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Due to concerns on resources depletion, climate change, and overall pollution,
the quest toward more sustainable processes is becoming crucial. Atomic layer deposition
(ALD) is a versatile technology, allowing for the precise coating of challenging substrates with a
nanometer control over thickness. Due to its unique ability to nanoengineer interfaces and
surfaces, ALD is widely used in many applications. Although the ALD technique o ers the
potential to tackle environmental challenges, in particular, considerations regarding the
sustainability of renewable energy devices urge for greater e ciency and lower carbon footprint.
Indeed, the process itself has currently a consequential impact on the environment, which
should ideally be reduced as the technique is implemented in a wider range of products and
applications. This paper reviews the studies carried out on the assessment of the environmental
impact of ALD and summarizes the main results reported in the literature. Next, the principles
of green chemistry are discussed, considering the specificities of the ALD process. This work
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also suggests future pathways to reduce the ALD environmental impact; in particular, the optimization of the reactor and processing
parameters, the use of high throughput processes such as spatial ALD (SALD), and the chemical design of greener precursors are

proposed as e cient routes to improve ALD sustainability.

atomic layer deposition, green chemistry, spatial ALD, precursors, synthesis

According to recent global assessments of living nature, our
planet is experiencing a huge and fast decline of biodiversity,*
and the human alteration of the environment in the last decades
has triggered a drastic acceleration of species extinctions. > The
consumption of most resources continues to rise and
sustainability considerations urge greater e ciency and
recycling implementation.” The decline of nature and resources
has negative and cascading consequences on ecosystems, which
are vital to sustain our global civilization. As recent data shows,
more ambitious conservation e orts and more aggressive
emission reduction actions are needed to reduce threats to
biodiversity and to ensure the continuity of our global
civilization.>™° As an illustration, Figure S1 shows the CO,
emissions growth in the last decades and the drastic reduction of
carbon emissions required for limiting anthropogenic warming
to 1.5 or 2 °C. In parallel to policy makers, academic and
industrial researchers should focus on the development of
innovative routes enabling pollution reduction while producing
energy and goods with more environmentally friendly
technologies.* In a quest for consistency and role models,
researchers should analyze and quantify the environmental
impact of their activities and debate on reduction options.****
The assessment of the environmental impact of a given
technology, along with the design of a plan to reduce the
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generation and emissions of pollutants, will directly contribute
to the required global e ort.

Nanotechnologies and novel nanomaterials are often high-
lighted as key solutions enabling to treat pollution generated by
human activities and enabling a sustainable future in which less
energy is consumed and a larger fraction of it is renewable.***°
Atomic layer deposition (ALD) is an important and versatile
technology that enables the manufacturing of material layers at
the nanoscale. This vapor phase deposition technique enables
the synthesis of a wide variety of nanomaterials such as
oxides,"’~* nitrides,*>* sulfides,**** and metals,”**> with a
subnanometer thickness control.”=?® ALD can be used to
precisely coat challenging 3D substrates with a conformal and
uniform layer down to the angstrom level, a unique cabability
among film deposition techniques.”®~*° ALD is therefore very
relevant for the design and fabrication of new energy (and other)
devices in which the nanoengineering of surfaces and interfaces
is key for optimizing their performance. ALD-grown materials
can be used to tackle various environmental challenges, as they
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can be applied in niche applications for the improvement of
photovoltaics,” ~* membranes,***> batteries, or fuel cell
technologies.**’

The ALD process is based on successive pulses of one or more
chemical precursors and co-reactant gases in a vacuum reactor,
separated by purge steps. Using these so-called “ALD cycles”,
the ideal process enables the surface-limited, self-terminated
atomic layer-by-layer growth of nanomaterials. The ALD
chemistry is based on volatile precursors, which are typically
metal centers surrounded by ligands that contain a wide variety
of functional groups, and on co-reactants whose chemistry
depends on the nature of the material to be deposited. For
example, water or oxygen gas are tﬁ)ically used as co-reactants
for the preparation of oxides.?®"2=® The schematic illustration
of one ALD cycle is given in Figure 1.
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Figure 1. Schematic illustration of one ALD cycle. The first half-cycle
consists in exposing the substrate to the precursor, followed by a purge
step to remove the excess precursor and the byproduct molecules. Next,
in the second half-cycle, the co-reactant is introduced, followed by a
final purge step, allowing for the deposition of one material monolayer.

The layer-by-layer type growth of nanomaterials enabled by
ALD can be directly used to minimize the incorporation of
elements and materials into the manufactured product, and thus
the technology could in principle be seen as an intrinsically green
chemistry synthetic method, through the “atomically precise
reactions” it allows."”> ALD has been mainly developed for
microelectronics applications,®® which rely on an industry with
important and growing energy demand and greenhouse gas
emissions.”®** Even if some recent work estimating the
emissions of processing tools in the semiconductor industry
showed that the energy demands for ALD were among the
lowest (especially when compared to lithography equip-
ment),*>** the typical chemical precursors used in ALD and
the byproducts generated in the reaction are often toxic and
present negative environmental impacts. In addition, only a
small proportion of the precursors react with the surface of the
substrate, while most of the precursors never interact with the
substrate in the gas—solid interface and are thus wasted during
the process.

The assessment of the environmental impacts associated with
ALD technology is important as it can help to detect the main
sources of pollution while also finding a path toward their
reduction.’’ Processing at the atomic scale has become
increasingly critical for state-of-the-art microelectronic devices,
and ALD is still to be implemented for many applications and

products. It appears essential to apply it by considering the
environmental impact from an early phase of the manufacturing
process. The ALD technology involves several advanced
components including the chemical precursors and gases, as
well as complex hardware equipment and infrastructures, and
the generation of wastes and gaseous emissions should also be
considered. Therefore, the assessment of the global environ-
mental impact of ALD is a challenging task.

Several studies have been carried out in the past aiming to
analyze the associated material or energy flows, the greenhouse
gas (GHG) emissions, or to carry out the life cycle assessment
(LCA) of a given ALD process.**~*° However, the studies did
not consider the same parameters, and the models used to assess
the impacts of the processes di er from each other in their basic
modeling principles, scopes, and outcomes. The di erences are
often hard to reconcile, and the di erent assessment models and
selection of boundaries of the components considered make it
di cult to compare the data resulting from these studies.
Herein, we present a global overview and summarize the main
results gathered in the di erent studies reported in the literature.

From this analysis, in the second part, we attempt to provide
ways to reduce the environmental impact associated with the
industrial utilization of ALD. After depicting the potential and
beneficial use of the principles of green chemistry to ALD, three
main mitigation routes are identified: First, the optimization of
the processing parameters, which can minimize the environ-
mental impact through computational optimization for example.
Second, to favor high throughput ALD processes such as spatial
ALD (SALD), as they o er the possibility to reduce the time
required to prepare the layers, among other assets. Third, to
optimize the precursor chemistry, because it defines the number
of initial synthetic steps, the deposition temperature, the toxicity
of byproducts, and the process duration and e ciency. Finally,
an industrial point of view will be given, as ALD is becoming a
key component also in high-performance energy-related
applications playing a significant role in the mitigation of
greenhouse gas emissions. Ultimately, this work will hopefully
lead to the development of more sustainable ALD processes.

The assessment of the environmental impacts of any product, or
technology, can be based on di erent methodologies, data
inputs, and assumptions. For example, material and energy
analysis can be carried out as first approximations. This section
aims to give some basics to understand the two mostly used
assessments: Life Cycle Assessment (LCA) and greenhouse gas
(GHG) emissions analysis, more commonly called carbon
footprint. LCA considers a large range of environmental impact
categories (e.g., acidification, ozone depletion, ecotoxicity, etc.),
whereas carbon footprint only considers the GHG caused by
and/or emitted from the system.

LCA is an internationally standardized methodology (ISO
14040),*° addressing the potential environmental impacts such
as the use of resources and the environmental consequences of
releases throughout a product’s “life cycle”, from the acquisition
of raw materials through production, use, end-of-life treatment,
eventual recycling, and final disposal (i.e., “cradle-to-gate” or
“cradle-to-grave”, see Figure 2).

The scope of an LCA, including the system boundary and
level of detail, depends on the subject and the intended use of
the study.”® The process-based LCA is the mostly used
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Figure 2. (a) LCA boundaries cradle-to-gate/grave. Reprinted from ref
51 with permission under an open access Creative Commons CC BY
license. Copyright 2020 MDPI. (b) LCA boundaries (cradle-to-grave)
of an ALD process of alumina, based on trimethylaluminum (TMA)
and water. Reprinted with permission from ref 45. Copyright 2014
Elsevier.

methodology for measuring the life cycle environmental burden
of products and processes. This approach aims to break down
the whole life cycle of a product into defined and operable
functional unit processes with quantifiable inputs (e.g., energy,
resources, etc.) and outputs (e.g., emissions, wastes, etc.).>”

The term “carbon footprint” is commonly used to describe the
concept of relating a certain amount of GHG emissions to a
certain activity, product, or technology. There are numerous
definitions for a carbon footprint, all attempting to relate to a
certain suite of GHG emissions.”*** The inclusion of CO, and
CH, often forms the basis of the definition of a carbon footprint,
but considering more GHGs is obviously more accurate. For
example, the Kyoto Protocol requires the reporting of six gases
or family of gases: CO, CH, N,O, hydrofluorocarbons
(HFCs), perfluorocarbons (PFCs), and SFg whereas the
European Emissions Trading Scheme (EUETS) only requires
the reporting of CO, emissions.>>~>° Thus, the total GHG
emissions consider a wide family of gases, usually expressed in
“equivalent of CO,” or simply “carbon footprint”.

Several studies have been carried out to address the environ-
mental aspects and potential environmental impacts of ALD
processes. In particular, Yuan's group at the University of
Wisconsin Milwaukee (USA) has performed a considerable

amount of work in this upcoming field by carrying out extensive
LCA and other environmental assessments for ALD of
alumina.**=*° Just like ALD processes, CVD (chemical vapor
deposition) processes make use of chemical reactions of gaseous
reactants in a vacuum chamber to obtain a coating with defined
properties at the surface of a substrate. The main di erence
between the processes is that in ALD the precursors are injected
separately and the process is performed at a lower temperature,
allowing for a slower but desired layer-by-layer growth. The
ambitions to develop CVD processes with lower carbon
footprints are thus also relevant for ALD processes. Considering
this common goal, the overview presented below will also
include some relevant studies focusing on the environmental
assessments of specific CVD processes. Table 1 summarizes the
studies carried out in the literature for the environmental
assessment of ALD and relevant CVD processes.

The studies presented in Table 1 provide data to analyze and
understand the potential environmental impacts of ALD, and
the next logical step is to find routes to limit and reduce them as
much as possible.

The team of Yuan et al. has pioneered research toward more
environmentally sustainable ALD manufacturing. They first
intended to analyze and prevent pollution by considering the
energy flows and material utilization e ciency of the ALD
technology. Their results indicated that the material use
e ciency was always below 20% and that the energy inputs
for ALD process operations were as high as 1.2 x 10°J to deposit
a 20 nm Al,O; film on a 4-in. Si wafer (functional unit used).
Using energy flows analysis, the authors have also shown that the
ALD process energy consumption was mainly determined by the
ALD cycle time rather than the process temperature for this
process (200 °C).**®* The energy flows diagram used for this
study is illustrated in Figure 3.

According to Yuan and Dornfeld, when assessing ALD of
alumina at 200 °C, the energy consumption of the process is
mainly a ected by the operating temperature (40%) and by the
pumping system of the ALD reactor (29%), whereas the
electronics, compressed air, and computer represented energy
demands of 15, 8, and 6%, respectively.®* In the work of Wang
and Yuan, the authors carried out a thorough LCA for the ALD
of alumina, considering a functional unit as the deposition of 1 ¢
Al,O3 on a 4-in. silicon wafer (cradle-to-grave boundaries). The
LCA results obtained showed that the process’s largest impact
was in the category of fossil fuels when compared to the other life
cycle impacts such as water pollution or air acidification.”® The
authors reported that the largest carbon emission sources were
from the infrastructure, equipment, and tools supporting the
ALD operations. The cycle time is therefore important, as it is
directly related to the power consumption of the di erent pieces
of equipment. They concluded the work by proposing to
improve the e ciency of the deposition and increasing the batch
size to limit the pollution generated.*

By considering the deposition of a ZnO film on a 1 cm? surface
as a functional unit, Zieminska-Stolarska et al. confirmed that the
main impact of ALD is related to electricity, whereas the impact
produced by the material is of minor importance.”® In their
recent study, focusing on the minimization of the environmental
impact of transparent conductive oxide layer (TCO) deposition
processes, they found that for the films deposited by CVD and
ALD, the main impact is related to energy or nitrogen
consumption, whereas for PVD (physical vapor deposition) to
energy and raw material of TCO.>®
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Figure 3. Energy flow diagram of a 200 cycles ALD process at 200 °C. The data was extracted from ref 44,

Focusing solely on the emissions of the ALD Al,O5 process
(considering total emissions after ALD 25 cycles), Ma et al.
reported the generation of CH, and C,Hgs GHG, as well as the
undesired production of ultrafine particles (diameter <100 nm)
that poses risks to the users. The number of particles emitted
from the ALD reduced with a longer purging time.® As the
purge time modifies the time of reaction as well as the degree of
gas phase mixing, it greatly influences ALD particle emissions. In
addition, after studying CH, and nanoparticles emissions from
ALD Al,Oj reactions they found that (2—9) x 10* nanoparticles
in the range of 10 and 100 nm are generated after just one ALD
cycle.®® The amount of ALD precursor waste generated relates
to the process pulse time, carrier gas flow rate, temperature, and
the surface area ratio between the substrates and the ALD
reactor’s internal surface. Thus, the optimization of the reactor
design and processing parameters is highly recommended.

When assessing the impact of CVD of TiO,, Wang et al.
studied the material and energy consumption of the process.
Their study revealed that the material utilization e ciency is
very low (less than 1%) and increases with higher temperature
and lower pressure, whereas the energy analysis showed that the
energy e ciency was extremely low (less than 0.1%) but
increased with decreasing temperature and increasing pressure.
In this work, the authors calculated this energy e ciency by
dividing the “useful energy” by the “total input energy”. The
useful energy is described as the energy absorbed by the input
gases and the chemical reaction energy, and the total input
energy depicts the energy used for reactor heating and pumping.
Concerning this specific TiO, CVD process, an optimal reaction
condition was obtained at a temperature of 350 °C and a
pressure of 500 Pa.? In a study conducted to evaluate PVD and
CVD coating systems in metal cutting processes, one of the key
findings was that the investigated PVD process is considerably
less consuming in respect to %ases and electrical energy as
compared to the CVD process.®

The growing development of low-carbon energy technologies
required comparative studies between various processes, to
identify eco-design opportunities.®® For example, the rapid
expansion of solar photovoltaic (PV) systems has fueled a strong
interest in ALD and CVD thin film technologies to help reduce
the overall environmental impact involved in their manufactur-
ing. Toward that goal, Stamford and Azapagic®’ compared the
environmental footprint of replacing the cadmium sulfide (CdS)
bu er layer prepared by CBD (chemical bath deposition) with
zinc oxysulfide (Zn(O,S)) deposited by ALD in copper indium

gallium-selenide (CIGS) PV modules. The study shows that
ALD of Zn(O,S) has between 19 and 26 times lower
environmental impacts (e.g., biogenic carbon, fine particulate
matter formation, fossil fuel depletion) than CBD of CdS.
However, the use of stainless steel for building ALD equipment
contributes to a 2.65-factor increase in the metal depletion
category when compared to CBD. Still, when considering the
whole life cycle, the higher metal depletion value of ALD
compared to CBD becomes less important as the overall impact
increases by only 0.01%. Moreover, due to its toxicity, cadmium
has been restricted in many industrial applications and thus, its
replacement remains of utmost importance. Similarly, Louwen
et al. performed an LCA on four di erent silicon heterojunction
(SHJ) PV cell designs to provide a fabrication process with a low
environmental footprint while increasing cell e ciency.>®
Among the designs, the one based on Al,O; by ALD (and
ZnO by sputtering) had a lower footprint when compared with
the reference and multifunctional emitter designs that are mostly
based on plasma-enhanced CVD (PECVD). This is mainly due
to the lower energy consumption of ALD equipment when
compared to a PECVD one (almost 90% lower).> Finally, the
study also reported the fact that the majority of the
environmental impacts of such PV systems results from the
silicon wafer and its feedstock (about 38—40%).

When comparing the di erent growth techniques based on
the studies reported in Table 1, it can be deduced that the low
energy and material utilization e ciency of ALD processes are
directly related to the environmental impact of the technique.
The CBD and PVD processes are overall less demanding in
terms of energy and resources than CVD/ALD-based routes,
but the latter techniques present unique advantages when
considering the thin films prepared. Figure 4 presents a
comparison between di erent growth techniques, in terms of
material and energy utilization e ciency, electricity and
nitrogen demand, process duration, and uniformity and
conformality of the deposits. It is however important to note
that this comparison (and the environmental impact of any
manufacturing process) is highly dependent on the specific
details of the processes, tools, and materials involved.

Tosumup, asseenin Table 1, so far, only a few environmental
impact studies have been undertaken. Comparative analysis of
alternatives for other materials besides Al,O; has not been
performed, as reflected in the low number of reports found in the
literature. This shortage of work can be partially explained by
factors such as the slow adoption of ALD in industrial processes
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Figure 4. Comparison between di erent growth techniques, in terms of
material and energy utilization e ciency, electricity and nitrogen
demand, process duration, and uniformity and conformality of the
deposits.

(besides the electronics industry) and inherent problems of
LCA studies (e.g., the overall complexity of the systems, lack of
available data, di erent calculation techniques, availability of
impact coe cients).®®

The studies summarized demonstrate that ALD produces the
highest environmental impact in the category of fossil fuels use
(mainly related to energy demand) and that the impacts mainly
originate from the duration, the temperature, and the materials
utilized (and wasted) during the ALD process and the associated
emissions. When extending the scope considering the materials
used in ALD, one should not forget the substrates, which can
represent a large carbon footprint (e.g., silicon wafers).>® The
equipment itself and the associated infrastructure also are at the
origin of many emissions, as they require a considerable amount
of energy and materials for their production and use. However,
an ALD equipment is made of several advanced components,
and the number of emissions and overall pollution generated for
each component is subject to large error margins and is highly
usage and system-dependent. ldeally, the equipment and
associated infrastructure should be as simple and light as
possible, and the process energy requirements, duration,
material wastes and emissions must be limited while maintaining
ahigh deposition rate of high-quality materials. Figure 5 sums up
the di erent impacts associated with the ALD processes,
equipment, and infrastructure (“xTime” represents the duration
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Figure 5. Schematic representation of the environmental impacts
associated with ALD processes.

of a given process, for which all the materials and energy are
necessary).

Expanding the scope of ALD to other fast-growing and
relevant markets like PV and other energy-related applications
should boost the interest in performing LCA and environmental
assessments of other materials prepared by ALD than alumina,
and to find paths to limit their carbon footprint as much as
possible. Allowing for the design of products and processes that
reduce or eliminate the use and generation of hazardous
substances, the principles of green chemistry can be employed as
guidelines to help us find and define ALD processes with lower
environmental impact.

Green chemistry aims to design products and processes that
minimize or even eliminate the use and generation of hazardous
substances. Taking the 12 principles of green chemistry*?
(Figure 6) and relating them to the specificities and the main
environmental burdens of ALD processes, several paths can be
defined to reduce the associated cradle-to-grave impacts.

12. Inherently safer chemistry
for accidents prevention

1. Prevention

11. Real-time analysis for pollution prevention

A 4. Safer chemical design
g 5. Use of safer solvents
\ S and auxiliaries

7. Use of renewable
raw materials

2. Atom economy

10. Design for degradation 3. Safer chemical synthesis

9. Catalysis
8. Reduction of derivatives

6. Energy efficiency

Figure 6. Schematic representation of the 12 grinciples of green
chemistry, as described by Anastas and Eghbali.**®’

(1) The Prevention Principle. The first principle of green
chemistry describes the fact that preventing waste is better than
treating it after it is created. The overview presented in the
previous part has shown that, even if better than for industrial
CVD processes,*® ALD processes present a very high precursor
material and energy waste, and generate the emission of GHG
and nanoparticles. In addition, the bulk gases (e.g., N,) used in
the processes are injected through the reactor without reacting,
generating huge waste. Even if nitrogen release in the
atmosphere poses no environmental concern, its initial
production using air separation units involves the generation
of CO, emissions, and avoiding N, waste is hence desired.

Thus, better optimization of the process could help to reduce
the amount of waste. The e orts on optimization should be
carried out to limit the use of precursors and the duration of the
process as much as possible, to minimize the environmental
impact. These e orts could aim to decrease the consumption of
precursors and co-reactant gases, as well as compressed air,
which is another energy consumer in ALD, as it is used to control
the valves for pulsing, purging, and pumping. In fact, the
generation of compressed air also requires important energy
inputs.®®

In addition, the development of more “atom e cient” ALD
chemistries would also enable the reduction of waste. The
precursors could also be designed to be “reused”, in the sense
that their recapture and recycling could be achieved, either by
recycling unreacted precursor molecules or by recycling atoms,
e.g., the metal atom in the precursor.**" It is important to note
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that the reuse of the core metals of precursors could be
environmentally beneficial and also economically relevant,
depending on the elements considered. In particular, Pd could
be recycled from hydrogen membranes, Pt from fuel cells, or Co
from Li-battery cathodes.

(2) The Atom Economy. The second principle is the so-
called “atom economy”, which aims to maximize the
incorporation of all materials used in the process into the final
product. The atomic layer-by-layer growth enabled by ALD is in
this way very powerful, as atomically precise functional layers
can be prepared, maximizing the use of the materials in the final
devices. However, the synthesis of the precursors often requires
several steps, and the amount of precursor and gases wasted
during the process is considerable, as a lot of atoms (especially
from ligands) are not incorporated in the films.

(3) Less Hazardous Chemical Synthesis. Synthetic routes
such as ALD should be designed to use and generate substances
that possess little or no toxicity to human health or the
environment. As ALD precursors need to be very reactive, the
synthetic approaches themselves might be intrinsically danger-
ous to conduct not only due to the high reactivity (e.g,
pyrophoricity) of the precursors but also due to the high
reactivity of the employed reagents. Moreover, most solvents
used during the synthesis of precursors need to be chemically
inert. Solvents such as THF, hexane, and diethyl ether are toxic
but might be hard to replace with less hazardous solvents.

(4) Designing Safer Chemicals. This principle is intrinsi-
cally related to the third point and promotes the need to develop
less toxic precursors. However, minimizing the toxicity of ALD
precursors, while maintaining their chemical function and
e ciency at low temperatures is highly challenging. Highly
reactive chemicals are used because they are very e ective in
a ecting molecular transformations. However, they are very
often also more toxic, as they are likely to react with
(unintended) biological targets, resulting in environmental
burdens. Thus, more fundamental research should be carried out
to develop alternative precursors and ALD chemistries, as will be
described in more details in section 2.6.

(5) Safer Solvents and Auxiliaries. The fifth principle
states that auxiliary substances such as solvents should be made
unnecessary whenever applicable, and innocuous when used. In
conventional ALD, the process does not make use of any solvent.
In some specific processes, the precursors are introduced in the
chamber using direct injection systems (DLI), that make use of
(little) amounts of solvents.”* Liquid ALD also uses (more
solvents to bring the precursors to the substrate surfaces.
However, these two particular ALD techniques present other
advantages, such as the broadening of the potential precursors
that can be used, and the materials that can be deposited. When
extending the scope boundaries, the solvents used in the
synthesis of the precursor itself should also be considered. Most
precursor syntheses rely on salt metathesis reactions which are
typically carried out in some moderately polar, nonagueous
solvent, and can require several reaction and purification
steps.”>"* Thus, e orts should also be made to limit the use of
solvents and increase the overall e ciency of the synthetic
procedure as specified in section 2.6.

(6) Design for Energy E ciency. As the massive use of
current energy sources presents a high environmental impact,
the use of mild ALD process conditions, such as low temperature
and ambient pressure, is preferable. When a considerable
thermal budget is required, the ALD process should be properly
optimized to limit the cycle duration at elevated temperatures,

and the reactor should have proper thermal isolation to reduce
the energy demand. The energy required to reach the adequate
temperature (including heat-up and cool-down steps) generates
other impacts as it may require the use of cooling systems and
other subreactor level equipment. Eventually, the excess heat
generated could be harvested and reused to heat other parts of
the system such as pipes or some other tools, or even to be
reemployed in the building heating system.

Developing an ALD chemistry allowing for low-temperature
deposition of materials is thus very attractive to limit the energy
required. For example, the use of plasmas as co-reactants enables
lower deposition temperatures, and metals, as well as oxides,
have been deposited by ALD at room temperature.”>~"® Fast
ALD at ambient pressure can also be achieved, for example by
using high throughput approaches such as Spatial ALD (SALD).
This alternative to conventional ALD, in which the precursors
are continuously injected in di erent areas, allows deposition
rates up to several orders of magnitude faster than conventional
ALD and can easily be performed at atmospheric pressure,
removing the need for vacuum-related equipment.”~** Other
approaches to enhance the speed of ALD processing such as
batch ALD and reactor/process engineering (e.g., parallel
precursor wave technology®?) can also contribute to limiting
the environmental impact of the technique.®*

(7) Use of Renewable Feedstocks. This principle states
that raw materials and feedstock should be renewable rather
than depleting. In ALD, di erent routes could be undertaken to
achieve more sustainable use of feedstocks. First, the precursors
could be synthesized using biosourced solvents and even
reactants, for example, by making use of chelants from
biomass.?** Bulk gases used either as carrier precursors or as
co-reactants (e.g., Ar, N, and O,) should be easily available and
could be supplied in di erent optimized ways according to the
installation size. Thus, lab installations would prefer the use of
high-pressure cylinders because transport cost tends to be small
compared to the total operational cost at the facility. Whereas at
industrial and semi-industrial scales, the use of onsite production
by using air separation units (ASU), cryogenic storages tanks,
and evaporators is preferable, to secure a continuous supply,
high purity, and the minimization of the logistics and pollution
associated with the transport activities. As shown in Figure 7, the
economic feasibility of onsite installations strongly depends on
the cost and easy access to energy and more recently on its
carbon footprint calculated from its direct emissions (scope 1)
energy-related emissions (scope 2) and indirect up/downstream
stream (scope 3).%
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Scope 1: Direct emissions from owned or controlled sources: Company facilities, company vehicles

Scope 2: Indirect emissions from the generation of purchased energy consumed by a reporting company:
Purchased electricity, steam, heating, cooling.

Scope 3: Indirect emissions that occur in a company’s value chain: Purchased goods and services, Fuel and
Energy for related activities, business travel, capital goods, transportation and distribution, Investment, etc.

Figure 7. Schematic representation of the emissions associated with the
di erent scopes across the value chain.
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Finally, renewable energy (e.g., solar, hydroelectric, wind
power) should preferably be used to its maximum extent to
produce all the energy required for the ALD process, from the
precursor synthesis to the reactor substrate heater and related
equipment (e.g., vacuum pump, compressed air, computer).

(8) Reduce Derivatives. This principle of green chemistry
aims to decrease the use of derivatives and protecting groups in
the synthesis of molecules, such as ALD precursors in our case.
The synthesis of the desired precursor molecules and in
particular the synthesis of organic ligands surrounding the metal
center atom should be carried out using a minimal number of
steps and make use of green synthesis methods when possible.
For example, these novel green chemistry routes include
physical methods such as ultrasound-assisted and hydrothermal
processes, microwave heating, or ball milling, often in
combination with biosourced precursors, as well as solvent-
less and biosynthesis techniques. Applying more exotic
biological routes making use for example of bacteria or algae
also perfectly fit to the green chemistry synthesis.®*#*% Qverall,
the transition from fossil-based chemicals manufacturing to
more sustainable biomass-based production is desired and
should be more investigated.®® Therefore, these novel synthesis
techniques could be explored for ALD purposes.

(9) Catalysis. The ninth principle recommends the use of
catalysis. Catalysis can be applied to ALD, by making the
precursor synthesis more e cient and less energy-demanding
using catalytic transformations within the synthetic approaches
to produce ligands (see section 2.6). In fact, catalytic reagents
and catalysts are superior to stoichiometric reagents and enable
the reaction to take place at lower energy. Furthermore, when
applicable, the ALD process can also be carried out on a catalytic
substrate, which typically allows for lower deposition temper-
atures (at least for the first cycles). In addition, the use of
catalytic surfaces also permits to achieve area selective
deposition (ASD), for example for the preparation of precisely
tuned core/shell nanoparticles or layers at defined areas.®’~*°
ASD can also limit the overall emissions of a manufacturing
process, as it could limit the use of lithography and etching steps
in certain cases.®’

(10) Design for Degradation. The tenth principle advises
designing chemical products so that at the end of their function
they break down into innocuous products and do not persist in
the environment. Again, it is in the ALD precursor synthesis
method itself that this principle could be applied. Understanding
the decomposition pathways and anticipated byproducts for a
precursor in a particular process would lead toane ective design
strategy. The synthesis should be carried out to reach the
formation of environmentally friendly precursor molecules, but
also the byproducts and other decomposition-created molecules
should be innocuous.

(11) Real-Time Analysis for Pollution Prevention.
Analytical in situ methods need to be further developed to
permit real-time, in-process monitoring of the formation of
potentially hazardous substances. In ALD, the processes are
often monitored to control the growth of the layers prepared, for
example by using in situ spectroscopic ellipsometry™° or quartz
microbalance (QCM).” However, more e orts should be
carried out to develop the in situ monitoring of polluting
emissions generated by the process,*®“® and to detect and limit
the pollutants or enhance their capture or destruction.

(12) Inherently Safer Chemistry for Accident Preven-
tion. The final principle of green chemistry is known as the
“safety” principle. The control of recognized hazards should be

mastered to achieve an acceptable level of risk. In ALD, the
reactive precursors are often toxic or pyrophoric, thus leading to
a certain level of risk. This risk could be reduced by developing
nonpyrophoric precursors, and alternatives have been proposed
for this purpose, e.g., to replace the pyrophoric but widely used
TMA.**% For example, Mai et al. developed a nonpyrophoric
intramolecular stabilized aluminum precursor class, that
permitted the low-temperature ALD of alumina, while limiting
the risks of fire or explosions.”* More details on this topic are
given in section 2.6.

From the studies carried out on the environmental impacts
assessments (summarized in Table 1) and the green principles
applied to ALD described above, the key applicable routes to
reach ALD processes with lower environmental impact that can
be deduced are the:

* Process optimization
= High throughput processes, e.g., spatial ALD
= Chemical design of greener precursors

Optimizing the ALD reactor design and the processing
parameters can enable minimizing the precursors’ consumption
and the byproducts released, and also drastically decrease the
ALD cycle duration and thermal budget.** These optimizations
can thus limit the pollution generated. To achieve this, in situ
process monitoring and modeling are of great help.

2.4.1. Reactor and Infrastructure. There are a plethora of
di erent reactor designs and geometries that can be used to
prepare ALD films, depending on the substrates to be coated.
For example, the geometries can be adapted to coat a single or a
large number of wafers,”® particles,’” or even astronomical
mirrors.”® An integrated optimal ALD chamber design considers
many geometry optimizations, such as the inlet tubes, the feed
nozzles and showerhead, and of course the main chamber. The
dimensions and the geometry of the reactor will have a profound
impact on the gas-phase dynamics and surface reaction kinetics,
which are critical for the ALD process optimization. In addition,
as the energy consumption of an ALD process is mainly driven
by the operating temperature, optimized thermal management
of the heated chamber and the heating elements is key to saving
electricity and reducing the carbon footprint. Computational
fluid dynamics (CFD) and Monte Carlo (MC) simulations can
be used to model and design optimized ALD reactors. The
simulated models can provide precious insights and under-
standing into the flow physics related to the transport of the
precursor species from the inlets, through wafer feed nozzles,
into the wafer regions, and finally through the outlet.®® The CFD
modeling can thus advantageously be applied to the
optimization of the chamber and overall reactor design. For
example, Zhang et al. recently designed an optimal configuration
of reactor geometry which enabled a considerable reduction of
the half-cycle time.'°>*°* Then, for specific ALD reactor
geometries, dynamic modeling, and computational simulations
can also be of 2great assistance in the determination of processing
parameters.'’> Based on an analysis of the limiting factors of
conventional cross-flow reactors, parallel precursor wave
technology systems have been developed as well, enabling to
minimize precursor consumption and reactor chamber
dimensions.*”* Considering the infrastructure, the example of
semiconductor foundries (fabs) is worth noting. The rise of
energy costs and the quest to achieve lower GHG emissions set
by the World Semiconductor Council,*® have led the main fabs
to reduce their total energy consumption. At each technology
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node, new processing steps (including ALD) are added, and
improvements and optimizations are carried out to infra-
structure and facility equipment, such as the water chillers or
exhaust pumps, allowing for overall reduced energy con-
sumption. Therefore, in parallel to the improvement of
performance, the specific energy consumption per area of
silicon consumed was roughly the same in 2005 as in 1995,
approximately 1.5 kWh/cm?2, 124710

24.2. Process Monitoring. Establishing the best
processing parameters, such as the set of timings for the
reactants pulses and purge steps to reach the saturation in a
minimum amount of time, at a minimal temperature (within the
temperature window), along with the appropriate pressures and
flows is a challenging and time-consuming task. Thus, in situ
measurement techniques and physics-based models have been
developed by di erent research groups to optimize the
parameters of various ALD processes. An expanding number
of tools can be applied for the in situ monitoring of ALD
processes, providing some insights into these processes and the
reaction mechanisms taking place.®” For example, QCM and
ellipsometry are often used to measure the thickness of the
growing films.”>** A QCM device measures very small changes
in mass, whereas ellipsometry measures a change in the optical
properties of the growing films. When these techniques are
applied in situ, they enable to directly relate the processing
parameters and the resulting film growth per cycle. The self-
limiting nature of the surface reactions can also be tested and
saturation curves can easily be established when using these in
situ thickness measurements. An in situ equipment such as
ellipsometry can provide key data of the initial steps and further
cycles toward optimization of the process, as it has been shown
for the preparation of tin sulfides, for example.'®® Other
instruments enable to study the ALD reaction mechanisms. For
example, quadrupole mass spectrometer (QMS) and infrared
spectroscopy (IR) measurements can be used to determine the
composition of a gas, and gain insights on the gas phase reaction
products generated in the ALD reactor.””%° These in situ tools
enable to probe the reaction products generated during an ALD
process, and these gas phase species may contain relevant
pollutants to measure (e.g., GHG). For plasma-activated
processes, optical emission spectroscopy (OES) can be used
to obtain information on the plasma species being generated.™*°
Thus, these techniques can also be applied to study the polluting
emissions when they are created. Despite the availability of these
tools and the pressing environmental challenges, there are only a
few papers that focused on studying the emissions of pollutants
issued from ALD processes. For example, when measuring the
gaseous emissions generated by ALD of alumina, Ma et al. found
that in addition to the expected CH,, CgHg, which is also GHG
and toxic, was generated by the process.*® More research could
benefit from in situ studies using these tools and others, to
measure and understand the generation of environmentally
impacting species and lower their emission.

2.4.3. Modeling. Apart from in situ process monitoring,
modeling can also be of great assistance to optimize the process.
To gain understanding of the ALD chemistry and optimize the
processing parameters, a wide array of models has been
developed, based on di erent theories and physical details.
Di usion models can be used to analyze the e ects of the
processing parameters on the coating kinetics, and apply the
model to assess the optimal parameters to achieve the conformal
coating of ultrahigh aspect ratio structures.*****? For example,
Gayle et al. developed a reaction-di usion process model to

quantify the trade-o s between excess precursor utilization and
process time when coating high-aspect-ratio structures.**
Atomic-scale simulations employing ab initio methods have
been widely used to predict ALD reaction mechanisms, as they
considered the precursor adsorption, ligand elimination, film
densification, and the various reactions taking place at the
substrate surface."** Density functional theory (DFT) is often
applied to these mechanistic studies, and the main processes
studied are ALD of high-k oxides and nitrides, which are
typically applied in the semiconductor industry.”** These
methods permit to investigate the reaction mechanisms and
predict the energetically favored reaction pathways at each stage
of ALD. Combining DFT and kinetic MC simulations helps
quantify the kinetics of the film nucleation and growth,**>*
and di erent surface reaction models have been developed to
estimate the growth kinetics™’ and the e ects of processing
parameters such as precursor exposure time or temper-
ature.102’117’118

In recent years, machine learning (ML) based modeling has
been explored as well by di erent teams to optimize ALD
processing parameters. For example, Ding et al. applied
machine-learning modeling using multiscale CFD model data
to characterize the film growth dynamics with a feed-forward
artificial neural network model. This multiscale data-driven
model helped to assess the dependence of deposition rate on the
di erent processing parameters, such as the precursor feed flow
rate, the pressure, and the temperature.*** Magness et al. used a
combined approach of kinetic MC and ML to simulate the
growth mechanisms of metal oxide layers grown by ALD and to
assess the role of di erent processing parameters such as the
pulse/purge times, the temperature, and the pressure.'?°
Recently, Paulson et al. demonstrated the e ciency of
optimization algorithms in determining optimal dose/purge
timings for di erent ALD processes, as their machine-learning-
based Bayesian optimization quickly enabled them to approach
the optimal timings. In their study, QCM thickness measure-
ments were utilized as inputs to the intelligent agents developed,
but other in situ data could have been used.*?* Figure 8 illustrates
the approach developed by Paulson et al.,*** making use of in situ
data (GPC obtained from QCM) and artificial intelligence to
optimize a given ALD process.

Yanguas-Gil also explored machine learning and artificial
intelligence to optimize ALD processes, and the results obtained
showed that for the optimization of a single precursor, the
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Figure 8. lllustration of the combination of artificially intelligent
assistance and in situ GPC data to optimize the gas timing parameters of
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Figure 9. Schematic representation of di erent SALD systems. (2) SALD prototype based on three chambers containing the di erent precursors and
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the inert gas in between, designed for flexible substrates in a roll-to-roll mode. Reprinted with permission from reference.*?® Copyright 2012 American
Vacuum Society. (b) Fluidized SALD system designed to coat particles. Reprinted with permission from ref 127. Copyright 2015 American Vacuum
Society. (¢) Scheme of the SALD approach based on a close-proximity head. Reprinted with permission from ref 128. Copyright 2020 Wiley & Sons.
(d) Transversal cross section of the bottom of a close proximity head showing the di erent channels containing the precursors and inert gas (along with
the exhaust channels) and the forming films as the substrate oscillates below the head. Reprinted with permission from ref 128. Copyright 2020 Wiley

& Sons.

saturation times can be precisely predicted by neural networks
using just a single growth profile and dosing time as inputs.**?

As seen above, making use of in situ process monitoring and
advanced modeling has beneficial and practical outcomes.
However, there is still room for the development of more in situ
studies, models, and simulations, focusing on the reduction of
pollutant emissions, and the limitation of the gas feed, and
thermal and energy budget required for given ALD processes.

As the energy consumption by vacuum and heating systems is
high, atmospheric pressure processes with limited duration are
preferred. Thus, Spatial ALD can be seen as an energy-e cient
branch of the classic ALD.

As depicted above, identified key factors a ecting the carbon
footprint of ALD processes are the cycle time and the
thermalization of the reactor. Apart from their environmental
impact, these factors also have an important economic impact.
While these di erent aspects can be tackled separately to reduce
the carbon footprint of ALD processes, it would be ideal to
develop processes in which all these factors are optimized. As
stated above, di erent high-throughput ALD approaches can be
used to reduce the processing duration %" and SALD
appears as a very appealing variant since it translates into faster
depositions by its intrinsic mode of operation, as described in
this section.

Despite being included in the initial ALD patent,*** the
concept of having a continuous flow of the precursors being
injected in di erent locations of the reactor separated by inert
gas flows has only been deveIoPed from 2008, both at the
laboratory and industrial scales.*** The first main di erence and
advantage of SALD with respect to the temporal scheme of
conventional ALD is that the process becomes faster, up to 2
orders of magnitude depending on the process and sub-
strates. > 9! Such faster deposition rates make SALD advanta-

geous for industrial implementation since it reduces production
costs, as illustrated in the photovoltaics industry, the initial
application of SALD, where cost is a key parameter.®* A faster
deposition has also a tremendous impact in research since the
fabrication and optimization of thin film materials is much faster.
Regarding the environmental impact of ALD, processes that can
be several orders of magnitude faster have a huge and beneficial
impact on the process LCA.

The SALD concept can be implemented in di erent
approaches,”® which is good to adapt to the type of sample to
be coated and make the process more e cient (see examples of
SALD systems designed to coat flexible substrates and particles
in Figure 9a and b). In addition, e cient precursor separation
and high deposition rate can be performed at high pressures,
thus eliminating the equipment and energy associated with
vacuum processes, again contributing to a process with a lower
carbon footprint. Therefore, SALD, being faster and performed
at high pressure, responds to green chemistry principle 6. SALD
still o ers more potential, as many approaches are based on a
variation of a close-proximity concept originally patented by D.
Levi et al.**® In this approach, precursors are carried by a N, flow
to a gas manifold where the di erent flows are distributed along
parallel channels with exhaust channels placed in between to
evacuate the gas being injected (see the schemes of the close-
proximity concept in Figure 9¢ and 9d). By placing the head at
close proximity of the substrate (50 m to several cm depending
on the injector design), an e cient precursor separation is
ensured. In this approach, the reaction chamber can be seen as
the volume corresponding to the gap between the head and the
substrate. As a result, this approach enables depositions at
atmospheric pressure and even in the open air (i.e., with no
deposition chamber). The deposition is performed by exposing
the substrate to the di erent flows by moving the head or the
Substrate.
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In the close-proximity concept, as shown in the scheme in
Figure 9c and d, the precursors are directly injected on top of the
substrate. This means that much less precursor molecules are
used since they are only exposed to the substrate surface
(conversely to conventional ALD where precursors can also
react with the chamber walls).** The excess of precursor is then
collected along with the reaction products through the exhaust
channels and could potentially be recycled and reused in an
industrial process. Thus, close proximity SALD addresses very
e ciently the green chemistry principles 1 and 7. In addition, the
system can be easily adapted to the substrate geometry by
modifying the design and size of the head, while the rest of the
system remains equal. An example is the development of a SALD
cylindrical head to coat tubular membranes.**° Several heads
could be even combined in a modular approach yielding even
higher throughput and contributing to lower precursor
waste.**°~*** By adjusting the design of the head, the deposition
can also be limited to a certain zone, thus having Area-Selective
Deposition (ASD) without the need to prepattern the substrate
(i.e., reducing the fabrication steps). Muntz-Rojas’ team has, for
example, shown that a head based on concentric channels can be
used to deposit free-from patterns with resolution in x-y in the
order of the cm.*?® Other teams have later shown that it is
possible to reach micrometric resolution.**>*¢ In fact, SALD/
CVD approaches o er a huge potential for the fast fabrication of
miniaturized complex patterns at a high rate with reduced
energy demands.**®**’

As discussed in section 2.4, both modeling and in situ
characterization are powerful tools to optimize the amount of
precursor injected. Modeling has alreadg/ been extensively used
to optimize di erent SALD processes™>"**"'*° and could be
readily applied toward the optimization of precursor utilization.
Regarding the implementation of in situ characterization, again
SALD, and the close-proximity approach in particular, are very
appealing as in situ characterization tools can readily be added
thanks to the lack of chamber and the atmospheric processing,
and the fact that gases can be easily collected through the
exhaust for analysis,*30+36146-148

Another advantage of close-proximity SALD approaches is
that the thermalization/plasma activation can be limited to the
head/substrate volume, thus limiting energy consump-
tiOﬂ.149_152’152_155

Despite all the advantages of SALD when considering the
faster and “greener” aspects of the approach, operating at
atmospheric pressure can also have detrimental e ects. For
example, not all the precursors that would be suitable for
vacuum-based ALD approaches can be used in SALD, due to a
lower vapor pressure in ambient conditions. The dedicated
heating of the precursor and the line leading to the head are thus
necessary and should be designed to minimize the thermal
budget. Alternative volatilization processes such as laser
volatilization of grecursors could also be used, as has been
done for CVD.**® Another potential drawback of SALD is the
need for larger flows of inert carrier gas such as N, (also partially
compensated by the faster growth rate). When justified by the
size of operations, onsite air separation units (ASU) are suitable
to supply the continued demand of N,; however, their
environmental impact could be a ected by the carbon footprint
of energy and cooling systems, among other items.**’ Figure 10
depicts a schematic representation in which the intrinsic and
potential benefits of SALD toward processes with lower
environmental impact are shown.

No Chamber

0
2 C =
Plasma Activation

Figure 10. Schematic representation of the intrinsic and potential
benefits of SALD toward processes with lower environmental impact.

Collection of Excess

Even if SALD e ectively allows for reduced cycle times and
depositions orders of magnitude faster, the process duration
(and thereby the energy consumption and emissions) scales
linearly with batch size, whereas this is not the case for classical
(batch) reactors in which placing a large number of wafers is
possible. The advantages of SALD versus batch ALD needs to be
evaluated and it will surely depend on the specific process and
material deposited substrates. Other high-throughput ALD
approaches could thus also be used to reduce the processing
duration and related emissions.®"#*'%* In addition, most of the
data extracted from the literature are gathered from lab-scale
tools, which usually are less energy e cient than industrial ones.
Therefore, it is essential to validate the LCA results with ALD
and SALD equipment used in production.

As illustrated by the application of green chemistry principles to
ALD, precursor chemistry is a key parameter. Precursors
allowing for low-temperature deposition of materials are very
attractive to limit the thermal budget required. Ideally, their
synthesis should be achieved by using a minimal number of
e cient steps and making use of green synthesis methods when
possible. In fact, from the raw materials extraction and
refinement, which are highly energy demanding and sometimes
very complicated to achieve (e.g., certain mines of metals are
located in conflicts zones) to the pure targeted organometallic
precursor species, the synthesis of ALD precursors has a large
number of steps and a consequent impact on the environment.

The physicochemical characteristics of the precursors that are
highly important for a successful implementation in ALD
processes are high volatility, thermal stability, and reactivity.
Precursors such as TMA (trimethyl aluminum), DEZ (diethyl
zinc), or HfCl, are readily available as industrial bulk chemicals
and are conveniently used in ALD processes, thanks to their
desirable physicochemical properties for ALD applications, and
because they do not require complicated synthetic approach.
TMA is a liquid at room temperature (RT), provides a more
than su cient vapor pressure at RT, is highly reactive, and
delivers Al-containing high-quality films.**® Despite being highly
pyrophoric, TMA might be seen as a role model for precursor
chemists and ALD experts due to its desirable properties. Also,
the synthesis of TMA can be considered highly optimized from
an industrial standpoint and proceeds in two discrete synthetic
steps. It typically involves the reaction of elemental aluminum
and chloroform to produce dimethylaluminumchloride which is
further converted to TMA in a melt by a reaction with sodium.
The TMA is distilled from the reaction mixture after-
ward.***7*%! However, for the deposition of material systems
other than Al,O5;, ZnO, or HfO, by ALD, more complicated

https://doi.org/10.1021/acsmaterialsau.3c00002
ACS Mater. Au XXXX, XXX, XXX—=XXX



Figure 11. Synthetic steps involved in the synthesis of the [Cu(NHC) (hmds)] precursor. Parameters for the initial (a), intermediate (b), and final (c)

reactions are denoted next to the reactions. AE: Atom economy.

chemistries and thus synthetic approaches are normally needed
to obtain the desired physicochemical properties of an ALD
precursor.**>%% For example, when considering the formation
of metallic Ag layers, small molecules such as AgCl or Ag(CH5)
cannot be employed for a well-functioning ALD process as they
are either not volatile or highly unstable, respectively.*** Thus,
the pertinent design of ligands increasing volatility and thermal
stability needs to be considered, which arguably renders the
overall environmental impact of the synthesis and consequently
whole ALD process chain more challenging. It should be
highlighted that the environmental aspect of precursor
chemistry is highly specific and bound to the resulting material
systems, which makes an overall assessment of the impact of
precursor chemistry on the environment challenging. Interest-
ingly, and to the best of our knowledge, an assessment of the
typically employed green chemistry principles and their
implications on the ALD precursor chemistry is not discussed
in the literature so far, and only scarcely evaluated for CVD.*®
Hereafter, we provide case studies, from the perspective of
academic R&D, on how the impact of precursor synthesis and
chemistry on the environment can be potentially minimized
while respecting the principles of green chemistry and retaining
the important physicochemical properties of ALD precursors.
2.6.1. Synthetic Aspects: E-Factor and Solvents. As
stated above, the synthesis of the precursor is the first step
toward a well-functioning ALD process. The synthesis not only
includes the final conversion of ligands and metals to the
targeted organometallic species, but also the synthesis of starting
materials such as ligands or other reagents themselves. Most of

the synthetic approaches for the creation of precursors are
dominated by the excessive use of organic solvents with
considerable environmental impacts, such as tetrahydrofuran,
hexane, or diethyl ether."®® Solvents that are considerably less
harmful to the environment such as ethanol, water, or
supercritical CO, are mostly ruled out as the targeted
organometallic precursor molecules might be highly reactive
toward protic, highly polar solvents and noninert conditions.
Additionally, commonly employed solvents such as hexane or
ethers must be purified, dried, and stored in an inert-gas
atmosphere which considerably adds to their environmental
impact, even when reused. One of the key principles of green
chemistry is to avoid the waste that might be produced during
the synthesis of the desired compound, which is in our case the
organometallic precursor employed in the ALD process. An
established metric for the assessment of waste produced during
the synthesis of pharmaceutical-relevant molecules is the so-
called E-Factor introduced by Sheldon et al.**’~**° which
relates the mass of the overall waste to the mass of the obtained
product. Generally, lower E-Factors are thus desirable for a
precursor chemist as they consequently indicate less production
of waste. For example, when considering the synthesis of Cu' and
Ag' NHC-based precursors of the general type [M(NHC)-
(hmds)] (M = Cu, Ag) which have been successfully established
in spatial ALD for the deposition of metallic Cu and Ag
layers,*>2*>*17% the E-Number can indeed be calculated to
assess the amount of waste that is produced during the synthesis.
Notably, over 16 di erent chemicals in three di erent synthetic
steps are involved in the synthesis of [Cu(NHC)(hmds)]
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(Figure 11). The yields of the reactions a) to c¢) can be
considered on the higher side, while each reaction itself is a one-
pot reaction and in that respect highly optimized if the principles
of green chemistry are considered.

However, if the masses of the employed chemicals are
considered, it should be directly apparent that the solvents
employed in the synthesis have the largest impact on the E-
factor. In total, for the production of =12 g of [Cu(NHC)-
(hmds)], approximately 420 g of chemicals are wasted during
the process if they are not reused. This results in an E-factor of
35 which is in the same range as commonly known
pharmaceutical and fine-chemical industry according to a
classification by Sheldon.*®® A promising optimization of the
E-factor might be accessible by reducing the amount of solvent
used, or by the use of alternative solvents."”* Hypothetically,
such optimization is especially promising for steps (b) and (c),
as in this case ether is only used for coordination and
crystallization in step (b) while hexane is used for extraction
of the product after salt metathesis reaction in step (c). Most
interestingly, Et,O is not needed to isolate a stable [Li(hmds)],
intermediate which can be directly crystallized from the reaction
mixture and could most probably be used in step ¢) without
further considerations.'’>*" Additionally, [Cu(NHC)(hmds)]
might be sublimed out of the crude reaction mixture without the
prior extraction of hexane, other reagents which might be
leftover in the reaction mixture such as the imidazolium chloride
should not present significant volatility. The optimization of the
THF solvent quantity that is needed for step ¢) might lead to
further minimization of solvent usage. When considering no
Et,0O, no hexane, and only half the amount of THF is used to
synthesize the final precursor [Cu(NHC)(hmds)], the E-factor
decreases to 11 and only 128 g of waste is produced.

If the solvents are potentially indispensable for the desired
reaction protocols, e orts should at least be undertaken to
replace the solvents by alternatives reducing the environmental
impact. THF can for example be replaced by 2-Methyltetrahy-
drofuran (2-Me-THF) and hexane by heptane, among other
potential alternatives that have been thoroughly discussed in
recent literature.**®*"* This example highlights that optimiza-
tions can be carried out for established reactions and that
alternative synthetic protocols might result in a considerable
minimization of (toxic) waste, thus reducing the overall
environmental impact of the ALD precursor synthesis.

2.6.2. Atom Economy. The atom economy (AE) as
introduced by Trost'” needs to be considered as well for the
optimization of a reaction protocol with regard to its
environmental impact. According to the concept of AE, the
chemical reactions can be ranked in several di erent regimes
(see Figure 12), where 100% is the most desirable and 0% is the
worst case (complete decomposition of the reactants and no
formation of the product at all). Addition reactions, rearrange-
ments, and insertion reactions typically result in an AE of 100%
as no other products are formed. Catalytic reactions, such as
coupling reactions typically also avoid the formation of
condensation or other elimination products, resulting in high
AE percentages. The organometallic reactions used for the
synthesis of precursors mostly, rely on salt-metathesis reactions.
This elimination-type reaction, which is exemplarily used in the
formation of [Cu(NHC)(hmds)] by the elimination of LiCl,
highlights that not all employed atoms from the starting
materials ultimately end up in the molecular composition of the
Cu precursor. Together with the elimination of LiCl, also Et,O
and hmds are formed through substitution or as a result of LiCl

Atom Economy

100 % Additions, Rearrangements,
Insertions

(carbodiimide-insertion)

Catalytic reactions
(synthesis of ligands)

Ligand substitution, salt-
metathesis (LiCl),
elimination

0% Y no reaction,

decomposition

Figure 12. Schematic representation for the concept of atom economy.
Di erent types of reaction protocols can be roughly assigned to their
overall degree of potential obtainable atom economy values, from 0% to
100%. Adapted and modified from ref 179 with permission under a
Creative Commons Attribution-Share Alike 4.0 International license.
Copyright 2017 Wikimedia Commons.

elimination, respectively. The corresponding AE for this
reaction step in Figure 11c) can thus be considered as mostly
mediocre with a value of 50.7%. Generally, the optimization of
the AE can be achieved by switching the reaction type from
elimination or substitution reactions to catalyzed trans-
formations or addition and insertion-type reactions (Figure
12). Insertion-type reactions can ensure reaching an AE of 100%
as no additional trivial byproducts are created. Hence, the
production of [Cu(NHC)(hmds)] in reaction step c¢) could
hypothetically be optimized by generating the [Cu(NHC)CI]
intermediate through mechanochemistry methods (ball-mill-
ing) of elemental copper with the respective imidazolium
chloride which was described for similar [Cu(NHC)CI]-type
complexes in recent literature.*’®™*"® This insertion-type
reaction would not only increase the AE, but also circumvents
the usage of solvents like THF or dichloromethane for the first
step of the reaction. Yet, for the second part of the reaction and
salt metathesis reaction of [Cu(NHC)CI] and [Li(hmds)]s,
solvents like THF are needed and LiCl is expelled, so that wastes
are not fully avoidable, but can be minimized. Through the
optimized reaction steps in terms of AE, an optimized value of
90.6% could in principle be achieved for this reaction.

2.6.3. Catalysis for Ligand Synthesis. As described
before, catalytically enhanced transformations through, e.g.,
transition-metal catalysis can in principle enhance the AE further
and reduce the amount of waste that is potentially produced.
Catalysis has shown to be a beneficial route in various synthetic
pathways, especially for the synthesis of ligands used for
organometallic complexation of the metal ions.

The preparation of N-alkyl substituted formamidines, which
are very Eromising ligands for Yttrium and Indium precur-
sors,“¥9=%2 will be considered as an example. The synthesis can
be achieved through two separate routes (Figure 13), a
conventional and catalyzed procedure.’**~*®° In the first
route, two equivalents of a N-alkyl substituted amine together
with acetic acid and triethylorthoformate as the reagent and
solvent can be transformed to an N-alkyl substituted
formamidinium acetate species through vigorous heating of
the reaction mixture and removal of the employed residual
reactant and byproducts. As an alternative, the second route
employs a PdCl,-catalyzed insertion of triethylsilane into an N-
alkyl substituted carbodiimide species forming a triethylsilylfor-
mamide through H—Si bond activation. The reaction can be
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Figure 13. Synthetic procedure of formamidine using two di erent routes.

conducted without the use of a solvent in an autoclave reactor, at
a similar temperature. Thus, thanks to the use of a catalyst and
the insertion-type reaction protocol, the AE can be increased
from 58.2% to 100% with the latter route. Both intermediate
species, namely the formamidinium acetate and the triethylsi-
lylformamide, can be converted to the final N-alkyl substituted
formamidine ligand under aqueous alkaline conditions and
consecutive crystallization or distillation.

As seen from this representative example, it is generally
beneficial to find substitutional pathways for the formation of
di erent types of ligands under catalytic enhancement to
increase AE and decrease waste production and thus the
environmental impact of such reactions.

2.6.4. Precursor Purity and Physicochemical Proper-
ties. For some ALD processes, the use of precursors with a
reduced purity may be su cient (e.g., 97% instead of 99.9%) to
obtain good quality films, which limits the purification/
recrystallization steps to be carried out. This might be especially
interesting if the impurities are not volatile and stay behind in
the precursor container so that an inclusion inside the films is
nearly impossible. Sublimation experiments with the slightly
impure precursor mixture can be beneficial in this case to clarify
if the impurities do not volatilize together with the precursor.
The recuperation of precursors in excess should also be more
developed, for example using a condensation step.

Another important aspect is the evaluation of the
physicochemical characteristics of the precursors. This includes
the assessment of its volatility, thermal stability, reactivity, and
melting point, among other parameters that are discussed in a
later section. When considering spatial ALD processes operated
at atmospheric conditions, the physicochemical properties of the
precursors are even more important than for vacuum-based
temporal ALD processes, as the volatility of the precursors is not
boosted using overall low process pressures. Assessment of
volatilities and thermal stabilities can be conveniently
approached by thermogravimetric analysis (TGA) and di er-
ential scanning calorimetry (DSC).**® In an ideal case, the
precursor provides a su ciently high volatility (0.1 Torr) down
to room temperature, while still being thermally robust at high
temperatures and providing good reactivity. High reactivity and
volatility lead to lower processing temperatures and shorter
processing times. Accordingly, the energy and carbon footprint
of the process can be directly influenced and optimized by the
rational design of ligands and resulting precursors.

The guanidinate, amidinate, and formamidinate ligand classes
can be projected as representative examples, as they have been
used in comparative precursor and process studies for Indium
and Yttrium precursors. Specifically, a study by Kim et al.*®?
comparatively investigated the thermal properties of tris(N,N’-
diisopropylamidinato)indium(I1l) and tris(N,N’-
diisopropylformamidinato)indium(l1l), whereby the latter

enabled the growth of high-quality In,O5 thin films by ALD
with water in the lowest and widest ALD window known in
recent literature. Further, the length of the water pulse during
the ALD process could be minimized. The reasons for the higher
performing nature of the formamidinate-type complex can be
attributed to its higher volatility, thermal stability, and reactivity
compared to its amidinate-type congener. Ultimately, the
smaller — H substituent within the endocyclic backbone of the
indium formamidinate enables these promising properties of the
precursor. Very similar results could be obtained for
isostructural Yttrium complexes, where the formamidinate-
type complex features superior physicochemical properties and
thus enables a low and wide ALD window for the deposition of
Y,05 thin films with water, compared to the amidinate- and
guanidinate-type yttrium complexes.*®**5*

2.6.5. Potential Hazards: Pyrophoricity and Toxicity.
To assess the environmental impact of precursor chemistry, the
potentially hazardous nature of the precursor should also be
considered. A school case example is the hazardous TMA, a
highly pyrophoric and potentially corrosive substance, which
certainly needs to be handled with special care and by highly
trained sta . Despite the possibility to synthesize the precursor
at an industrial scale as known in the literature for decades, the
inherent pyrophoric nature of TMA unfortunately caused a
series of accidents around the world.*®"*% Therefore,
alternatives should be explored, and interestingly, there are
numerous candidates to replace TMA, which are not
pyrophoric, while mostly retaining high volatility, thermal
stability, and reactivity as needed for well-functioning ALD
processes. Alternatives such as aluminum alcoholates [Al-
(ORQ?]L,ng_l% aluminum (dimethylamino)propyls [AI(DMP)-
R],*"*%® and aluminum amides [AI(NR,);] have been
successfully used for the formation of Al,O; thin films by
ALD.*~?" |t should be mentioned that the functionalization
of TMA toward nonpyrophoric precursors involves more
synthetic steps and thus certainly causes a higher production
of chemical waste if the corresponding synthetic procedures for
the creation of alternative TMA precursors are not optimized
with respect to the principles of green chemistry. From a “green”
chemistry perspective, the creation and usage of AICI; as an
alternative precursor might be beneficial,***=**° as no lenghty
synthetic procedures for the functionalization are needed.
However, the high melting point of this precursor and the
production of corrosive HCI vapor during the ALD process
might hinder its application as a suitable alternative to
TMA.?*?12 Several alternative examples are also known for
the pyrophoric precursor diethylzinc, commonly applied for the
formation of Zn-containing thin films.*'* Recent e orts were
undertaken to drastically reduce the pyrophoricity by employing
(dimethylamino)propy! ligands in [Zn(DMP),],** similar to
those employed for Al precursors, while retaining a high
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reactivity that enabled the growth of functional ZnO films at
mild deposition temperatures in PEALD (60—150 °C). Other
e orts were also undertaken to limit the pyrophoric nature of
Zn-based Precursors, employing acetate, -ketoiminate and
chlorides,**¢~2'® although the properties of the precursors in
terms of volatility, thermal stability and reactivity are a
considerable drawback for the above-mentioned alternatives.
Overall, the number of reported alternative Zn precursors is still
very limited and e orts should be undertaken to explore and
identify more alternatives.

Another important aspect is the toxicity of the employed
precursor. Optimizing the employed precursor to reduce its
toxicity might not be easily accessible and is, as discussed before,
constrained by other parameters like volatility, thermal stability,
and reactivity of the precursor. The intrinsic toxicity of the
employed metal ions, which mostly depends on the employed
ligands and the oxidation state of the metal itself, but also on the
type of exposure to the human body among many other factors,
can thus not be conveniently optimized. During precursor
synthesis, the contamination of the solvent wastes with metal
ions and ligands might even further enhance the toxicity of the
employed solvent mixture and resulting wastage. It is thus
directly apparent that solvents should be only used minimally
and, if possible, should be avoided at all as discussed already in
other sections. Moreover, the modification of the precursor
during the ALD process, namely by the reaction with the co-
reactant or partial decomposition and ligand-cleavage on the
surface or change of oxidation state will result in potentially toxic
wastages even if the employed precursor itself might only be
mildly toxic. As an example, the LDs, value (rats) for Cr(acac),
(3360 mg/kg),**° a precursor used for the deposition of Cr-
containing thin films by ALD,??°~%? is considerably higher
compared to CrCl; (440 mg/kg), or CrO; (52 mg/kg) which
might be a possible oxide-based material that is formed by ALD
or after the disposal of the precursor in the ambient. A change of
the oxidation state can thus severily enhance the toxicity of the
metal ion after ALD processing. A commonly known issue when
using carbonyl-based precursors might be the formation of
highly toxic CO gas during the ALD process and/or precursor
decomposition over time. For other more sophisticated
precursor chemistries, the formation and identification of
potential toxic byproducts might be more di cult and should
be explored in future studies by in situ techniques such as
residual gas analysis (RGA). The reader is referred to an
interesting review by Egorova and Ananikov®*° that thoroughly
summarizes di erent aspects of the toxicity of metal compounds
and how di erent variables influence their toxicity. The
assessment and comparison between di erent precursors’
environmental impact remains challenging, as small molecules
such as halides need a lower number of synthetic steps compared
to more complex organometallic compounds but might present
a higher toxicity as discussed already for di erent chromium
precursors.

The co-reactants used in ALD might also present a highly
toxic nature. For the formation of transition metal sulfides,
which are especially relevant for the production of 2D materials
such as MoS, or WS, for next-generation microelectronics,
hydrogen sulfide (H,S) is commonly employed as the co-
reactant in the respective ALD processes.”**~?*° Even though
safety protocols such as gas sensors, protective equipment, and
highly trained personnel can substantially minimize the risk of
possible accidents with H,S, the substitution of H,S as a reactant
in ALD is the most sustainable approach, ultimately. E orts to

circumvent its usage for thin film metal sulfide deposition were
originally evaluated in numerous studies about MOCVD
processes using elemental Sulfur.®** It should be critically
noted, however, that the use of elemental sulfur in ALD might be
ultimately di cult as its allotropes that might be formed at
di erent evaporation temperatures a ect physicochemical
properties such as evaporation rates and melting points of the
substance, which are not desirable. Such a precursor is also more
challenging to use in atmospheric SALD approaches and also,
residues of elemental sulfur in the reaction chamber and exhaust
might be undesirable. Other alternatives to H,S, namely,
mercaptans and thioethers, have been used for the formation
of, e.9., M0S,, ZnS, or NiS,.**~2%® Notably, the toxicity of these
compounds is mostly still considerably increased compared to
elemental sulfur, but significantly less hazardous than gaseous
H,S. A design of alternative sulfur precursors might be a
promising pathway to consider to reduce the toxicity of sulfur
precursors while retaining important properties as desired for
ALD applications. For example, molecular layer deposition
approaches using ethane-1,2-dithiol (EDT) have been devel-
oped to prepare tin sulfides,"*® to eliminate the use of H,S, but
the process requires an annealing step at high temperatures,
which is detrimental to the overall environmental friendliness of
the process.

All things considered, the e orts on developing precursors
with “greener” chemistry approaches can still be significantly
higher as only a few reports are known in literature yet. Exploring
substitutional pathways for the formation of di erent types of
ligands and precursor under optimized protocols using e.g.
catalysis or mechnochemistry should become a priority. The
development of novel precursors chemically designed for having
less environmental impact is challenging but desired, as they
would enable to reach ALD processes with a lower carbon
footprint.

ALD is mainly applied in the semiconductor industry, which
su ers from a very significant carbon footprint,** and there is
thus a drastic need to develop novel processes with lower
environmental impact. In the latest ten years, some of the major
companies in the field are trying to reduce their environmental
impact and increase their e orts toward this reduction. In
particular, e orts are focusing on energy e ciency, water
recyclability, and material use. The quest to achieve lower GHG
emissions has been set by the World Semiconductor Council
already decades ago,"” and the sustainable semiconductor
technologies and systems research program led by the
Interuniversity Microelectronics Centre (IMEC) and reuniting
most of the major semiconductor companies is worth noting as
We”.239,240

The U.S. Department of Energy, in its Quadrennial
Technology Review on the Assessment of Energy Technolo-
gies,*** described new manufacturing approaches based on
process intensification (PI), which involves combining separate
unit operations into a single piece of equipment. This type of
technology could be readily applied to the production of ALD
precursors by combining reactors and separators, thereby
increasing the e ciency and cleanliness of the process while
reducing its overall operating costs. The European Chips Act,
representing €43 billion of policy-driven investment until 2030,
aims to bolster Europe’s resilience in semiconductor tech-
nologies and help achieve both the digital and green
transition,?*? representing also a considerable opportunity for
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the development of ALD processes with lower environmental
impact.

On the other hand, ALD has been used also in high-
performance energy-related applications playing a significant
role in the mitigation of GHG emissions, such as photovoltaics,
membranes, batteries, fuel cells, or electrolyzers. It is important
to ensure that the development and deployment of these
technologies take place with as low environmental impacts as
possible, and the eco-design of energy-related technologies is a
crucial factor in the EU strategy (Directive 2009/125/EC). As
illustrated below, the use of ALD is key to improving the
performance of these upcoming technologies, but it remains
crucial to perform thorough LCA studies with ALD equipment
used in production to validate the overall environmental
benefits.

The use of ALD technology in solar photovoltaics is not
new;*** however, recent advances allowed the fabrication of a
novel interdigitated back-contacted solar cell conceg)t (IBC) as
the bottom cell of a three-terminal tandem device.”** This new
concept of three-terminal tandem could be capable of increasing
the solar cell e ciency by over 30% due to the J:)ossibility to
extract two photocurrents from a single tandem.>*> Controlled
deposition of transition metal oxides (TMOs) such as
molybdenum (MoO,), titanium (TiO,), and vanadium (VO,)
oxides has been widely evaluated to avoid the utilization of high
temperature and flammable gases in the np-based or a-Si:H
junction of solar cells. In that sense, ALD represents a clear
advantage over the conventional fabrication process such as
CVD due to its excellent control of TMO film growth.
Nonetheless, its main challenge still lies in the low deposition
rates. Fortunately, high throughput ALD could surge as a
suitable method to attain higher deposition rates required at the
industrial scale.”*®**" For example, it has been shown that Cu,O
p-layers can replace a-Si(p) in silicon heterojunction cells and
still provide high e ciencies on 3 x 3 cm? cells.?*® In the same
line, the fast deposition and mild temperatures involved in
SALD have proven to be advantageous to deposit blocking and
passivating layers in hybrid perovskite solar cells.**9>>°

Membranes, typically used in the industry to purify mixtures
without using heat, allow the lowering of global energy use,
carbon emissions, and overall pollution. Due to its unique assets,
ALD has also been explored for the tuning of membranes, such
as the atomic-level tuning of pore dimensions and the
functionalization of various materials at the pore surface. The
ALD-modified membranes were aimed at many applications,
includin% water filtration, gas separation, biosensing, and
catalysis.*>?>* >3

Batteries and fuel cells are other fields where advanced ALD
coatings are able to trigger a game changer behavior thanks to
the unique advantage of ALD to fabricate complex functional or
catalyst layers by successive and alternating single-atoms
processing.

A key issue in the batteries, especially in lithium-ion batteries
(LiB), is the degradation reaction taking place at the electrolyte
interface, causing the formation of a passivation layer at the
surface of the negatively charged electrode.”>*>°° Previous
ALD-based reports showed that the deposition of ultrathin
bu er layers on electrode materials is e ective to reduce the
passivation layer formation and promote a rapid electron
transfer.”>” Typical ALD deposited layers are based on oxide
materials such Al,O,, ZnO, or HfO,**® all of them improving
the battery lifetime during long-term cycles. Further research
e orts toward the use of more ionic conductive materials, such

as zirconate and niobates, remain active. Moreover, ALD is been
also evaluated for use in the next battery generation, the so-
called solid-state battery, to enhance the current density thanks
to the high e ectiveness of depositing conformal films in high-
aspect-ratio substrates.”>®

ALD is also opening opportunities in the fabrication of
catalyst and bu er layers for low-temperature®®®?®* and high-
temperature fuel cells.?°>?%* Low-temperature fuel cells, so-
called proton-exchange membrane fuel cells (PEMFC), are
extensively used in commercial applications such as light-duty
vehicles, residential cogeneration systems (electricity and heat
production) like the ENE-FARM in Japan with more than
300 000 units installed by 2019,?%* and emergency power units
for disaster events. One of the main obstacles to the spread of
this technology is the high cost of components, especially the Pt
catalyst used for the oxygen reduction reaction. ALD has been
used to deposit a minimum Pt amount on di erent types of
substrates. The small Pt particles deposited with a homogeneous
spatial distribution can mitigate the cell degradation caused by
the Pt dissolution during cycling operation, which cane ectively
reduce the pressure on this noble metal.”®®> High-temperature
fuel cells, so-called solid oxide fuel cells (SOFC), operate
between 600 and 800 °C to get su cient ion and electric
conductivity through their ceramic components and increase the
kinetics of the electrochemical reactions. Unfortunately, high-
temperature operation also triggers adverse reactions in the
materials. ALD has shown promising results in fabricating
nanostructured layers to reduce the SOFC component thickness
and operating temperature, and fabricating defect-free thin
layers acting as bu er or electrolyte layers.**°"2°® ALD is also
useful to improve the oxidation—reduction reaction at the
SOFC cathode materials, by improving the formation of active
sites, via the homogeneous dispersion of active 1phases or catalyst
materials such as CeO, for example.***~>"* Hydrogen and
oxygen reactants used during the energy-related devices
manufacturing, or their utilization, need to be produced in
environmentally benign processes. Electrolysis techniques
appear to be promising to obtain cost-e ective and low-carbon
hydrogen and oxygen molecules. Among these techniques, the
development of Solid Oxide Electrolysis Cell (SOEC)
technology,”’#*"* working in a reverse principle of SOFC, is
particularly attractive, and the nanoengineering capabilities
0 ered by ALD could permit increasingly e cient SOEC,
helping the production of low-carbon hydrogen.

The quest for sustainability is becoming vital. In the last decades,
ALD technology has been implemented in a wide range of
applications, from microelectronics to solar cells. However,
when considering its environmental impact, this thin film
deposition route has still some challenges to tackle, due to its
high energy and materials consumption and its emission of
GHG and nanoparticles. In addition, the emissions generated
constitute a health risk to ALD equipment users. This work
presents di erent studies on the environmental assessments of
ALD processes and proposes several routes to reduce the
footprint of this innovative technology based on the literature
and the principles of green chemistry. The main conclusions that
can be drawn are the following:

First, there are still too few environmental impact assessments
of ALD processes in the literature, and additional research
e ortsshould be done to achieve LCA of other processes besides
ALD of alumina. The impact of the precursor synthesis, the
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equipment manufacturing, and the ALD process itself should be
evaluated in combinatorial and comparative LCA approaches,
especially for systems used in production. In the future, even if
the precise assessment of the environmental impact of an ALD
process stays very complex and highly system dependent, a more
solid collection of studies could enable one to reach a precious
database, that could be used to compare the di erent processes
from an environmental point of view.

Second, since the infrastructure, equipment, and tools that
support ALD operations have a significant environmental
impact, they should be manufactured with novel high-e ciency
and energy-saving equivalents and be as simple as possible. As
the energy consumption of the process is mainly dictated by the
operating temperature, optimized thermal management of the
heated chamber and heated elements is also key to reducing the
carbon footprint of the process. The use of renewable energy is
also recommended to power equipment and infrastructures, as
well as ALD processes. The recycling and reuse of heat,
precursors, gases and water issued from the process should
become a common practice in ALD systems as it is already
adopted in similar industrial processes.’*~"®

Third, based on the literature review and the green principles
applied to ALD depicted in this work, three main routes toward
ALD processes with lower environmental impact could be
deduced and should be applied where possible:

(i) The thorough optimization of the processing parameters
and the reactor design and its infrastructure would
drastically lower the undesired wastes and emissions.
Computational simulations, machine learning, and
artificial intelligence can, for example, be applied to
optimize ALD processes faster than ever, as the saturation
times can be precisely predicted using these innovative
tools.

(i) High throughput processes such as SALD applied at
atmospheric pressure could lead to depositions that are
orders of magnitude faster and lower the overall energy
budget and related emissions.

(i) The chemical design of greener precursors would have the
largest impact as it could reduce the overall environmental
impact: from the raw material extracted and the (limited)
number of greener chemistry synthetic steps resulting in
the precursor molecules to the thermal budget related to
the deposition temperature, and to the emissions of less
polluting byproducts.

ALD is already being used and is becoming a key component
in high-performance devices playing a significant role in the
mitigation of greenhouse gas emissions, such as photovoltaic
cells, membranes, batteries, fuel cells, or electrolyzers. If the
ALD processes used for energy-related devices manufacturing
are applied with the environmental considerations discussed
before, a lower carbon footprint of the process could truly help
to reduce the pollution generated by the manufacturing of these
devices.

However, strong incentives through public policies are
required to e ciently go toward the implementation of
processes with lower carbon footprint, as new links are needed
between existing institutional frameworks to oversee responsible
minerals and chemical sourcing, precursor synthesis, and overall
environmental and sustainable practices.

Finally, as highlighted in the previous sections, there is still
much room for improvement to limit the energy demand and
the carbon footprint of the ALD process. We hope that the ALD

community, at both the academic and the industrial level, will
foster and increase the number of works to assess the impact of
their processes, but also and more importantly will present novel
strategies and recommendations to achieve ALD processes with
lower environmental impact.
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