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Abstract: The turn of the 21st century heralded in the semiconductor age alongside the Anthropocene
epoch, characterised by the ever-increasing human impact on the environment. The ecological
consequences of semiconductor chip manufacturing are the most predominant within the electronics
industry. This is due to current reliance upon large amounts of solvents, acids and gases that
have numerous toxicological impacts. Management and assessment of hazardous chemicals is
complicated by trade secrets and continual rapid change in the electronic manufacturing process.
Of the many subprocesses involved in chip manufacturing, lithographic processes are of particular
concern. Current developments in bottom-up lithography, such as directed self-assembly (DSA) of
block copolymers (BCPs), are being considered as a next-generation technology for semiconductor
chip production. These nanofabrication techniques present a novel opportunity for improving the
sustainability of lithography by reducing the number of processing steps, energy and chemical
waste products involved. At present, to the extent of our knowledge, there is no published life
cycle assessment (LCA) evaluating the environmental impact of new bottom-up lithography versus
conventional lithographic techniques. Quantification of this impact is central to verifying whether
these new nanofabrication routes can replace conventional deposition techniques in industry as a
more environmentally friendly option.

Keywords: area selective deposition (ASD); directed self-assembly (DSA); block copolymer (BCP);
polymer brushes; lithography; green chemistry; semiconductor industry; environmental sustainabil-
ity; life cycle assessment (LCA) and ex ante analysis; bottom-up lithography; top-down lithogra-
phy; nanofabrication

1. Introduction

The fabrication of micro/nano structures and devices in the semiconductor industry
requires the deposition of thin films, followed by lithographic patterning techniques and
etching to remove specific regions of the material [1,2]. Lithographic techniques have been
central to the exponential miniaturization of electronics over the past 50 years. However,
the techno-economic model that underpins Moore’s law is beginning to fail due to the
increased fabrication costs associated with transistors reaching atomic scales [3]. To address
new miniaturisation challenges, developments in lithography should have sufficiently
defined geometries, enable production of miniaturised features, be time efficient and have
low production costs [4–7]. Bottom-up lithography techniques may offer an alternative
fabrication route to conventional lithography that circumvents these challenges [7–10].

Two bottom-up techniques are discussed in this review: area selective deposition
(ASD) of polymer brushes and DSA of BCPs. Briefly, ASD allows for alignment of materials
at a pre-patterned surface in replacement of a lithographic mask [7]. This is achieved by
allowing a film to be deposited in one region of a surface while simultaneously avoiding
deposition in other regions to achieve ASD [11]. In the case of DSA, inorganic material
infiltrates self-assembled molecular blocks forming patterns such as nanodot arrays or
nanowires post-polymer removal [12]. It is the chemical incompatibility of the BCP blocks
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that enables self-assembly into a variety of morphologies [13–15]. The molecular mecha-
nisms of ASD and DSA technologies must be better understood before these techniques
can be integrated into semiconductor manufacturing processes [11,16–18].

Both ASD and DSA are bottom-up fabrication approaches whereby atoms and/or
molecules are assembled into desired structures [7,13,19–21]. The advantage of this ap-
proach lies in its atomic precision, facilitating the fabrication of structures with atomic
or molecular size resolutions [19,22,23]. This methodology differs from the current top-
down fabrication approach that has been used in the semiconductor industry for decades,
and has seen an almost exponential growth in some cases [19,24]. Top-down approaches
refer to the performance of some physical processes such as cutting or slicing to trans-
form a bulk material into nanoparticles or materials with controlled shapes and sizes [22].
Nonetheless, top-down approaches such as extreme ultraviolet lithography (EUVL) and
nanoimprint lithography (NIL) have limitations. Key challenges for next generation EUVL
and NIL technologies include finding suitable resist materials, source power, overlay and
defect repair process time [16,22,25]. The implementation of bottom-up BCP and brush
lithographic techniques in semiconductor production could circumvent the associated
complexity and expense of the photolithographic and multiple patterning lithography etch
and deposition steps [7].

Thus, there is an economic incentive driving the development of BCP and brush
lithography techniques but is there an environmental incentive? The development of
industries such as the electronics industry has led to perturbations in environmental system
(ES) functioning; if left unchecked, such issues may pose a serious threat to the future
sustainability of human life on earth [26]. The demand for modern integrated circuits (ICs)
has led to sales in the semiconductor industry increasing by almost seven times in the past
three decades from $73,000 in 1987 to $481,090 in 2018 [27,28]. This growth of consumer
electronics is illustrated in Figure 1 below. The ever expanding role semiconductors play
in our society has led to an increase in the use of potentially hazardous chemicals such
as the metals, photoactive chemicals, toxic gases, organic solvents and acids required for
manufacturing [29]. The volume of this market is such that any small improvement in the
electronics life cycle leads to a dramatic increase in environmental sustainability [30–32].
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Lithography requires the greatest number of chemicals amongst the semiconductor
fabrication processes [34,35]. The main set of chemicals used during photolithography
are photoresists. They consist of a polymer, solvent, sensitizer, and additional additives.
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BCP and brush lithographic techniques do not require a sensitizer or these additional
additives and therefore may reduce chemical wastes. Production costs will also be reduced
if the need for a photolithographic mask is circumvented [34]. It has been suggested that
BCP and brush lithography provide rapid processing, scalable synthesis, and reduced
production costs when compared to current lithographic techniques [4,36]. Currently
less energy is required to power machinery for ASD and DSA deposition technologies.
For example, ASD has been shown to work at relatively low temperature conditions that
can be achieved using simple machinery [36,37]. However, this technology is still at a
developmental stage and has not yet reached an industrial level [4]. The environmental and
economic benefits of this technology have yet to be quantified. How much will expenditure
be reduced by if photolithographic masks are no longer used? How would avoiding the
use of chemicals such as perfluorocarbons (PFCs) in photolithographic processes affect the
amount of hazardous waste products in factories? How will this impact wildlife and local
communities? How much power would be saved if top-down lithography was replaced by
bottom-up nanofabrication techniques?

We suggest a life cycle analysis (LCA) framework for quantifying the impact of ASD
and DSA in industry. A life cycle refers to the time span to produce a finished product from
the extraction of the raw materials, its manufacture, use, and its disposal requirements [38].
LCA at the early stage of technological development can be used to provide decision
making support for the selection of environmentally preferable alternatives [39]. For the
first time an LCA approach is suggested as a means to evaluate the environmental and eco-
nomic impact of bottom up lithographic techniques before industrial scale implementation.
Additionally, LCA can be used to further improve and integrate sustainability practices
into a technology before its use on vast scales, by which time major changes require too
much effort [40,41]. Therefore, if LCA techniques are employed during the research and
development phases of these new routes to nanofabrication, environmental burdens and
investment errors can be avoided.

Several challenges must be overcome in order to perform an LCA that compares BCP
and brush lithography with currently used top-down lithographic techniques. Firstly, the
complexity of the semiconductor devices means that the fabrication process is intricate,
and the mass of the chemicals and water used in the production far outweighs the mass
of the end-product device. This makes LCA of electronics more challenging than that of
plastics, for example [42]. Secondly, BCP and brush nanofabrication techniques are at the
research stage of development, therefore LCA is more challenging to implement. LCA was
originally developed for the study of systems where there was enough information about
material and energy inputs and output and the cause and effect relationships through
the supply chain. Applying LCA to emerging technologies is therefore challenging [43].
Drawing comparisons between brush and BCP nanofabrication routes and current litho-
graphic techniques is especially challenging due to the prevalence of commercial secrecy
in the semiconductor industry [29]. Nevertheless, applying LCA methodologies at this
early stage of development is crucial to ensuring informed decision making that evaluates
environmental risks, and ensures that new regulations and natural resource constraints do
not lead to delays and unforeseeable increases in costs [26,44,45]. Thirdly, methodologies
such as LCA exist to characterise the environmental impacts of new technologies but
there is no internationally recognised LCA methodology to monitor the environmental
consequences of the microelectronics industry [46]. Finally, there is no available literature
focusing specifically on the LCA of BCP and brush lithography techniques in the semicon-
ductor industry. However, publications on LCA of the semiconductor industry do exist
and have become more numerous since the 2000s [47–50].

This study is divided into three main sections. The first section discusses how BCP
and polymer brush lithography compare to existing lithographic techniques in terms of
environmental sustainability. The following section discusses material challenges in en-
vironmental, safety, health, and sustainability (ESH/S) in the semiconductor industry,
and emerging BCP and brush-based nanofabrication techniques that can be integrated
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into the semiconductor industry to address some of these challenges. Finally, the last
section develops a framework for evaluating the LCA of BCPs and brush lithography
strategies in the semiconductor industry. Using an LCA framework to evaluate environ-
mental sustainability is central to enabling researchers to direct future green chemistry
transitions in semiconductor production. This is of particular importance at the research
and design phase where such transitions can mitigate severe ecological impacts, reduce
waste generation and energy costs, and alleviate the hazards associated with the usage of
novel materials such as nanoparticles. The framework is limited by the lack of accurate
information and literature concerning the life cycle of lithographic processes. It is found
that future studies should examine how barriers to LCA such as commercial secrecy in the
semiconductor industry could be overcome.

2. Bottom-Up versus Top-Down Lithography

The investigation of alternative lithographic processes is central to the cost effective
progression of the industry [51–53]. It is also an opportune moment to consider environ-
mental sustainability and future environmental regulatory requirements that may restrict
industrial development and increase costs [33,40,49,54,55]. DSA is considered, in the in-
ternational technology roadmap for semiconductors, as a patterning strategy for next
generation lithography [56]. Both ASD and DSA facilitate the pattering of a material
with a reduced number of processing steps [4,7,36]. Section 2.1 outlines the stages re-
quired for BCP and brush lithography, but how do they compare to top-down lithographic
approaches? Can they provide cost effective environmental solutions to improve manufac-
turing processes? In Section 2.2 we compare popular top-down nanomanufacturing routes
with those that use BCP and brush lithographic technologies.

2.1. Block Copolymer and Polymer Brush Lithography

BCP and brush nanofabrication techniques begin with polymer selection, followed
by polymer deposition onto the substrate, polymer patterning, metal incorporation and
ending with an oxidative removal of polymer and metal reduction.

2.1.1. Polymer Selection

The structure of BCP films depends on the molecular architecture, weight and com-
position of the BCP chosen [57]. The simplest BCPs are linear di-block copolymers for
example polystyrene-block-poly(methyl methacrylate) (PS-b-PMMA).They consist of two
polymeric blocks, joined by a covalent bond [1,58]. BCPs form a highly ordered pattern
of nanodomains under suitable conditions [59]. The size and structural arrangement of
the domains is determined by the volume and molecular weight fraction of the blocks
selected [58]. The resulting self-assembled nanodomains can consist of morphologies rang-
ing from cylinders to gyroids to spheres, depending on the predetermined self-assembly
conditions [60]. In BCP lithography, one block can be selectively removed to leave an
on-substrate etch masks; alternatively block selective insertion of metals from the vapour
or solution phase can be used to create masks where both polymers can be removed si-
multaneously [61,62]. This ability to control specific properties such as morphology and
feature size is the main advantage of BCP lithography as an aid for optical patterning of
device elements for future IC developments [1,63,64].

Polymer brushes can be defined as long chain polymer molecules that are attached to
an interface or surface by some means [65]. They can be used for ASD to facilitate selective
patterning of large substrate areas [11,17]. For example, in poly(2-vinylpyridine) (P2VP) or
poly(4-vinylpyridine) (P4VP) brushes, it is the presence of an unshared electron pair on the
nitrogen atom of the pyridine ring that facilitates coordination bonding with various metal
species [66]. Conversely, Polymer brushes such as polystyrene (PS) can be used for surface
deactivation to block metals adhering to the substrate [17,21,67,68].

Presently BCPs and polymer brushes are selected based on their ability to produce
high quality patterned substrates for specific applications such as in the semiconductor
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industry. To enable the transition of BCPs and polymer brushes from “lab to fab” research
efforts have focused on finding suitable BCPs with controllable ordination of the phase
separated domains and long-range alignment and polymer brushes with high uniformity
(pinhole free) complete coverage over large areas and tuneable thickness [18,69]. However,
it is worth considering the importance of green polymer chemistry and the potential
of this new technology to be environmentally friendly if toxic moieties are substituted
for biocompatible materials. The natural world offers us a nearly infinite selection of
available polymers or precursor monomers to choose from for polymer deposition. It
is probable that bio-based polymers may become a go-to in the near future due to their
biodegradability, as industries become more aware of their waste management [70,71].
Incorporating environmental sustainability considerations into research efforts directed at
the transition of new technologies from “lab to fab” will help satisfy future environmental
restrictions and economic success in markets [44].

Perhaps for example, more environmentally friendly green brush alternatives could
be considered for example, PEG or polypyrrole thin films [72]. Many possibilities ex-
ist for green BCPs such as Amino-acid derived copolymers. An example being the
work of Miyazaki et al. to generate polyethylene glycol-poly(amino acid) (PEG-PAA)
BCPs [73]. Rabotyagova et al. also discuss the possible biosynthesis opportunities for
protein based BCP synthesis [74]. Furthermore, it is possible to produce nanopatterned
protein-polysaccharide thin films as reported by Banta and co-workers [75]. However,
further work is required before they can be utilised to the same extent as conventional BCP
systems for DSA.

Fatty acids do not have polar functional groups throughout their structure, but they
possess end carboxylic acid groups and, as such, can be adapted for blocking surfaces
when patterning metals. Stearic acid, oleic acids and various others have already been used
as surface coatings mainly for nanoparticle stabilisation, however due to their inherent
hydrophobic nature, we propose their application to ASD for surface blocking [76,77].
Stearyl and lauryl acrylate were utilised by Wang et al. to design a bio-based block
copolymer with styrene moieties as a more sustainable thermoplastic [78]. Once again
further research is required before these polymers can be utilised to the same extent as
conventional polymer brush deposition techniques for ASD.

Other biodegradable polymer possibilities include chitosan [79,80], soybean plas-
tics [81], zein [82], alginates [83], PEG [84], and other wood and plant derived poly-
mers [85,86], among various others [87]. For example, polypyrolle or poly(vinyl pyrroli-
done) can be used in BCP development due to their biocompatibility and biodegradability
properties [88–90]. With careful selection of polymer chemistry, it may be possible to de-
sign a suitable biodegradable system for BCP and polymer brush lithographic techniques.
However further research is necessary to determine if this is possible. Many advances
have been made in developing the use of Biodegradable block copolymers in the medical
industry [91]. Perhaps expansion of this research into the semiconductor industry may be
beneficial to environmental sustainability.

Nevertheless, bio-based polymers also have environmental implications such as emis-
sions during extraction and production as well as manufacturing costs. For example, the
production of polylactic acid (PLA) generates CO2 emissions and chemical wastes during
its extraction [92]. It is possible however using green chemistry principles to reduce envi-
ronmental impacts during the production and extraction of bio-based polymers. Morão
and co-workers discussed the LCA assessment of PLA, whereby increasing sugarcane
yield, reducing chemical waste and employing renewable energy alternatives during PLA
production can reduce the CO2 footprint almost two-fold [93].

It is also important to consider the possibility of chemically recycling polymer wastes.
For example the recycling process of chemical depolymerisation of PLA to produce lactic
acid and get back PLA [94]. The production of polymers should aim to reduce the amount
of organic solvents being used or improve the quality of their recyclability. It is the use of
solvents in polymer production that produces the largest quantities of auxiliary waste [95].
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2.1.2. Polymer Deposition onto Substrates

After the selection of a suitable polymer for polymer brush ASD or BCP DSA, a
method for depositing the polymeric material onto the substrate needs to be selected.
Common deposition techniques include dip-coating or spin-coating a flat wafer substrate
with a precursor polymer solution. These liquid phase deposition techniques do not need
specialist equipment with high power requirements [37,96–98].

Other techniques, however, do not employ liquid solvents as a deposition medium.
One example of a solvent-free method is chemical vapour deposition (CVD) which uses a
chemical reaction and/or dissociation of gaseous reactants to deposit a solid onto a heated
surface [99–102]. This technique can be used to deposit polymer films onto a substrate.
For example, highly cross-linked homopolymer coatings, ultrathin films, and designs of
unique copolymers are achievable using CVD, whereby precursor monomers react in vapor
form [99,103]. From a polymer physics perspective, the process can be easier to control
and may circumvent concerns about surface de-wetting effects [104]. CVD avoids solvent
use, and also has the economic benefit of being typically a fast, efficient, one step process,
with film growth rates of >100 nm sec−1 [21]. However the high temperature and vacuum
environment required for precursors to be volatile for CVD is more energy intensive than
liquid deposition methods [105].

2.1.3. Polymer-Based Pattern Formation

ASD as mentioned previously can be used for polymer-based pattern formation to
activate or deactivate a surface region. The capability of polymer brushes to poses high
grafting densities make them an appealing option for surface activation or deactivation [17].
The quality of polymer brush deposition or attachment to the substate requires carful
optimisation to achieve monolayer formation, which determines the regularity of the
inorganic film [21]. Selecting the chemistry of the end-functional group of the polymer
brushes facilitates selective substrate affinity and thus selective ASD [7,106]. For example,
Cummins et al. used hydroxy-terminated brushes that tend to preferably bind to the Cu
regions selectively over SiO2 substrates. The metal nitrate then infiltrates the polymer brush
resulting in selective deposition of dense metal films [18]. Hence, a combination of various
end-terminated brushes can be used to pattern substrates and engineer semiconductor
surfaces, as outlined in Figure 2. Polymer brushes have versatile application and also enable
the tailoring of the substrate surface energies that can influence BCP morphology [15].

Pattern formation of BCPs requires DSA of the polymer blocks into ordered nanodo-
mains [107,108]. There are various routes to DSA: solvent vapour annealing (SVA) [109,110],
thermal annealing [111], laser-initiated self-assembly, atomic layer deposition (ALD) and
various others [4].

SVA improves the kinetics of self-assembly and is often performed at ambient temper-
atures thus requiring low power source temperature control [14]. The sustainability of this
approach is dependent on selecting an environmentally friendly solvent and polymer [112].
Solvents used in DSA include toluene and tetrahydrofuran (THF), but there are also green
solvents such as water, ethanol, or ethyl lactate [113–116]. It is therefore feasible to select
an appropriate green solvent such as ethyl lactate, for example, as an alternative to ethyl ac-
etate and acetone [117,118]. There are extensive resources available to support the selection
of an appropriate green solvent for a desired application [119–121]. Ionic liquids (ILs) can
also be environmentally friendly if chosen carefully [122]. Development of an industrial
SVA system that is fast and precise, with potential for wafer scale processing, will help
facilitate the transition of this technology from the research scale to the industrial [123–125].
Annealing chambers with temperature and gas flow systems facilitate thickness and pattern
formation control [124,125]. BCP patterns of 5 to 200 nm size range with dot, line hole or
lamellar patterns have a predicted use in HMV (High volume manufacturing) in 2022 in
device type: 3 nm node logic [16,123,126].
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Thermal annealing facilitates the production of microphase structures during DSA and
is achieved by raising the temperature just below the order disorder temperature(ODT) [115].
Energy cost depends on the ODT required for the process [115]. Laser-initiated self-
assembly is very rapid but high costs can be incurred depending on laser power [127,128].
ALD can also be used. This process consists of sequential alternating pulses of gaseous
precursor chemicals that react with the substrate, where the number of sequential cycles
determines the film thickness [129]. ALD can be used to precisely modify nanoscale BCP
features on a large scale, leading to conformal and well-organised hybrid-pattern nanoscale
pattern formation [14,126].

Considerable interest lies in the development of alternative processes for patterning
and the self-alignment of materials that will cut manufacturing costs [16]. DSA of BCPs
can be achieved at low cost using very basic and cheap laboratory apparatus [130]. Short
processing periods make for an efficient production rate [7].

2.1.4. Metal Incorporation and Oxidative Removal of the Polymer

ASD of polymer brushes and DSA of BCPs facilitates the patterned deposition of
inorganic materials. Deposition of inorganic materials into polymer brush matrix or self-
assembled nanodomains of BCPs can also be achieved using liquid deposition processes
such as spin coating [11,18,130,131]. Other methods of metal inclusion are ALD and low
temperature vapour phase deposition and sequential infiltration (SIS) [12,62,132].

ALD can also be used in ASD for vapour phase deposition of a metal ion into a
polymer brush [133]. ASD facilitates selective blocking and activation of substrate areas.
When ALD is used to deposit metal ions the thickness can be actively controlled and
deposited only in activated areas of the substrate [7]. Integrating polymer brush deposition
methodologies with defined metal deposition methods such as ALD and CVD requires
further research.

Alternatively, low vapour phase deposition can be used to deposit inorganic ma-
terial into BCP’s self-assembled nanodomains, or polymer brush films onto silicon sub-
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strates [21,37]. For example, TiO2 nanowires can be produced by microphase separation of
polystyrene-block-poly(ethylene oxide) (PS-b-PEO) to produce self-assembled arrangement
of horizontal pillars (see Figure 3 part (b) below) [37]. The AFM image (furthest right of
Figure 3) shows a 2 × 2 µm2 surface typographical images of the PS-b-PEO thin film acting
as a template. For example, low temperature CVD can subsequently be used to selectively
deposit titanium tetraisopropoxide (TTIP) into the block copolymer thin film template,
as illustrated in Figure 3 part (c) [37,104]. Many metals, such as iron [107], nickel [134],
copper [17], zinc [134], silver [135], gold [136], and others can also be deposited by metal
ion precursor in ethanol solution, or low temperature vapour deposition [14,130]. The
low-temperature nature of the vapour phase deposition process may eliminate the energy
costs and the expenses associated with the employment of complex machinery and optical
systems [137].

Nanomaterials 2021, 11, x FOR PEER REVIEW 8 of 41 
 

 

2.1.4. Metal Incorporation and Oxidative Removal of the Polymer  
ASD of polymer brushes and DSA of BCPs facilitates the patterned deposition of in-

organic materials. Deposition of inorganic materials into polymer brush matrix or self-
assembled nanodomains of BCPs can also be achieved using liquid deposition processes 
such as spin coating [11,18,130,131]. Other methods of metal inclusion are ALD and low 
temperature vapour phase deposition and sequential infiltration (SIS) [12,62,132].  

ALD can also be used in ASD for vapour phase deposition of a metal ion into a pol-
ymer brush [133]. ASD facilitates selective blocking and activation of substrate areas. 
When ALD is used to deposit metal ions the thickness can be actively controlled and de-
posited only in activated areas of the substrate [7]. Integrating polymer brush deposition 
methodologies with defined metal deposition methods such as ALD and CVD requires 
further research.  

Alternatively, low vapour phase deposition can be used to deposit inorganic material 
into BCP’s self-assembled nanodomains, or polymer brush films onto silicon substrates 
[21,37]. For example, TiO2 nanowires can be produced by microphase separation of poly-
styrene-block-poly(ethylene oxide) (PS-b-PEO) to produce self-assembled arrangement of 
horizontal pillars (see Figure 3 part (b) below) [37]. The AFM image (furthest right of Fig-
ure 3) shows a 2 × 2 µm2 surface typographical images of the PS-b-PEO thin film acting as 
a template. For example, low temperature CVD can subsequently be used to selectively 
deposit titanium tetraisopropoxide (TTIP) into the block copolymer thin film template, as 
illustrated in Figure 3 part (c) [37,104]. Many metals, such as iron [107], nickel [134], cop-
per [17], zinc [134], silver [135], gold [136], and others can also be deposited by metal ion 
precursor in ethanol solution, or low temperature vapour deposition [14,130]. The low-
temperature nature of the vapour phase deposition process may eliminate the energy 
costs and the expenses associated with the employment of complex machinery and optical 
systems [137]. 

Post metal infiltration UV/ozone treatment and calcination can be used to remove the 
organic components and leave behind an array of TiO2 surface nanowires (Figure 3 part 
d) [37,107]. Processing time is less than two hours, yielding titanium dioxide nanostruc-
tures. Oxidative processes are commonly used in both ASD and DSA to remove the poly-
mer templates in order to produce homogeneous metal and metal oxide thin films 
[7,21,125]. 

 
Figure 3. Illustration of the formation of titanium dioxide nanowires. (a) Si substrate with an as-cast film of PS-b-PEO 
solution, (b) post thermo-solvent vapour annealing self-assembled PS-b-PEO is achieved. (c) film after titanium precursor 
inclusion. (d) post UV ozone and calcination process titanium dioxide nanowires. AFM image (2 × 2 µm2) of the self-
assembled PS-b-PEO thin film is shown on the furthest right. Reprinted (adapted) with permission from ([37]). Copyright 
(2018) American Chemical Society. 

Figure 3. Illustration of the formation of titanium dioxide nanowires. (a) Si substrate with an as-cast film of PS-b-PEO
solution, (b) post thermo-solvent vapour annealing self-assembled PS-b-PEO is achieved. (c) film after titanium precursor
inclusion. (d) post UV ozone and calcination process titanium dioxide nanowires. AFM image (2 × 2 µm2) of the self-
assembled PS-b-PEO thin film is shown on the furthest right. Reprinted (adapted) with permission from ([37]). Copyright
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Post metal infiltration UV/ozone treatment and calcination can be used to remove
the organic components and leave behind an array of TiO2 surface nanowires (Figure 3
part d) [37,107]. Processing time is less than two hours, yielding titanium dioxide nanos-
tructures. Oxidative processes are commonly used in both ASD and DSA to remove
the polymer templates in order to produce homogeneous metal and metal oxide thin
films [7,21,125].

We can therefore conclude that DSA and ASD can create integrated architectures for
metal infiltration and are an alternative inexpensive approach to sub-20 nm lithography.
There are many benefits to this polymer based lithographic approach such as: no diffraction
limit in resolution, directly patterned functional materials, efficiency in 3D patterning,
possible improved feature control to sub 7 nm and pitch multiplication, reduction of
processing steps and an innovative self-aligned patterning process with the capability to
extend to 3D architectures [133,137,138]. These techniques have a predicted low cost of
ownership and do not require the use of photo resists and so avoid acquisition costs such
as resist spinner hotplates (estimated cost of $44,000), or deep UV photoresist stabilization
systems (estimated cost of $57,000), along with their associated installation costs [139].

However, there are some limitations; reduced defect density of DSA of BCPs is
required, Additionally the range of metals that can be deposited via these lithographic
methods requires expansion [138]. For example, deposition methods such as ALD and
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CVD require reductive process to produce metal materials post polymer removal and
have a limited range of metals that can deposited. ALD and CVD also have poor etch
contrast of polymer blocks that limits quality of device structures post pattern transfer
and requires improvement [7,14,140]. A standardised methodology for polymer based
lithographic techniques that has effective defect control, effective pattern transfer and
flexible nanopatterning is critical [10,138]. Defect mitigation and repair techniques are
under development as they are simple, consisting of basic apparatus for pressure and
temperature control [123,124].

2.2. Comparison of the Next-Generation Lithographic Techniques

BCP and brush nanofabrication techniques have yet to be adopted into IC manufac-
turing due to several challenges related to pattern defects and pattern placement [141].
Results are largely based on studies by academic institutions [16]. However, many of these
experiments are performed without sufficient control of all parameters.

ASD and DSA techniques are compared in this subsection to conventional optical
lithography, extreme EUVL, and NIL, to illustrate the opportunities that BCP and brush
lithography present. Tables 1 and 2 compare and summarize the characteristics and
relative resolution and feature sizes of the nanofabrication techniques. EUVL and NIL are
selected because they are aggressive candidates in the race to obtain half pitches less than
20 nm [142]. Optical lithography is selected because it is most widely used [143]. There are
many patterning techniques under development that can be compared to BCP and brush
lithography, but detailing this in full here would be beyond the scope of the review.

2.2.1. Optical/Photo Lithography

Optical lithography is a photon-based technique. It is the most widely used lithographic
route in the semiconductor industry for the manufacture of nano-electronics [144–146]. The
process typically involves substrate coating with a photoresist, and placement of a pho-
tomask on top, whereby upon exposure to UV or visible light the photomask would change
the solubility of photoresist in exposed regions [147]. Chemical development is then used
to selectively dissolve these regions of altered solubility, thereby leaving holes in the pho-
toresist behind [5,147]. The result can then either be used to engrave a pattern into exposed
regions of the material, for ion implantation, or metal deposition of a new material using
select chemical treatments [148]. This stage of wafer processing is energy intensive and
requires a greater number of chemicals than other processes [35,149]. Figure 4. Illustrates
the differences between optical lithography, and BCP and brush lithography techniques
(ASD and DSA).

ASD and DSA can achieve pattern transfer with a reduced number of steps [21,51].
For example, optical lithography requires UV exposure of a photomask to lay down
the foundation for pattern formation, whereas DSA only requires phase separation or
annealing of the polymer film [51]. This readily demonstrates the advantage of DSA, since
once the polymer film has undergone annealing, the pattern is developed and ready for
metal inclusion. Contrarily, optical lithography still requires post-baking and chemical
development before it is ready for metal inclusion. Therefore, optical lithography is a
chemically intensive process [35].
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Photolithography uses high volumes of chemicals at each of its processing stages, and
is a cause for environmental concern [34]. Photoresists are light sensitive materials that
undergo photochemical reactions on exposure to light [57]. Constituents include chemicals
such as propylene glycol monomethyl ether acetate (PGMEA) and ether acetate as carrier
solvents [149]. PGMEA is one of the most important solvents for photoresist processing
in the semiconductor industry. It has relatively low environmental toxicity but all of the
reactants required in its manufacture are from non-renewable sources [151]. Carcinogens
used in photoresists (PR) products include cyclohexanone, ethylbenzene, pyridine, and
1,4 dioxane [34]. Cyclohexanone has central nervous system inhibitory and aesthetic
reactions [152]. Photoresists, after exposure to light, decompose to low–molecular weight
compounds, such as phenol, cresol, benzene, toluene, xylene, and other benzene-based
aromatic compounds, in addition to the carrier solvents [149]. Benzene is known to have
deleterious health and environmental effects [153]. Phenolic compounds are toxic to fish
and other aquatic organisms, and are listed by the US environmental protection agency
(USEPA) as priory pollutants [152].

Optical lithography is reaching the minimum resolution that can be achieved, as
described by the Rayleigh equation [137,144]. Traditionally this issue was resolved by
reducing the exposure wavelength, by improving the photoresist material and by further
development of optical illumination techniques [144,145,154,155], but photolithography
can no longer be further optimised as it has an intrinsic resolution limit [51].
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Non-radiative patterning techniques such as ASD and DSA are less mature techniques
but potentially circumvent these issues by not having a diffraction limit in resolution, and
by patterning directly onto functional materials [137,156]. For example, optimising the
sensitivity of photoresists to imaging radiation is no longer a requirement [137].

CVD is often used for metal thin film deposition into patterned areas defined by
conventional lithography and ASD or DSA deposition. CVD in the semiconductor industry
requires regular cleaning of tool chambers. Cleaning is achieved through the use of PFCs
which has led to an increase in their consumption since the 1980s [157,158]. These PFCs
are classified as organohalogen contaminants and are found in both wildlife and human
tissues, including breast milk [159,160]. Under normal operating conditions, as much as
10 to 80 percent of PFCs pass through the manufacturing tool chambers unreacted and
are released into the air [157]. BCP and polymer brush techniques present an opportunity
to eliminate or reduce their use. Another issue with current CVD methodologies is that
high purity gaseous reactants or carrier gases are required for CVD [102]. Nitrogen is a
favourable alternative to CVD as securing stable helium supplies become increasingly
short in supply [161]. CVD systems involved in DSA currently are modelled on Nitrogen
carrier gases [123].

Current costs associated with setting up a start-up nanofabrication/characterisation
facility in terms of site acquisition, service contract, and installation costs comes to a total
cost of 65.8 million US dollars. This is 42% of the total start-up costs, of which 9.86 million
USD is associated with lithography and 18.12 million USD is associated with lithography
support [139]. Lithography is perhaps the most critical processing step to improve since
it has such high capital equipment cost [52]. The cost of lithographic masks is becoming
a dominant cost in lithography, and so adding to the appeal of the ASD and the DSA
techniques [52].

More sophisticated methodologies to replace optical lithography are being developed.
Here ASD and DSA are also compared to these next generation lithography techniques to
ascertain their technological competitiveness. The International Roadmap for Devices and
Systems (IRDS) Lithography 2020 edition lists the following next generation technology
(NGT) for lithography:; extreme ultraviolet (EUV) single patterning, EUV multiple pat-
terning, high-NA EUV (EUV with a 0.55 NA lens), EUV new wavelength, Nanoimprint
lithography, and DSA [16]. In our discussion we group all EUV techniques together and
suggest an additional NGT called ASD.

2.2.2. Extreme Ultraviolet Lithography

EUVL is an extension of optical lithography that specifically employs light in the
EUV region of 13.5 nm [144,162,163]. EUVL is used for its efficient development and
manufacturing cycle time, increased number of patterning levels, and its addressing the
overall complexity of extending multiple patterning into higher multiples [33]. Recent
EUV tools have enabled a possible productive capacity of 125 wafers per hour [164]. EUV
technology is still relatively modern and therefore it relies on specific and costly multilayer
reflective optics, a high vacuum, and hot 20–50 eV plasma or accelerator technology for
the production of EUV radiation [51,154,165]. The power required for the 13.5 nm light
source is estimated to be 200 W for 125 wafers of 300 mm size per hour. EUV technology
is expensive to install with a tool cost of more than 30 million USD [137,142,144]. Defect
mitigation and repair techniques are expensive, costly and time consuming [166]. Making
this high power process economical is one of the most challenging obstacles that must
be overcome for the use of EUVL in industry [16,154,167]. Furthermore, EUVL typically
requires extensive use of chemicals: thermoplastic, molecular glass or fullerene derived
resists, and acid generators and acid amplifiers [163,168,169]. The more precise the process
the more likely a longer list of chemicals would be required, adding to the complexity
of environmental risk assessments. Improved line edge roughness, high etch resistance
development cycle time, manufacturing cycle time, increased number of patterning levels,
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and increased sensitivity are some of the attributes EUVL needs to acquire to realise its full
potential as a main candidate for sub-10-nm manufacturing [33,51,138,170].

2.2.3. Nanoimprint Lithography

NIL is a mechanical process for patterning wafers where the mould physically deforms
a photoresist layer prior to cross-linking [137,144,171]. Once the resist is cured the mould
is removed and the patterned resist is used for nanomanufacturing [171]. This process
usually requires toxic and non-degradable photoresists consisting of the polymer matrix,
photoactive compounds and cross-linkers [149,172]. Polymer brush and BCP lithographic
techniques that circumvent the need for photoresist processing stages can avoid wastes
generated by the use of photoresist and photostripper [142,146,171].

NIL does however have many merits including the parallel processing of large area
substrates which facilitates a change in flash memory from scaling horizontally to verti-
cally [16,173]. Additionally, its processing steps have high throughput, low cost and high
resolution, and it allows for patterning features of sub 100 nm -possibly with features
as small as 10 nm [51,137,146,174]. Further developments are required though to reduce
process steps, improve fabrication quality and mass production capacity, overlay accuracy,
reduce defectivity, improve inspection and defect repair techniques [16,33]. Additionally,
issues with mould materials need to be resolved. Moulds made of rigid materials enable
the support of fine features as small as 5nm, but this leads to high defect rates. Moulds of
elastomeric materials can be used to address this challenge but the higher flexibility leads
to new defects due to thermal expansion [171,175]. The technique is Limited by size of
features that can be patterned on the mould and has high fidelity of pattern transfer [137].
Tool complexity depends on the kind of NIL technique used for example thermal emboss-
ing NIL (TE-NIL) uses heat and pressure during pattern transfer, and UV nanoimprint
lithography (SFIL) uses capillary forces, pressure, and light exposure [174]. Improved tool
performance is required for mass production [173,176].
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Table 1. A comparison of various lithographic techniques.

Category DSA of BCPs ASD of Polymer Brushes EUV Lithography Nano-Imprint Lithography Optical Lithography

Principle of operation

Microphase separation produces
self-assembled architectures [15].

Structural modulation by
selection of molecular

composition and weight [12,125].

Polymer brush’s metal binning
sites facilitate deposition of

inorganic films [18]. Thickness
controlled by SVA and deposition

process [124].

Relies on a wavelength of 13.5 nm
instead of 193 nm used in

conventional optical
lithography [144]. Principle of

operation relies on reflection [51].

Mask physically displaces
photoresist to pattern it before cross

linking [144,171]. Once resist is
cured, mould is removed and

patterned resist is used for
manufacturing [171].

UV light and mask to transfer
patterns. photosensitive substrate

selectively exposed. Reactive ion etch
transfers the pattern to the

substrate [169].

Efficiency and
energetic costs

Varies. Industrial SVA system
requires development with

fast, precise
wafer scale processing [123–125].

Grafting of polymer brushes to
substrates in seconds [18].

Requires standardised industrial
process.

Recent EUV tools have productive
capacity of 125 wafers per

hour [164].
Hot plasma 20-50 eV or

accelerator [154]. technology is
energetically expensive [16,154].

Capable of producing over 40
wafers of 300 nm per hour with a

defect rate less than 9
pcs/cm2 [171].

Short time for pattern. E.g.,
150-300-mm wafers per hour and
40-nm two-dimensional pattern

resolution of a scanner with pixel
throughput of 1.8T pixels per second

approximately [144].
low-temperature vapor phase deposition process cuts costs and

improves environmental sustainability [21,137].

Wastes generated Solvents, excess inorganic precursor for metal infiltration, excess
polymer during deposition stage.

Solvents are typically volatile and flammable. Polymer matrix, photoactive compounds and cross-linkers in polymer
photoresist are toxic and non-degradable [149,172].

Tool complexity

Thickness and pattern formation control can be achieved with simple
chambers consisting of temperature and gas flow systems [124,125].

Predicted low cost of ownership.
These techniques do not require the use of photoresists and avoids

acquisition costs.

Expensive and complex multilayer
optics, hot plasma or acceleration

technology and high vacuum. Cost
of tool > $30 million [137,144,154].

Depends: TE-NIL uses heat and
pressure. SFIL uses capillary forces,

pressure, and light exposure.
Improved tool performance

required [173,174,176].

Acquisition cost of photolithographic
resist coat system is $950,000 [139].

Disadvantages

High defect density of BCPs [138].
Poor etch contrast of polymer

blocks [14].

Improved
range of metals that can be

deposited [18].

Obtaining high reflectivity [144],
improved etch and deposition
defect mitigation and repair of
mask, installation and power

costs [16,142,162,166,170].

Needs reduced process steps and
improved mould material,
fabrication quality, mass

production capacity, reduced
overlay and defectivity [16,33,171].

Photolithography can no longer be
further optimised as it has an

intrinsic resolution limit [51,137].
Standardised methodology and further research required [7,138].

Advantages

No diffraction limit in
resolution [137], directly pattern

functional materials [137],
efficient for 3D patterning [137].

Reduction of processing
steps [133]. self-aligned

patterning with capability of
extending to 3D [17].

Improved: cycle time, increased
number of patterning levels, line

edge roughness, high etch
resistance, increased
sensitivity [33,138].

Facilitates change in flash memory
from scaling horizontally to

vertically. Simple processing steps,
high throughput, low cost and high

resolution [51].

Established technology being the
dominate patterning technique since
the beginning of IC production [51].
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Table 2. Comparison of size and resolution of resulting nanofabricated structures.

Category DSA
of BCPs

ASD
of Polymer

Brushes
EUV Lithography Nano-Imprint

Lithography Optical Lithography

Accuracy and
Resolution

Needs research and development for:

• Pattern features control,
• Defects minimisation [138],
• Defect mitigation and repair, and

techniques [123,124].

Stochastic issues
leading to critical

dimension variation,
critical pattern

defects and feature
roughness [33,170].

Limited by size of
features on mould. high

fidelity of pattern transfer
[137]. Defect density and

mask damage issues
[137]. Suitable material
for moulds [171,175].

Resolution
improvements
reaching limits

[52,144,154,155].

Size

BCP patterns 5 to
200 nm size range
[123] with dot, line

hole or lamellar
patterns [126]. May

improve feature
control to sub 7 nm

and pitch
multiplication [138].

Depends on the
chemistry of the
end-functional

group and
polymer

deposition
technique used.

Main candidate for
sub10nm

manufacturing
[51,170]. 25 nm 1:1

line/space resolution
with an approximate

2.7 nm line edge
roughness [162].

Allows for patterning
features of sub-100 nm

possibly with features as
small as 10 nm [146,174].

Smallest features
approximately equal

to wavelength of
light used [52].
Wavelength of

193 nm or longer is
generally

used [144,177].

Predicted or used in
HMV

in device type
3 nm node logic [16]. unknown 1.5–7 nm node

logic [16].
Device type: 3D Flash

Memory [16].
Limited by

wavelength.

3. Material Challenges in Environmental, Safety, Health, and Sustainability in the
Semiconductor Industry

This section opens with a discussion on the ever more pressing environmental is-
sues the semiconductor industry faces. It identifies how the replacement of conventional
lithographic techniques with bottom up nanofabrication techniques could help meet envi-
ronmental regulations governing the electronics life cycle. The section concludes with the
answer to the question we posed in the introduction: are there environmental incentives to
pursue the alternative lithography strategies?

3.1. Pressing Enviornmental Issues the Semicoductor Industry Faces
3.1.1. Reducing Waste

The lifecycle of electronics is complex with an environmental footprint spread across
many different industrial stages as can be seen in Figure 5 below [178]. Extraction and
supply of raw materials is the first stage of waste generation [179]. This Figure illustrates
how the remainder of the life cycle naturally splits into semiconductor production processes
and their applications [46].

The semiconductor production process comprises deposition, resist coating, light
exposure, etching and removal of the resist and rinsing which generates a considerable
amount of hazardous waste [180]. Advancements towards finer patterning and larger wafer
sizes have led to increases in water, chemical and material requirements [35,56,181] The
quality of waste management practices in the semiconductor industry varies and commonly
contains a range of toxic pollutants such as solvents, arsenic, fine oxide particles, salts,
alkalis, inorganic compounds and pure organic compounds [180]. The effect of material
wastes such as metals and their accumulation in ecosystems is of critical environmental
concern [182]. A study by Suzuki et al. in 2007 found that gallium, arsenic, indium and
titanium were found in Taiwanese squirrels living in areas surrounding semiconductor
fabrication plants [183]. There is a lack of publications on metal accumulation in the
environment from semiconductor fabrication plants.

Recovery and reuse of water, acids and other chemicals would help resolve waste
issues [178,184]. However, the purity of recovered waste might be compromised which
makes recovery not always profitable [178]. Additionally, equipment might only be used
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for a few years before being replaced with new tools due to changes in the semiconductor
production processes [32,185]. Consumable electronics generally get disposed of within a
few years [28].
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3.1.2. Reducing Power Consumption

Each process tool in a lab consumes energy either directly during its operation or
indirectly through other facilities or sub-systems (e.g., process vacuum systems or com-
pressed dry air) [186,187]. Manufacturing equipment for more complex semiconductors,
larger diameter wafers and the requirement for improved cleanrooms have vastly increased
the energy consumption [188]. Intermediary transportation of raw materials, wastes and
products requires further power consumption [179]. The worldwide energy demand has
doubled during the last 30 years as a result of growing population, expanding industry and
globalisation [189]. Global climate change concerns are driving efforts to reduce emissions
of greenhouse gases in semiconductor manufacturing [190]. Future limits on energy could
also potentially limit the industry’s ability to build or expand new factories [189].

3.1.3. Avoiding Threats to Earth Systems

The development of novel technologies requires an understanding of how to design
chemical processes that avoid molecular mechanisms which could pose a threat to Earth
systems [191]. Earth systems can be threatened by the use of a chemical in industry if these
three circumstances occur: (i) the chemical has an unknown distributive impact on a vital
system process, (ii) only when this distributive effect becomes a global scale problem is it
realised, (iii) the effect is not easily reversed [26].

An example of a chemical used in the semiconductor industry that poses a threat
to Earth systems are PFCs. Mentioned previously, PFCs are used in photolithographic
processes and are organ halogen contaminants [192]. The use of organ halogen compounds
(OHCs) in, for example, pesticides, flame retardants and hydraulic fluids before their
environmental toxicity was known has effected species in some of the world’s most isolated
places [159]. PFCs contribute to global warming and have bio accumulative and toxic
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properties [40,193]. Thus, the use of PFCs satisfies the above criteria for a chemical to
pose a threat to an Earth system. The distributive impact is being realised now that
the chemical has become a global scale problem, but the exact impact is known. PFCs
are in the food chain: so the effect of this chemical use is not readably reversible and
affecting wildlife in some of the world’s most isolated regions. For example, Polar bears
(ursus maritimus) consume large quantities of high trophic marine mammals such as seals,
whose blubber contains OHCs contaminants [160]. This effects their metabolism and
reproductive cycle [160].

3.1.4. The Environmental Impact of Emerging Materials

The nanotechnology industry is expected to exceed USD 125 billion by 2024 [194]. The
environmental, safety, health and sustainability (ESH/S) impacts of emerging materials
such as engineered nanomaterials (ENMs) need to be assessed [195]. ENMs are a bottom-
up nanotechnology in which nano-surfaces, particles and fibres are synthesised from
molecules [196]. The environmental impact of ENM depends on how the ENMs are
processed from raw materials, how they are incorporated into a final nanoproduct, in
which surroundings this final product functions, and how it is eventually disposed of [197].
The rapid development of nanoparticles (NPs) has led to an augmented complexity and
diversity of materials, and regulation and predictions of environmental impacts have not
been able to keep up [194]. The use of semiconductor nanomaterials (NMs) has increased
the processing power of mobile devices. This is due to wide band gaps of semiconductor
NM in electronics and chipset use [198]. The semiconductor industry must address the
ESH/S threats of using these materials in their products. Validated methods of toxicological
studies have yet to be developed. Some published reports do focus on the toxicity of pristine
nanomaterials but fail to quantify the risk after release into the environment [199].

3.1.5. Developing Universally Accepted Guidelines for Assessing ESH/S Challenges

The semiconductor industry is a dynamic industry of continual technological inno-
vation and change. New technological advancements change production processes and
so generate more types of by-products or wastes [32]. Companies open and close and
equipment use changes. These ever-evolving dynamics make it challenging to accurately
assess environmental health and safety concerns in the industry [33]. It is also hard to
obtain information on the number and volume of chemicals used in the actual semicon-
ductor factories [200]. To address ESH/S challenges, it is important to understand the
actual chemical usage in the industry. There is a need for methodologies to define and
measure sustainability by both technology generation as well as at the factory infrastruc-
ture level [56].

However, a universally accepted or applicable strategy for assessing ESH/S currently
does not exist. There are no clear guidelines or standards for how frameworks, methods
and tools can be applied to select the least ESH/S impactful materials [33].

Avoiding irreversible effects of chemicals on Earth systems requires a change in
how environmental challenges are assessed and prevented. Yet, there is no fully agreed-
upon method for global analysis of chemical pollution [201]. It is the responsibility of all
researchers involved in industrial development to operate in the safe zone of the planetary
boundary framework [195]. This means operating in the safe zones in Figure 6 below.
Figure 6 combines scientific understanding of ES functioning with precautionary principles
to define levels of anthropogenic perturbations that are sufficiently low enough to avoid
risk of destabilisation of the ES [26]. Many of the techniques in semiconductor research are
novel and operate in zones of uncertainty and not in the green zones - this is a cause of
concern [196].
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3.2. Green Chemistry and Environmental Sustainability in the Semiconductor Industry

So far, the use of BCP and brush lithography techniques in the semiconductor fab-
rication process have been discussed. Some of the possible sustainability advantages of
ASD and DSA have been mentioned, but how can these techniques be integrated into the
semiconductor industry to tackle sustainability challenges, and help meet environmental
regulations governing the electronics life cycle?

The International Roadmap for Devices and Systems (IRDS) Factory Integration 2020 edi-
tion identifies six core ESH/S roadmap strategies [202]. These strategies are illustrated in
Figure 7. BCP and polymer brush nanofabrication routes must support these ESH/S strategies.
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3.2.1. Selecting Materials with the Least Hazardous Waste

Green chemistry involves selecting chemicals that are non-depleting, non-toxic and
non-persistent in the environment [203]. Emerging technologies may provide alternative
greener fabrication processes and improved capability to select raw materials with reduced
hazardous waste [204]. For example, pollutants from the incineration of photoresists during
the waste treatment phase may be reduced or mitigated [184]. Whether the discussed ASD
and DSA techniques present such an opportunity has yet to be determined.

3.2.2. Fully Understand the Materials and Process during the Development Phase

Materials used should have a quantified risk, and the molecular mechanisms by which
molecules interact with their environment and living organism once released should be
understood [26,194]. Models should be developed to quantify possible environmental
toxicity and minimise them [191]. Applying LCA methodologies at this early stage of
development is crucial to optimising green chemistry methodologies and environmental
sustainability considerations [41]. LCA helps ensure that the least hazardous molecular
mechanisms are selected whist still preserving product functionality. Additionally, the
use of LCAs facilitates informed decision that balances long-term environmental risks and
production costs [45,191]. Furthermore, new regulations and natural resource constraints
may lead to delays and unforeseeable increases in costs [44,45]. A method for assessing the
molecular mechanisms of waste products for this alternative technique can be achieved
using LCA [205].

3.2.3. Factory and Industry Supply Chain Should Be Made Safe for Employees and
the Environment

Little is known about the exact chemical nature of the substances that factory workers
are exposed to because of the secretive nature of trade agreements concerned with process-
ing technologies [29,34,206,207]. BCP and brush lithographic methods can use non-toxic
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materials to facilitate deposition, for example, the use of green solvents and biodegradable
and biocompatible polymers as discussed previously. BCP and brush nanofabrication
techniques may facilitate the increased use non-toxic materials. However further research
is required to determine if this is the case.

3.2.4. Selecting Products, Equipment and Facilities Optimised to Reduce Raw Materials
and Resource Strains

Humanities management of raw materials and resources requires deep transformation
if we are to avoid crossing the planetary boundary threshold [208]. Implementing green
chemistry methodologies early on in the design phase improves the effectiveness of decision
making when responding to environmental regulation, and resource constraints [45].
Figure 8 illustrates when the integration of sustainable practices into new technological
innovations is most effective [40]. ASD and DSA techniques for bottom-up lithography are
in the early design phases. Integrating green chemistry and environmental considerations
during this phase may help reduce raw material and resource constraints.
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The semiconductor industry faces a change in global sustainability regulations and
pressure to reduce the amount of greenhouse gas emissions [27]. Brush and BCP lithogra-
phy may provide opportunities for the development of new facilities with reduced raw
materials and resource strains.
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3.2.5. Proactive Engagement with Stakeholders, Partners and Customers and Reset Focus
on Roadmap Goals

Nanoscale fabrication relying on DSA of BCPs or ASD of polymer brushes is recog-
nised as a valuable platform for the next-generation of functional structures with the
added benefit of potential environmental sustainability [209]. It cannot be emphasised
enough that communicating with stakeholders, partners and customers to inform them of
improved environmental sustainability in manufacturing is essential to achieve environ-
mental sustainability roadmap goals [33]. Stakeholders may exert pressure on a company’s
efforts at green management through ever-increasingly stricter environmental regulations
and awareness of environmental issues [44,210]. Profits can be affected by a company’s
environmental image as customers would be swayed to buy greener products from more
environmentally conscious companies [211]. From an economic perspective, nanotech-
nology is expected to become a key pillar for the European economy [44]. It is vital to
foster an open culture of informing about and communicating identified hazards with cus-
tomers in order to avoid damage to industry through socio-economic impacts [196]. Using
bottom-up lithographic processes may help satisfy these pressures, providing the technique
offers an improved environmentally sustainable manufacturing route. Engagement with
customers and stakeholders may encourage more intensive research and development
to determine if the techniques can be developed as a sustainable alternative to current
lithographic techniques.

3.2.6. Provide a Clear Global Perspective Concerning the ESH/S Challenges of New
Materials, and How to Improve Sustainability and Green Chemistry

There are many challenges to overcome to provide a clear methodological approach
to assess and tackle ESH/S challenges in the semiconductor industry [207]. The final
section of this paper outlines how the LCA of emerging manufacturing processes such
as bottom-up lithography can be used to address ESH/S challenges and improve green
chemistry practices.

3.3. Are There Environmental Incentives to Pursue the Alternative Lithography Strategies?

The ever-increasing use of electronic devices in all sectors of the economy is affect-
ing the environment. Efforts to improve and mitigate environmental risks and impacts
during lithographic processes are necessary [46]. Lithographic processes are highly toxic
and have been shown to have serious health effects on workers such as higher risk for
spontaneous abortions for those working in photolithographic process workers than for
non-FAB workers [29,149,206,212,213]. The question is how do conventional lithographic
processes compare to alternative BCP and polymer brush lithography? To answer this, the
sustainability of these techniques in terms of their environmental pollutants is discussed in
this subsection and summarised in Table 3.

Carbon emissions: NGL tools such as EUV require high source power. More than
20KW of laser power is needed to produce 200W of EUV power at the intermediate focus
due to power loss issues [214]. High power requirements increases strain on resources. The
power requirements for polymer brush and BCP lithography are process dependent. Exact
power requirements for industrial application of BCP or polymer brush lithography are
unknown. However, these techniques do not require complex high-power optical set-ups
so have predicted lower power consumption [4,25]. BCP and brush nanofabrication routes
as previously discussed have a reduced number of processing steps [4,7,36]. UV exposure
of a photomask is not necessary, for example. This may correspond to reduced tool use,
energy and resource strain.

Organohalogens: PFCs are used for etching and to clean CVD chambers [157,215].
When under normal operating conditions 10 to 80% of PFCs used in cleaning CVD cham-
bers could pass through the manufacturing tool chambers unreacted and be released into
the air [157,179]. This enhances the greenhouse effect [158,215]. When scaling polymer and
brush lithography to an industrial scale green fabrication routes can be selected to eliminate
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or reduce PFC use. For example, using liquid based deposition to replace CVD if PFC are
required for cleaning CVD chambers post metal infiltration of BCPs or polymer brushes.
The versatility of bottom-up lithography approaches may allow for exclusion of PFCs from
initial stages of lithography but may still be required during etching processes. Setups
such as vapour deposition chambers or solvent vapour annealing systems currently don’t
require use of PFCs [37,124,125,216]. Whether PFC use will be required or can be eliminated
for industrial scale polymer brush and BCP lithography requires further research.

Wastewater: High levels of anions and organic pollutants are present in semiconductor
industry wastewater [217]. Accumulation of various wastes and by-products in wastewater
is of concern [218]. Photolithographic chemicals end up in waste water for example
Perfluorooctane sulfonate (PFOS) [219]. Other examples include PFCs in wastewater
which contaminate river systems and tetramethylammonium hydroxide (TMAH) from
photoresist developer waste water [192,220]. TMAH has high alkalinity, toxicity and is
eutrophic to the water environment [221,222]. Polymer brush and BCP lithography do not
require Photoresist and photostripper. Future studies should examine the possible impact
of polymer brush and BCP nanofabrication routes on wastewater.

Acids, bases, and solvent wastes: During conventional lithography a considerable
amount of acid, base and solvent waste is generated. Examples include Isopropyl alco-
hol (IPA) and acetone required for the prevention of photoresist build up during spin
coating [157], Ethylbenzene and Ethylene Glycol Ethers are used in lithography [223,224].
These chemicals are of environmental health and safety concern and cause issues such as Re-
productive toxicity embryonic and developmental toxicity with exposures to low airborne
concentrations [212,213,224]. Tetrachloroethylene is used in lithography in fabrication
(FAB) and can cause Cervix, oesophagus, non-Hodgkin lymphoma [223]. Polymer brush
and BCP lithography also makes use of acids, bases and solvents. For example toluene
and tetrahydrofuran (THF), but also green solvents such as water, ethanol, or ethyl lac-
tate [113–116]. Whether the acid, base and solvent waste from conventional lithography is
more harmful than that from BCP and polymer brush lithography requires further research.
However the potential use of chemicals with reduced toxicity and use of green solvents
is promising [179]. The versatility of nanofabrication using BCP and polymer brushes
means that green fabrication routes can be incorporated into lithographic techniques for
example CVD can be used instead of spin coating and reduce material waste [104]. In
conventional lithography the pattern in resist layer is transferred to underlying substrate
via techniques such as etching [225]. Wet etching processes use various acids and bases for
example Sulfuric acid. Sulfuric acid can lead to lung and laryngeal cancer [223]. Etching
processes are still used in bottom up process [58,104,226]. Technique used depends on
polymer choice. Perhaps number of polymers available and techniques to remove polymer
post etch will allow for selection of a green fabrication route.

Photoresists and photostrippers: Wastes from photoresists and photostrippers are persis-
tent, bio accumulative, and toxic, and thus of substantial environmental concern [180,219,227].
photolithographic chemicals such as PFOS add to the toxicity of waste water [219]. Other
chemicals of concern include Developer tetramethylammonium hydroxide which is toxic to
marine life [228,229]. Photoacid generators (PAGs) are widely applied in photolithographic
processes [230,231] There associated environmental toxicity, persistence, and bioaccumu-
lation is of concern [230]. Photoresists and photostrippers are not required for BCP and
polymer brush nanofabrication routes. Photoresists after exposure to light decomposes into
harmful chemicals [149]. Whether the associated toxicity of BCPs and polymer brushes
post pattern removal requires is more or less harmful than currently used photoresists
quantification. The reduced number of steps and avoidance of UV exposure and pho-
tomasks however suggests a possibly more efficient process with reduced environmental
toxicity. It is also worth considering that precise environmental impact of photoresists and
photostripper is challenging to determine as a result of trade secrets [200]. Thus the exact
environmental threat of photoresist and photostripper compared to materials used in BCP
and polymer brush lithography may be challenging to determine.
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BCP and polymer brush wastes: BCP and polymer brushes are removed via processes
such as reactive ion etch or UV ozone [125,226]. Photoresists, after exposure to light, decom-
pose to low–molecular weight compounds, such as phenol, cresol, benzene, toluene, xylene,
and other benzene-based aromatic compounds, in addition to the carrier solvents [149].
Further research is required to determine if the removal of polymer brushes and BCPs post
pattern transfer is more or less harmful than conventional lithographic techniques that
use photoresist. Reduced etch steps have been reported for DSA which suggests possible
reduced environmental pollution from wastes [232]. Another important consideration is
the environmental impact of synthesising polymers [13]. Which raises the question of
whether BCP or polymer brush synthesis is more or less harmful than the synthesis of
polymers used in top down lithographic processes.

Metals: Trace elements Gallium (Ga) and Indium (In) are used for thin film growth,
photolithography, and polishing [182]. Ga and In have reported toxicity as high as heavy
metals and are deposited during lithography [183]. Additionally, the accumulation and
use of heavy metals in the semiconductor industry is damaging to aquatic ecosystems and
is hazardous for humans and wildlife [233–235]. Both top-down or bottom up lithographic
processes pattern metals on substates. However, an interesting question for further research
is which process is most efficient and wastes the least amount of metal precursors.

The findings of this review suggest that there are environmental incentives to pursue
alternative lithography strategies. This conclusion is based upon the following reasoning:
Some of these environmental incentives include: The versatility of bottom-up lithogra-
phy methodologies is an asset that other techniques restricted by optical resolution don’t
have. This versatility may give a greater number of options for finding a green fabrication
route.When scaling nanofabrication techniques from lab scale to industrial scale green
chemistry principles can be used to devise the most sustainable fabrication route [179].
Polymer brush and BCPs don’t require steps such as soft bake, alignment and exposure,
development and hard bake that are required in conventional lithography [227]. This may
reduce material and energy waste. ASD and DSA techniques represent an opportunity to
reduce the generation of pollutants and waste. The economic advantages of these tech-
niques have been reported [4,36,232]. Further research is required however to determine
exactly how advantageous bottom lithography techniques are environmentally and how
feasible their implementation in industry is. A structured investigation that considers the
complexities of integrated industrial systems and ecosystems is required [236]. We outline
an LCA approach to achieve this in the next section.

Table 3. Environmental impact of conventional lithographic routes is directly compared to emerging BCP and polymer
brush lithography.

Sustainability Issue Conventional Lithography Bottom-Up BCP and Polymer Brush
Nanofabrication Routes

Process Impact Process Impact

Carbon emissions
NGL tools such as EUV

require high source
power [214].

High power
requirements

increased strain on
resources.

Predicted lower power
requirements due to

high-power optical set
ups not being necessary
and reduced number of
processing steps [4,18].

Predicted reduced
power consumption

costs and energy
resource strain.

Organohalogens
Use of PFCs for etching

and to clean CVD
chambers [157,179,215].

Enhances greenhouse
effect [158,215].

Versatility of bottom-up
lithography may allow
for exclusion of PFCs
from initial stages of
lithography but may

still be required during
etching processes.

When scaling to
industrial-scale green

fabrication route can be
selected. Predicted

impact requires further
investigation.
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Table 3. Cont.

Sustainability Issue Conventional Lithography Bottom-Up BCP and Polymer Brush
Nanofabrication Routes

Process Impact Process Impact

Wastewater

Accumulation of various
wastes from conventional
lithographic processes in

wastewater is of
concern [192,218,220].

Contamination of
water systems,
environmental

toxicity and
eutrophication
[221,222,234]

BCP and polymer
brush impact on

wastewater is point of
further research.

Unknown on an
industrial scale. LCA

studies may help
predict impact.

Photoresists,
photostrippers, BCP
and polymer brush

wastes

Wastes from photoresist
and photostripper are of

concern [34,180,228,230,231].
Photoresists after exposure

to light decomposes into
harmful chemicals [149].

This step is not required for
bottom-up lithography.

Persistent, bio
accumulative, toxic

and bio accumulative
and thus of
substantial

environmental
concern [219,229,230].

BCP and polymer
brushes are removed
via processes such as

reactive ion etch or UV
ozone [125,226].
Potential use of

biopolymers may avoid
harmful by products of

etching processes.

Reduced etch steps
have been reported for

DSA [232]. Further
research is required to

evaluate environmental
impact.

Acids, bases and
solvent waste

Wet etching processing
uses various acids, bases

and solvents of
environmental concern for

example Sulfuric
acid [157,223,225,234].

Health risks and
environmental

toxicity [212,213,223,
224,234].

Acid, base, and solvent
use depends on

polymer and metals
used in BCP and
polymer brush

lithography.

Unknown
environmental impact

on industrial scale.
Capability of using
green fabrication
routes [104,179]

Trace elements and
heavy metals

Trace elements such as
Gallium and Indium have
reported toxicity as high as
metals and are deposited
during lithography [183].

Hazardous for both
humans and

wildlife [233–235].

Metal use is required
for lithographic
patterning in the

electronics industry.

Research required to
determined more
efficient and less

wasteful than
conventional
lithography.

4. Life Cycle Analysis Framework to Assess the Viability of Green
Lithographic Strategies

LCA offers a convenient tool to guide selection and implementation of novel methods
for industries. The term LCA is a scientific methodology developed during the 1990s which
allows a wide range of specific environmental impacts of a product from cradle to grave
to be evaluated in a study [38,48,237–240]. The semiconductor life cycle is modified in
Figure 9 to include brush and BCP lithography. The purpose of this section is to develop
a potential framework for how LCA of BCP and polymer brush lithography might be
performed. Application of this framework requires data detailing energy consumption,
efficiency and wastes of lithographic process by semiconductor industries. Additionally, it
requires data detailing BCP and polymer brush lithographic processes at the industrial and
developmental stages. The conclusions for such an LCA analysis allow for quantification
of how environmentally and economically beneficial BCP and polymer brush lithographic
techniques are.

To perform an LCA, a complete understanding of the life cycle of a product is gen-
erally required [241,242]. Thus, in order to extrapolate a framework for LCA analysis
of BCPs and polymer brush lithography in the semiconductor industry ex-ante LCA is
required [241,243,244]. Ex-ante LCA examines the projected performance of a product or
technology during the early stages of production and before commercial deployment on a
large scale [241,245]. Most LCA studies of this nature conclude that new insights during
the development of new technologies can support policy makers in their work [245,246]. In
this review we adopt the broadest definition of ex-ante LCA by including in its definition
prospective LCAs or anticipatory LCAs as is done by Buyle et al. [242].
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Ex-ante LCA analysis cannot solely follow the methodology described in the LCA
manuals. This is because they typically provide guidance on modelling and assessing
environmental impacts after products have been in commercial use for a sufficient amount
of time for data to become available on their performance [244]. Thus LCA of an emerging
technology comes with challenges such as the lack of a clear definition of a future system
or the absence of comparability, the presence of uncertainties, and the inability to predict
for an upscaled system using the available scarce LCA data [243,245,247]. Overcoming
these challenges at the early stages of research and development facilitates the reduction
of environmental burdens and allows for process optimisation before production on an
industrial scale [243,248]. Here we detail the stages of LCA required for an evaluation of
emerging BCP and polymer brush lithographic methods. During the Inventory analysis
stage, we discuss ex-ante LCA principles required for evaluation of BCP and polymer
brush lithography techniques.

Figure 10 summarises the objectives and phases of polymer-based lithography LCA.
Part A of Figure 10 displays how BCP and brush nanomanufacturing routes have the
potential to help achieve core ESH/S roadmap strategies. The application of the LCA
framework as a guide to decision making is outlined in part B. Life cycle assessment is
a stepwise method comprising of: (i) goal definition and scope definition, (ii) life cycle
inventory analysis, (iii) life cycle assessment and (iv) interpretation [249]. LCAs are iterative:
thus, if the framework in this review is applied, the LCA process should be continually
refined as the study is carried out [205]. Part C in Figure 10 illustrates some of the possible
outcomes of such a study.
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4.1. Goal Definition and Scoping

In the LCA framework the first step is often the goal definition and scoping [38]. This
step involves outlining the type of LCA that will be applied, the objective of the study and
the definition of system boundaries [49]. The first stage is to define the reasons for carrying
out the study [251]. In this case, it is to determine if ASD and DSA deposition methods can
provide a sustainable and financially viable nanofabrication route. This in turn provides
decision-making support when determining future investments and environmentally
sustainable development of the technology and industrial integration [240]. Whether the
results are intended for public discloser and who the target audience is, the commissioner
of the study and other influential actors, should be stated [205]. It is also valuable to
consider if any limitations due to chosen methodology or assumptions affect the usability
of the LCA results [252]. For example, ASD and DSA deposition techniques are at research
and developmental stages and assumptions may be made during LCA due to lack of data
on their industrial performance.

The specific reasons for carrying out the study should be re-stated at this stage and
it should be clear as to whether the study is comparative or non-comparative [240]. For
a comparative LCA, the objective is to compare emerging bottom-up lithographic tech-
nologies and conventional top-down technologies. The level of the temporal development
and the technological development must be aligned to the same development stage for all
modelled technologies [245]. For polymer brush and BCP techniques the time at which the
comparison is made between it and the conventional lithographic technique it is replacing
should be the same. This is because both techniques should be compared at the same
technology readiness level (TRL) and manufacturing readiness level (MRL) [242,245]. For
non-comparative ex-ante LCA of emerging bottom-up lithography, the aim is to reduce
environmental impacts during the design and development phase [245].

The function of the system being analysed is stated at this stage [205]. As previously
discussed ASD and DSA are both pattern transfer technologies. The function of DSA of
BCPs is to self-assemble nanodomains for nanoscale patterning of a substate [253]. For
ASD the function is to use a polymer brush film to deposit material in one region of a
substrate selectively while simultaneously avoiding deposition in another region [21,254].
A functional unit is also defined as it enables comparison of two essentially different
systems and provides a basis for defining all inputs and outputs into the system [246,254].
The functional unit is described in terms of some quantifiable properties of the system under
consideration [205,251]. An example of a functional unit from the work of Schmidt et al.
is defining inputs and outputs as per square meter of fabricated dynamic random access
memory (DRAM) or logic wafers of thickness 0.75 mm [47]. This functional unit then
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provides a basis for describing the system’s reference flow. An example from the same
study are gaseous chemical waste emissions released in kg per hour per square meter
output of processed DRAM wafer [47]. In the case of DSA and ASD technologies a
functional unit could be defined as chemical mass (kg) or energy (J) required per square
metre to produce a patterned silicon wafer. Functional units should incorporate the margins
of error and clearly defined data uncertainties [245,255,256].

Followingly, the system boundaries are outlined, detailing how much of the life cycle
will be examined [252,257]. For example, Shih-Cheng Hu et al. divided the production
of DRAM into separate process modules [49]. The system boundaries for LCA of DRAM
wafer processing in a fab are then selected by choosing which system modules are within
the boundaries of the analysis (the dashed lines in Figure 11) [49]. The choice of the system
boundary may affect how an emerging technology such as ASD or DSA of polymers
ranks when compared to the conventional lithographic techniques, leading to misinformed
decisions [258].
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Life cycle assessment of high-technology buildings: Energy consumption and associated environmental impacts of wafer
fabrication plants, Pages 126–133, Copyright (2013), with permission from Elsevier [49].

The systems boundaries for the mature technology in this review would be those
defined for the production of an integrated circuit [181]. Therefore, the process modules
would be: raw wafer manufacturing, wafer processing, assembly and packaging. The
process module relevant to the LCA comparing emerging deposition techniques to conven-
tional ones is wafer processing. At this stage, nanostructures are created on substrates using
conventional lithographic techniques [181]. Less relevant processes and elementary flows
can be either cut off or estimated. For example, investments in raw wafer manufacturing
are irrelevant to the objective of the study, and can be defined outside the system boundary
thus the data can be excluded. To complete the initial round of scope, a definition of a basis
for life cycle inventory analysis (LCI) needs to be established [205,252]. The derived data
quality needs to be outlined, information sources must be identified and plan reporting
and reviewing have to be determined. More information on scope definition can be found
in LCA handbooks such as the ILCD handbook [205].
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4.2. Life Cycle Inventory Analysis

The next stage in the LCA framework is LCI within system boundaries [49]. LCI is the
quantification of raw material and fuel inputs into a system as well as the output of solid,
liquid and gaseous emissions from a product system [49]. Table 4 gives some examples of
the kind of data required for inventory analysis

Table 4. Examples of the type of data required for the LCI.

Material and Energy Consumption Used in Raw Materials Extraction/Acquisition,
Processing, and Transportation

Material and energy resource consumption during the deposition process

Quantitative data and chemical composition of the wastes:
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Quantitative data on chemical composition of recycled wastes

Qualitive data on chemical wastes disposed of off sight and process of disposal

Transportation emissions for off sight waste disposal

4.2.1. Data Collection for the Mature Technology

To structure and guide the data collection process, a questionnaire can be made to
outline what data is required for LCA. An example can be found in the work by Schis-
chke et al., where they outline a questionnaire to guide the process of data collection for
employees of the fab and infrastructure facilities in collecting the data [181]. Chemical
information provided by a company for the mature deposition technology data set could
include chemical information on the phase, product number, factory, chemical product
(e.g., photoresist), ingredients, chemical abstract service (CAS) number, processes used,
number of units and the pattern of usage [200].

Collected data should be presented in terms of per reference flows to make compar-
isons possible [181]. The methods chosen for LCI comparisons depend on what data is avail-
able and how much must be quantified using computational approaches [259]. Possible
barriers to LCI may include difficulty accessing reliable and verifiable data from manufac-
turers that details process-specific emissions, chemical inputs and outputs required [260].

4.2.2. Data Collection for the Emerging Technology

A recent framework for ex-ante LCA by Buyle et al. is shown in Figure 12. t0 refers to
the current situation, t1 refers to the moment when the emerging technology reaches matu-
rity and t2 refers to when the technology has been implemented for a while. Foreground
data is collected to describe and model the emerging and mature technology [244]. Back-
ground data usually consists of data for upstream supply chains necessary for emerging
and mature technologies to perform functions such as socio-economic ones [244].
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4.2.3. Scaling to t1—Industrial Scale

BCP and brush nanomanufacturing routes fall into the emerging technologies bracket
shown in blue in the above diagram. t0 is the first stage of technological development
TRL, where the technology is not yet available commercially and is not being developed
at an industrial scale [242,245]. The first challenge is to explore how BCP and brush
lithography techniques will operate at a later industrial scale (high TRL) at time t1 [242,245].
This involves the scale-up of a new technology from lab-to-fab using an inventory of
existing production processes but with novel techniques replacing existing ones [242]. In
order to do this, ex-ante LCA must deal with unknown situations and make predictions
despite possible lack of information on novel processes, impacts of other industries, socio-
economic evolutions, etc [242]. This may result, for example, in data quality decreasing
with upscaling [245].

Piccinno et al. describe a 5-step process for scaling-up lab processes to industrial scale
processes for LCA [248]. Following this methodology, in stage one, a laboratory protocol
publication or a patent document outlines brush and BCP nanofabrication methods. This
information is then used for a pilot scale technology. The laboratory protocol in stage
two is used to develop a BCP and brush nanofabrication processes strategy that could
be scaled-up to an industrial process. The scale, apparatus and input materials should
be described in detail. Each individual process is then scaled up. In stage three the links
between the individual processes are included. Finally in stage four an industrial scaled up
process is achieved and evaluated using LCA [248].

4.2.4. Scaling to t2—Improved Industrial Scale and Market Mix

The next question is whether the emerging technology with unresolved pathways is
likely to outperform current technologies. After emerging brush and BCP nanofabrication
methods are used to develop semiconductors at an industrial scale, the field will continue
to evolve, and improvements will be made from research and development. The market
share will not be stagnant. Thus, the second challenge is to estimate the technological
challenges and market share at stage t2 [242]. To what degree will emerging technologies
succeed or fail at outperforming existing technologies? Strategies such as probabilistic
model with global sensitivity analysis (GSA) can be used to assess the sustainability of the
emerging product [43].
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4.2.5. Quality of Data for Emerging and Mature Technologies

Assumptions are made to extrapolate laboratory processes to large-scale industrial
processes [242]. This is because there is no commercial production of semiconductors
processed by BCP and brush lithography techniques.

There is also a limited availability of primary manufacturing data for various semi-
conductor types from the LCA literature which itself also has a limited scope [261]. For
example, a study by Lim et al. on the chemical usage in the semiconductor industry could
not detail all the hazardous chemicals in the LCI because of trade secrets in the chemical
information data base (DB) provided by the company [200]. This data is essential to assess
the present impact on environment and maintain future ecological hazards at a negligible
level while fostering a high level of industrial and socio-economic development.

The type of the LCI data basis constructed depends on the quality, quantity and the
kind of data collected [259]. LCA is an iterative process; the first LCI will develop an
initial life cycle that can be used to calculate initial LCI data basis which might require
future refinements.

4.3. Life Cycle Impact Assessment

Life cycle impact assessment (LCIA) considers human health, the natural environment,
and natural resource usage issues [262]. Guidelines for assessing possible impact categories
are detailed in LCA handbooks such as the ILCD handbook and ISO standards such as
ISO14040 [205,262]. Many methodologies and LCA modelling tools are available to perform
an environmental analysis of a product or a service system [49,262]. The LCIA should be
reviewed once it’s completed and the LCA process should be revised and improved to
identify any analytical or methodological limitations or errors [205]. An example of an
impact classification scheme used in an LCIA is shown in Table 5. This system allows
for classification of most impactful substances and resources in terms of pollution caused
during the production of a functional unit [30]. Table 5 shows that this multi-criteria
analysis looks at different environmental impacts or impact categories. ISO 14044 states
that for most LCA studies existing impact categories, category indicators or characterisation
models will be selected.

Table 5. Distinction between damage and impact categories [30]. Reprinted from [30], with the
permission of AIP Publishing.

Damage Category Impact Category

Human Health
Human toxicity

Respiratory inorganics
Photochemical oxidation

Ionising radiations
Ozone layer depletion

Ecosystem Quality
Aquatic ecotoxicity

Terrestrial ecotoxicology
Terrestrial acidification/nitrification

Aquatic acidification
Aquatic eutrophication

Land occupation

Climate change Global warming

Resources Non-renewable energy Mineral extraction

These impact factors are then quantified by impact category indicators [262]. However,
these impact categories commonly described in the LCA handbooks are insufficient to fully
describe the impacts of emerging technologies [244]. When describing the impact of BCP
and brush lithography techniques, care must be taken to recognise that the novel technology
may display unexpected new impacts not fully described in LCIA. Additionally, the
characterisation factors relevant for the emerging technology may change over time [244].

4.4. Interpretation

The final stage of LCA is to interpret all the findings, and to quantify and evaluate
them before making conclusions and future recommendations [248]. LCA modelling tools
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are software can be used to intemperate the results [263]. Knowledge transfer issues in
the semiconductor industry may be a barrier to progression in the field of LCA and envi-
ronmental sustainability [40]. Collaboration between research and academia to develop
standardized data collection methods, robust datasets, a coordination across the supply
chain and international agreement on how to address environmental sustainability con-
cerns in the semiconductor industry is crucial [40]. EHS technological engagement with
universities, government labs and supplier targets before process development and manu-
facturing is essential when integrating environmental sustainability into new technological
innovations in the semiconductor industry [40].

5. Conclusions

The complexities associated with continued miniaturisation of ICs have created op-
portunities for alternative lithographic approaches [6]. Lithography is a cornerstone of
the semiconductor manufacturing industry [154]. For it to continue to support cost effec-
tive solutions for semiconductor manufacturing, environmental sustainability must be
addressed. There is an ever growing focus on producing equipment and facilities that con-
sume less raw materials, create less waste and consume less power in the microelectronics
industry [202]. Both the cost and the environmental sustainability of lithographic processes
must be considered when developing patterning technologies.

Potentially, polymer brush and BCP lithography could be implemented into industrial
semiconductor manufacturing. These bottom up lithographic techniques may provide
cost-effective and environmentally sustainable alternative nanofabrication routes. LCA is
suggested as a means for future studies to the evaluate environmental sustainability of
BCP and polymer brush techniques before the technology is implemented on an industrial
scale. To the extent of our knowledge, this review is the first time in the history of the
semiconductor industry that a LCA of an emerging lithographic technique recommended
before implementation on an industrial scale. It was found that despite the high volume of
literature on BCP and brush lithographic methods, their potential environmental impact if
integrated into industry has yet to be evaluated. There are economic and environmental
incentives to pursue these alternative lithographic strategies. However, the magnitude of
how environmentally and economically beneficial they are is unknown. Future studies
could use the proposed LCA framework to quantify the environmental and economic
benefit of BCP and polymer brush lithography on an industrial scale and thus provide
more conclusive support for their implementation in industry.

LCA facilitates the transition from core ESH/S roadmap strategies and ideas to facil-
itate informed decision-making before the final implementation of new technologies in
the industry. The fifth core roadmap strategy suggests that proactive engagement with
stakeholder partners and customers is vital for the development of these nanofabrication
techniques from research to industrial implementation. LCA offers a basis to make this
possible, by having a standardised means of communicating credible information about the
environmental performance of the products [39,236]. LCA in the semiconductor industry
is challenging; trade secrets and patents make it hard to obtain information on the chem-
ical content, ingredients, CAS number and information on the hazards these chemicals
pose [200]. In addition to this, the industry has been changing rapidly over the last few
years and with it the environmental, safety and health risks it poses [29].

It is important for the future of sustainable development of nanotechnology that LCA
is performed at the manufacturing stage [35]. The environmental burden of nanomanufac-
turing techniques should be considered as they are a major contribution to the life cycle
impacts of the nanoproducts they create [35]. Studies of this nature are imperative for the
development of new technologies and manufacturing routes, not just for the semiconductor
industry but for all industries [35]. Thus, this review offers a unique perspective on how
researchers can engage in environmental stewardship by evaluating and improving the
environmental sustainability of new technologies before they reach an industrial scale.
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