrolyte KOH,
Circulated KOH,
Temperature 60-90°C
Cost Low
Corrosion Yes (KOH)
Fast on/off In development
Scalability Proven
Maturity Proven

Figure 5. Dominant electrolysis technologies.

PEM

H, PURIFICATION AT THE POINT OF GENERATION

The hydrogen produced by these cells is laden with
excessively high moisture levels (ca. 5,000 ppm), at
high pressures, usually 450-600 psi. Purification of
electrolysis-produced hydrogen is currently accom-
plished through a combination of adsorption and
catalytic oxidation technologies targeting the SAE
J2719 purity specifications. To provide J2719 hydrogen
under these conditions, purification systems must be
large and designed to operate at high pressure. Both
necessities add significant cost. While this manner of
purification is effective, new developments are critical
to drive adoption and improve cost of ownership
against the much cheaper SMR hydrogen supply.

H, PURIFICATION AT THE POINT OF USE

A fuel cell is a device for converting hydrogen and
oxygen (normally from the air) into electricity. Typically,
this electricity would be used to power an electric
motor for a vehicle (truck, train, plane).

HIGH TEMPERATURE

(polymer electrolyte membrane)

Anode ¢ ¢ Cathode

9H$
—
Polymer Membrane

Polymer membrane

Anode ¢ ¢ Cathode

%0, | H,

OZ’(_
«—
Solid Oxides

Ceramic membrane

%0, | H,

Water Steam

RT-80°C 700-900°C

High TBC

No No
Proven In development
Proven In development
Proven In development



A fuel cell schematic would look very similar to that
of an electrolyzer as it is in principle, an electrolyzer
run in reverse. Hydrogen and oxygen are fed into
the cell. The cell consists of two plates; anode and
cathode, separated by an electrolyte membrane. A
catalyst separates the hydrogen molecule into H* and
electrons. H* can travel through the electrolyte to the
oxygen where it can recombine to make water. The
excess of electrons remaining travel through the circuit
to equalize the charge, creating a battery. The incorpo-
ration of H, storage, fuel cell, and electric motor into
transport such as trucks and planes is accelerating
rapidly. The example in Figure 6 shows such a layout
for a commercial truck. There are a large number of
new hydrogen-based trucks in production, although
the infrastructure of high purity hydrogen to supply
them is not yet available. In the U.S., GTI Energy
quotes the H, available in 2022 as 9-10 MT/day
increasing to 1500-1800 MT/day by 2030.%

Powertrain Efficiency and Durability are Key Attributes
for TCO Benefit

Inverter- Fuel
charger distributor cell system

Hydrogen storage

Figure 6. Example configuration for a hydrogen fuel cell electric
heavy-duty truck.

FUEL CELL LIFETIME IS A FUNCTION OF GAS PURITY

The plates and membranes are critical elements of fuel
cells, and if the H, or air reactants contain contaminants
such as NO, NO,, SO, and NHj; in significant enough
concentrations, the lifetime of the cell is irreversibly
limited.** The impurity profile will depend on:

1 the origin of manufacture (principally steam
reforming of methane, methanol, ethanol, and
electrolysis of water) and

2 the operating conditions that vary greatly from
city to city.?®

Poisoning of the fuel cell catalyst is the likely mecha-
nism and today an adequate filter/purifier strategy for
H, and air inlets is yet to be established.

Regardless of gas origin, hydrogen used in fuel cell
operation must be purified at the point of dispense to
avoid damage to cells by any contaminants remaining
post-production. This purification is done at higher
pressures, usually in excess of 1,000 psi. The surface
science technology used in this application is most
often adsorbent-based, but has unique challenges
associated with the high pressure; the difference in
media performance and high pressure-tolerant com-
ponents such as valves, tubing, and media vessels are
the major concerns and sources of increased cost.
Similar to electrolysis, advancements in dispense purifi-
cation are needed to reduce footprint and cost, enable
portability, and drive critical adoption — providing a
brave new world for the surface scientist.

CONCLUSIONS

Hydrogen continues to be a unique and critical gas
used in many aspects of advanced manufacturing. For
the semiconductor industry, H, will continue to be an
enabling gas. Driven by relentless device shrinking and
the concurrent need for lower levels of contamination,
semiconductor manufacturers expect all members of
their supply chain to advance the ability to deliver ma-
terials at ever higher levels of purity rapidly converging
on the ppt or even ppq level. Such levels are extremely
small, nearly undetectable, and require purification
technologies that meet and exceed 99.9999999% (9ON)
purity requirements in the next few years.

In parallel with the relentless device improvements in
the semiconductor industry, is the need to transition to
cleaner energy sources in the power industry. Hydro-
gen’s role is poised to dramatically increase due to its
ability to store energy and be easily transported and
swiftly deployed. While the requirements for purifying
H, for semiconductor applications may be different
from energy applications, what is similar is the demand-
ing timeline and significant challenges posed by both
industries. Now is an important time to develop new
innovations that can address these challenges quickly.
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