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Abstract— While concerted efforts have been made to
promote greener IC manufacturing, achieving sustainable
practices necessitates a comprehensive understanding of the
environmental impacts associated with semiconductor
fabrication. This paper presents a life cycle analysis of logic
technology nodes N28 to Al4 based on bottom-up modeling
of a high-volume IC fabrication plant. This holistic approach
provides granular results, enables sensitivity analysis, and
highlights high-impact processes that could be improved to
reduce environmental footprints in existing and pathfinding
technologies.

l. INTRODUCTION

Digitalization  enhances system efficiencies and
consequently improves environmental sustainability and
reutilizes material flows [1]. Nevertheless, the semiconductor
manufacturing industry, critical for enabling digitalization
through integrated circuit (IC) production, is inherently
resource-intensive and has many environmental consequences.

Life Cycle Assessment (LCA) has been used to quantify
these impacts in scientific literature. The pioneering study in
[2] provides detailed primary data for CMQOS logic chips from
technology nodes N350 to N32. Subsequently, only a handful
of studies have presented a bottom-up LCA model employing
primary data [3]. Commercial LCA databases [4,5] assess
technology nodes as low as N7 and N14, respectively, but lack
process-level insight into environmental impacts.

This paper presents a cradle-to-gate LCA of modern
CMOS logic chips through nine available and projected
technology nodes, N28 to Al4 (Table I). The analysis and
models are updated and expanded compared to our previous
work [6] and utilize new primary data from imec Sustainable
Semiconductor Technologies and Systems (SSTS) program
partners as well as the imec fab. This study begins by defining
its scope and presenting the life cycle inventory, which
includes data classification, collection methods, model
assumptions, and consumption of electrical energy and water.
The Life Cycle Impact Assessment (LCIA) results for Global
Warming Potential (GWP) are described, followed by a
sensitivity analysis, and concludes with key findings.

1. SCOPE OF STUDY

A. System boundaries

We model a generic high-volume manufacturing (HVM)
semiconductor fab, which processes 300 mm silicon wafers to
produce IC logic chips. Fig. 1 illustrates the system boundaries
in the simplified product life cycle of an IC logic chip, which
includes six life cycle phases. Fig. 2 gives the process level
system boundaries. The analysis is cradle-to-gate and hence
ends at the gate of the IC fab, prior to the wafer testing, dicing,
and packaging.
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B. Functional unit definition

The results are provided relative to a functional unit, which
is defined as the HVM of an industry average 10x10 mm?
functional logic chip (representing a mobile system on chip)
on a standard 300 mm silicon wafer in an 1SO 14644-1 Class
5 clean room. This functional unit is expressed as per wafer,
cm?, or die, which considers the functional area (taking die
yield and placement into account).

1. LIFE CYCLE INVENTORY

C. Data classification and collection procedures

The LCA model includes three data streams: equipment
level data, process flow data, and fab models. Equipment level
data was collected from SSTS program partners and the imec
fab. Process flow data and fab models were developed by the
SSTS program and its partners. The data in this study is from
V1.5.67 of imec.netzero. The output flows of foreground
processes are limited to gaseous elementary flows that are not
destroyed in the gas abatement system, characterized using [7].
Upstream material and energy flows were characterized using
secondary sources and LCA databases [8-12].

D. Model assumptions

The 10x10 mm?2 die yield of 86% used in this study
followed the Murphy model [13]. A line yield of 90% was
assumed, which correlates to the line yield used in [5]. The
same utilization, idle, and downtime for all Fab tools were
assumed following the recommendation from SEMI S23 [14].
The SEMI S23 recommended energy conversion factors
(ECFs) were assumed for the generation of fab utilities [14].
The total electrical consumption of the virtual fab facilities was
assumed to be 17% of the total fab consumption [15].
Weighted industry average fab electricity emission factors
(EFs), i.e., the carbon intensity and the EF for the transmission
and distribution (T&D) losses, were assumed based on wafer
production capacity per geographic location [16]. The
abatement model was based on the combustion of natural gas
and follows the IPCC Tier 2c model [17]. All model
assumptions (including fab efficiency and throughput) are
assumed to be constant across technology nodes. A detailed
explanation regarding all fab models can be found in the
imec.netzero methodology [18].
E. Electrical energy consumption

Total energy consumption is calculated by aggregating the
electrical energy usage in all process steps within the specified
process flow, accounting for virtual fab tool utilization. It also
includes the electricity consumed to maintain the facility and
supply the utilities consumed during the process flow. Fig. 3
demonstrates a nearly threefold increase in total electrical
energy consumed by the fab as technology nodes progress,
with equipment accounting for a growing proportion (55.8%
for N28 to 58.1% for A14). This trend is primarily attributed



to the increasing total number of process steps (see Table I)
necessitated by advanced nodes incorporating scaling boosters
to enable standard cell scaling, multiple patterning for feature
size scaling, as well as an increase in the number of metal
layers to enable more complex systems. Despite Extreme
Ultraviolet (EUV) lithography tools consuming approximately
10x more power per tool than traditional Deep Ultraviolet
(DUV) [6], the introduction of EUV at N7 results in lower total
electrical energy as it replaces multiple process steps to
achieve the same patterning designs.
F. Water consumption

Fig. 4 shows the water consumption, denoting the quantity
of water sourced from the local network that is required to
generate ultra-pure water (UPW) with a production yield of
62.5% (internal imec number). UPW generation constitutes
approximately 76% of total water use in a semiconductor fab
[19]. The increased number of chemical mechanical
planarization (CMP) and wet clean steps in more advanced
nodes leads to an increase in the total volume of water
consumed per wafer, represented in Fig. 4, which also explains
the increase in electrical energy consumed by the utilities, as
evident in Fig. 3. The reduced number of process steps required
for EUV results in a reduction in water consumption between
the N7 and N7euv technologies.

V. LIFE CYCLE IMPACT ASSESSMENT RESULTS

G. Greenhouse gas emissions

Fig. 5 shows the breakdown of total Greenhouse Gas
(GHG) emissions per scope, as defined by the GHG Protocol
[20]. Scope 1 emissions, equivalent to the direct emission of
process gases with a GWP, constitute around 6-8% of total
emissions. Within the specified system boundaries and
abatement assumptions, Scope 2 emissions emerge as the
primary contributor (52-65%). The growing prominence of
Scope 2 emissions with advancing technology nodes directly
corresponds to the observed increase in total energy
consumption, as shown in Fig. 3.

Fig. 6 shows a breakdown of GHG emissions per node.
These GHGs are primarily used in Chemical Vapor Deposition
(CVD) and dry etch processes. The introduction of EUV at
N7euv and the higher prevalence of EUV in the back-end of
line (BEOL) of advanced nodes decreases the number of
deposition and etch layers and the corresponding GHG
emissions associated with them. Consequently, direct
emissions decrease when stepping from N3 to A14 (Fig. 6).
This contrasts with the upward trend forecasted in [6].

H. Upstream materials

Fig. 7 provides a detailed breakdown of total emissions for
the N28 and A14 nodes, showing that Scope 3 accounts for
41% and 28% of the total emissions, respectively. The
declining significance of Scope 3 is mainly due to the
prominence of energy-intensive equipment in advanced nodes.
The primary contributor to Scope 3 is the production of wet
chemicals, followed by bare silicon wafers and precursors. On-
site production of certain bulk gases, like Ny, keeps their Scope
3 contributions small. Transmission and distribution (T/D)
losses constitute approximately 3% of the total emissions.

V. SENSITIVITY ANALYSIS

I. Abatement assumptions

Fig. 8 demonstrates that deploying efficient process gas
abatement has the greatest impact on reducing total GHG
emissions. Without abatement of the process gases, the direct
emissions dominate the total GHG emissions (see Fig. 5 for
comparison), showing the absolute necessity of using
appropriate abatement.

J. Electricity carbon intensity

Transitioning from a fossil fuel-dependent electricity
generation mix to renewable sources can offset the rise in total
emissions associated with technological advancements (Fig.
9). The sensitivity coefficient, depicted in Fig. 9c, increases
from 1.64kWh/cm? for N28 to approximately 4.30kWh/cm? for
Al4, emphasizing the importance of renewable electricity
sources for fabs producing advanced technology nodes.
K. Die size

Fig. 10 demonstrates a super-linear increase in total
emissions per die as the die size increases, principally due to
the rapid decrease in Murphy die yield with a larger die area.
Despite the increase in transistor density, the average die area
per application is roughly constant or slightly increasing
through the latest technology nodes [21], stressing the fact that
technology development favors functionality increase over
environmental cost decrease.

VI. BENCHMARKING RESULTS

Fig.11 compares the results of this study with other LCA
models compiled by [3], specifically examining the variation
in scope of LCA models that consider logic nodes smaller than
N32 (Table I1). Notably, [6] assumes higher electricity carbon
intensity, which gains importance in advanced nodes with
higher electricity consumption. Improved abatement
efficiency results in reduced direct emissions compared to [6].
Consequently, despite the expanded scope of this study, Fig.
11 reveals only a slight increase in GWP per cm2 The
difference between the GWP resulting from the EIME and
GaBi LCA databases compared to this study could stem from
the mismatch in model assumptions highlighted in Table II.

VII. CONCLUSIONS

This bottom-up cradle-to-gate LCA of modern technology
nodes for CMOS logic chips reveals that direct emissions from
process gases are the main contributor to total GHG emissions
but can be significantly reduced with the deployment of
effective abatement. Furthermore, emissions from electricity
production constitute up to 65% of total emissions in the most
advanced nodes when abatement is fully deployed. The
sensitivity analyses demonstrate the importance of renewable
electricity sources and reduced die size to further reduce total
emissions. Through this research, informed decision-making
can support the industry in achieving its environmental goals
and advancing toward a more sustainable future.
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Fig. 1: Simplified product life cycle of an IC logic chip showing the high-level

system boundaries of this study.
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Fig. 2. The foreground system includes all processes that occur onsite of the
IC manufacturing fab. The background system consists of the upstream
energy and material extraction, production, and transportation processes. Tool

and infrastructure construction as well as fab waste treatment were not
considered in the scope of this LCA. CR HVAC: Clean Room Heating,

Ventilation and Air Conditioning. PCW: Process Cooling Water.
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Table I. Technology assumptions across logic technology nodes. The transistor
structure evolves from Planar to FinFET (FF) to NanoSheet (NSH). As gate
and metal pitch scaling saturate, standard cell height is reduced from 9 to 5
metal tracks using scaling boosters: Self Aligned Gate Contact (SAGC), Buried
Power Rail (BPR), Metal Gate Cut (MGC). From node to node, there is an
increase in number of BEOL layers, process steps, masks. In comparison to our
previous publication [6], process flows have been revised and values have been
updated for pitches, number of metal layers, masks, and total process steps.
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Fig. 5. Total emissions per scope as defined by the
GHG Protocol. Scope 1 emissions occur from
sources that are owned or controlled by the virtual
fab. Scope 2 emissions occur from the generation
of purchased energy consumed by the virtual fab.
Scope 3 emissions are a consequence of the
activities of the virtual fab but occur from external

sources [20].
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Fig. 6. Direct GHG emissions per 300 mm wafer
assuming IPCC2019 Tier 2c abatement with
combustion [17]. The GHG emissions are
expressed in kg CO, equivalent using the IPCC
ARG characterization factors [7]. SFs and CF, are
prominent contributors to direct emission due to
their high GWP and relatively low Destruction or
Removal Efficiency (DRE). NF; is another high
GWP gas used in abundance for chamber cleaning.
It is however effectively utilized in Remote Plasma
Clean apparatuses. DRE and gas utilization have
improved from IPCC2006 used in [6] and
IPCC2019 used here.
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Fig. 4. Water consumption per cm?
and per 300 mm wafer. Assumed
UPW/tap Water ratio was 62.5%.
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Fig. 7. Detailed breakdown of total emissions for the
N28 and A14 nodes based on their respective GHG
Protocol scope categories [20]. Scope 3, Category 1
(3.1), which captures the upstream emissions resulting
from purchased goods and service of the virtual fab, is
separated into 7 subcategories. Emissions associated to
the Transmission and Distribution (T/D) losses
contribute to (3.3). As detailed in Fig. 2, the Scope 3 of
this cradle-to-gate analysis remains incomplete, e.g., it
excludes Category 2 (capital goods), Category 3,
activity B (upstream emissions of purchased
electricity) and Category 5 (manufacturing waste
treatment).
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Fig. 8. Effect of deployment of abatement on direct emissions (Scope 1) for
technologies (a) N28 and (b) A14. Combustion abatement systems for GHG
destruction are progressively deployed by adding fab process areas, starting
from ‘No Abatement’ case to a ‘Full Abatement” (IPCC Tier 2C) on all tools.
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Fig. 10. (a) Total emissions per die across technology nodes, for dies of
10x10, 18x18 and 25x25 mm2. Larger dies exhibit increased emissions due
to linear scaling and well as a higher likelihood of defects, of detriment to
the die, and more material loss around the edges of the wafer, contributing
to a higher total emissions per functional die; (b) Sensitivity of total
emissions to die size. Illustrating the super-linear relationship between total

GHG emissions and die size (see Table Il cantion).
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Fig. 11. Benchmarking of this work with other LCA databases and scientific
literature values. GWP is equivalent to ‘total emissions’ evaluated in the specific
study. Note that the scope and system boundaries vary considerably between

studies (see Table II). N7

is with EUV.
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Electricity emission factor

Yield model

Die size [mm’]

Tool utilization model

Wafer processing

Upstream material production

Upstream Transportation and
distribution
Upstream Fuel and energy related
emissions
Downstream waste treatment

Wafer cutting

Welghted indusery 70 coal, 0% hydro,

average of national

grid mix
electricity mixes
Line-yield (90%)
Cut die-yield (92%) 100%
Die-yield (75%)
100 nfa
n/a nfa
X X
X
X
X X
X X
X .

5% nuclear, 5% solar
(0.582 kgCO2eqlkWh)

100%

100

100%

Welghted industry
average of national
electricity mixes
(0.454 kg COZeqlkWh)
Line-yield (90%)
Cut die-yield (72%)
Die-yield (86%)

100

70%, with 50% resource|
use tools in idle mode

X

X

X (T&D losses EF: 0.022
kg CO2eqlkWh)

X

Table 1. LCA model assumptions of dat

a sources in Fig.11 which analyze

nodes smaller than N32. Line-yield: % good wafers per wafers processed -
Reflects test wafers and broken/damaged wafers. Cut die-yield: Dependent on
the die size and geometry (# die fit on wafer), 72% in this study from [23]. Die-
yield: % good die per total die cut - Reflects losses due to die which fail testing.
In this study, the die-yield is estimated using the Murphy yield model with a
defect density of 0.15 defects per cm? [13]. (n/a) not available, (-) not included

in scope.
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