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Abstract—To address computing’s carbon footprint challenge,
designers of computing systems are beginning to consider carbon
footprint as a first-class figure of merit, alongside conventional
metrics such as power, performance, and area. To account for fotal
carbon (tC) footprint of a computing system, carbon footprint mod-
els must consider both embodied carbon (Cempodiea) due to emissions
during manufacturing, and operational carbon (Coperational) from
day-to-day use. Models for Coperational are relatively mature due to
the direct relationship between Cgperational and energy consumed
while computing. In contrast, models for Cembodiea primarily focus
on today’s silicon-based technologies, not capturing the wide
range of beyond-Si technologies that are actively being developed
for future computing systems, including emerging nanomaterials,
emerging memory devices, and various three-dimensional (3D)
integration techniques. Cembodica models for emerging technologies
are essential for accurately predicting which technology directions
to pursue without exacerbating computing’s carbon footprint.

In this paper, we (1) develop Cembodiea models for 3D-integrated
computing systems that leverage emerging nanotechnologies. We
analyze an example fabrication process that is highly promising
for energy-efficient computing: 3D integration of carbon nanotube
field-effect transistors (CNFETs) and indium gallium zinc oxide
(IGZO) FETs fabricated directly on top of Si CMOS at a 7 nm
technology node. We show that Cembodieca Of this process is, on
average (considering various energy grids), 1.31x higher per
wafer vs. a baseline 7 nm node Si CMOS process. (2) As a
case study, we quantify trade-offs in power, performance, area,
and tC footprint for an embedded system comprising an ARM
Cortex-M(0 processor and embedded DRAM, implemented in
each of the above processes. For a representative lifetime of
the system (running applications from the Embench suite for
2 hours per day over 24 months, with a clock frequency of
500 MHz), we show that the 3D IGZO/CNFET/Si implementation
is 1.02x more carbon-efficient per good die (considering yield)
vs. the baseline Si implementation, quantified by the product of
tC and application execution time (fCDP, an effective metric of
carbon efficiency). (3) Finally, we show techniques to quantify
carbon efficiency benefits of future computing systems, even when
there is uncertainty in carbon footprint models. Specifically, we
show how to robustly compare tCDP for multiple computing
systems, given underlying uncertainty in Cembodieds, COmputing
system lifetime, carbon intensity (in equivalent grams of CO
emissions per unit energy consumption), and yield.

I. INTRODUCTION

The carbon footprint of the Information and Communication
Technology (ICT) sector is estimated to comprise up to 4% of
global carbon emissions, quantified in mass equivalents of car-
bon dioxide (COe) [1]-[3]. This footprint is increasing rapidly
with the explosive growth in training large language models
and in creating embedded systems for consumer electronics.
To address this global challenge, designers are beginning to
consider carbon footprint as a key figure of merit for com-
puting systems, alongside conventional metrics such as power,
performance, and area [4]-[6].

Importantly, fotal carbon (tC) footprint accounts for the total
emissions of a computing system across its entire lifetime,
including both operational carbon (Cgperationa) and embodied
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carbon (Cempodied) [6]. Coperational 18 quantified using industry-
standard Electronic Design Automation (EDA) tools for mod-
eling power/energy consumption, combined with public data
that reports carbon intensity during operation (Clyg, in units
of grams COgze per unit energy consumption). Conversely,
Cembodieda Models are relatively immature as they must account
for emissions during fabrication (due to energy consumed by
equipment, material and gas usage, and carbon intensity during
fabrication, Clg,y), which are challenging to quantify [5].

Fortunately,  researchers are  actively  developing
Cembodieda models for state-of-the-art technology nodes. While
these models are valuable, they primarily rely on top-down
life cycle analyses [7]-[9] or focus on solely on silicon-based
technologies [4], and thus do not capture the wide range
of beyond-Si technologies currently being investigated for
future directions in energy-efficient computing. New directions
in computing technologies include emerging nanomaterials
(carbon nanotubes [10], two-dimensional materials [11]),
memory devices (resistive RAM [12], embedded DRAM
(eDRAM) using IGZO [13]), and various 3D integration
techniques such as integrating chiplets onto interposers [7],
[14], and monolithic 3D integration (M3D), in which multiple
layers of computing and memory devices are fabricated
sequentially over the same starting substrate [15], [16]. It is
critical to understand the implications of these technologies on
computing’s carbon footprint as they are being developed.

As an example, consider an M3D integrated circuit (IC)
that has multiple layers of computing and memory circuits,
which are densely connected using fine-grained vertical inter-
connects. The circuits in the bottom layer are implemented
using Si CMOS, and the upper circuit layers are implemented
using emerging nanomaterials (we describe and analyze such
M3D ICs extensively in Sections II and IIT). M3D ICs offer a
key trade-off for carbon-efficient computing systems:

o Energy efficiency benefit: the memory wall is a major system-
level bottleneck for today’s computing systems, where the
vast majority of application execution time and energy con-
sumption is spent passing data between the processors and
off-chip memory [15]. M3D ICs permit massive amounts
of on-chip memory to be integrated directly on top of
processors, enabling low latency memory accesses and high
memory bandwidth. The resulting energy efficiency benefits
translate directly into Coperational benefits.

o Ceombodiea drawback: M3D IC fabrication requires more pro-
cess steps to realize additional layers of transistors, memory,
and metal routing layers (Sec. II-C), leading to higher
Cembodied per wafer.

Thus, it is unclear whether M3D ICs should be pursued

for carbon-efficient computing when considering trade-offs in

power, performance, area, and total carbon (PPAtC). A robust



framework that accurately quantifies tC of future computing

systems is essential for identifying which technologies should

be pursued to overcome computing’s carbon footprint chal-
lenge. Toward this goal, our key contributions are:

1) We develop Cempodiea models for 3D-integrated computing
systems that leverage emerging nanotechnologies (Sec. II).

2) Using these models, we analyze an example process tech-
nology that is highly promising for energy-efficient comput-
ing: monolithic 3D integration of high-performance carbon
nanotube field-effect transistors (CNFETs) and low-power
indium gallium zinc oxide (IGZO) FETs fabricated directly
on top of Si CMOS at a 7 nm node. The embodied footprint
of this process is, on average (considering various energy
grids), 1.31x higher per 300 mm wafer vs. a baseline 7 nm
node Si CMOS process (Sec. II).

3) We quantify trade-offs in PPAtC for an embedded system
comprising an ARM Cortex-M0O processor and eDRAM,
implemented in each of the processes shown in Figure 1
(details in Sec. III). Over a representative lifetime (running
applications from the Embench benchmark suite [17] for
2 hours per day over 24 months, with a core clock frequency
of 500 MHz), we show that the 3D IGZO/CNFET/Si imple-
mentation is 1.02x more carbon-efficient (quantified by the
product of tC and application execution time: tCDP [18])
per die vs. the baseline Si implementation. We show how to
quantify tCDP of each system, by combining our tC models
with detailed circuit simulations of physical layouts created
using standard EDA tools (Sec. III-C). We also show how
to robustly compare tCDP of each system, given underlying
uncertainty in Cempodied, System lifetime, yield, and Clyge.

A step-by-step guide to reproduce all results in this paper is

provided in our Github repository".
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Fig. 1. Case study in comparing PPAtC of embedded computing systems. (a)
System architecture. (b)-(c) Cross-sections of the physical layout for the M3D
IGZO/CNFET/Si design (b) vs. the all-Si design (c). The ARM Cortex-MO is
implemented in Si CMOS in both cases. The eDRAM is implemented using
either: M3D integration of IGZO/CNFETSs/Si (b), or only Si FETs (c). Power,
performance, area, and tC (PPAtC) results for each system are in Table II.

II. MODELING TC OF EMERGING TECHNOLOGIES
A. Emerging FET Technologies

M3D integration imposes processing constraints on devices
that are fabricated on upper circuit layers (i.e., in the back-end-
of-line or BEOL). Specifically, upper circuit layer devices must
be fabricated at low processing temperatures (e.g., <300 °C)
to avoid damaging circuits and metal interconnects fabricated
in previous process steps on the wafer [15]. Fabricating today’s
state-of-the-art Si CMOS FETs in the BEOL would therefore

Uhttps://github.com/Harvard-NanoDesign/DATE25_PPAtC

be challenging as they require high temperature processing
(e.g., >1,000 °C for dopant activation and annealing) [22].
Instead, a wide range of beyond-Si devices can be fabricated
at low processing temperatures, enabling M3D ICs and their
associated energy efficiency benefits [15].

We focus on M3D ICs leveraging two specific emerging
FETs — IGZO FETs and CNFETs — integrated in the BEOL
on top of Si CMOS at a 7 nm technology node. This tech-
nology enables a highly energy-efficient implementation of the
embedded system in Figure 1. Notably, we design and optimize
an M3D-eDRAM circuit implemented using a combination of
Si CMOS, IGZO FETs, and CNFETs designed to leverage
the benefits of each FET type while overcoming their inherent
challenges (Table I). Additional details are in Section III-A.

TABLE I
SUMMARY OF FET BENEFITS (+) AND CHALLENGES (-).

(+) high Ippp
(-) subject to metallic CNTs [10] (increases Iopr)
(+) BEOL-compatible (low temperature fabrication)

(=) low IgppF (due to low mobility)
(+) ultra-low Ippp

(+) BEOL-compatible (low temperature fabrication)

(+) high Igpp

(+) low I, OFF
(-) bottom layer only (high temperature fabrication)

CNFET

IGZO FET

Si FET

Our resulting system achieves high memory density, high
data retention time, high endurance, low access latency, low
access energy, and low static leakage power simultaneously.
IGZO has a wide bandgap (F, ~3.5 V), enabling IGZO FETs
(NMOS) to exhibit ultra-low off-state leakage current (Iorr)
when the gate-to-source voltage (Vi) is significantly below
the threshold voltage (V). Low Ippp enables IGZO eDRAM
bit cells to have high data retention times (>1,000 seconds
has been shown experimentally [23]), enabling low power
eDRAM [23]. However, IGZO has lower carrier mobility than
Si (typically <100 cm/s per V/cm [24], [25]), leading to low
IGZO FET effective drive current (Igrr). CNFETs exhibit
high Irrr, enabling high-performance circuits [26]. CNFETSs
typically have higher Iorr than IGZO FETs, since: (1) target
carbon nanotube (CNT) diameter for energy-efficient circuits
is between 1 to 2 nm [26], corresponding to 0.85 eV Z E, X
0.43 eV [27] (low E, limits Iorr) and (2) CNTs are subject
to metallic CNTs (with E, ~ 0) [28], which increase Iorp if
they are not removed from the circuit [29].

B. Computing Total Carbon

Total carbon footprint is the sum of Coperaional and Cembodied-
We quantify Coperational and Cembodiea as follows [5], [6]. P
is the power consumption during operation, and ;;f. is the
system lifetime. Cempogica (to fabricate the designs shown in
Figure 2a/b) is quantified in units of grams COse (gCO2e).

tlife
Coperational :/ CIuse(t)P<t)dt (])
0

Combodied = (MPA + GPA + Offab . EPA) - Area 2)

MPA is the carbon emissions per area incurred by materials
procurement. We let MPA = 500 gCOse/cm?, which corre-
sponds to 3.5 x 10% gCOse per 300 mm wafer, and represents
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Fig. 2. (a) Cross section for the all-Si process, modeled after [19]. (b) Cross section for the M3D process with 2 tiers of CNFETs and 1 tier of IGZO FETs on
top of Si CMOS. Insets show the IGZO FET and CNFET device structures. S/D(T): source/drain (trench); LI: local interconnect; HKD: high-k dielectric. (c)
Embodied carbon per wafer for all-Si vs. M3D design for various power grids: U.S. (380 gCO2e/kWh), coal (Clgp=820 gCO2e/kWh), solar (48 gCO2e/kWh),
and Taiwanese (563 gCO2e/kWh) power grids [4], [20]. 40% electrical energy overhead is included to approximate facility energy (EPAy = EPAX1.4), as
estimated by the 2015 ITRS [21] and described at the end of Sec. II-C. (d) Steps in EUV metal layer fabrication and their total energy (kWh/wafer), adapted
from reference [4]. Our Github repository includes a circuit layout (GDS) using the M3D process, with instructions on how to render it in 3D (using GDS3D).

the carbon footprint of a Si wafer as reported in life cycle
analyses (LCA) [30]. Based on the carbon footprint of CNTs
quantified using LCAs [31], we calculate the MPA of CNTs by
multiplying the mass of CNTs deposited by the energy of CNT
synthesis (=14 kgCOqe per gram CNT [31]) when averaged
across different synthesis methods). The total CNT mass per
wafer in our design is on the order of picograms. Similar carbon
accounting and LCA methods are needed for IGZO.

GPA refers to the carbon emissions per area incurred by
direct gas emissions during fabrication. Several gases with
high global warming potential (e.g., NHs, CHy, N2O) are
necessary inputs for fabrication processes such as etching and
deposition [4]. GPA is calculated based on the mass of gas
abated, data on which is available for the full processes of
several technology nodes [4]. To estimate GPA for each process,
both of which are modeled using a 7 nm node process design
kit (PDK) [19], we use Equation 3. It scales the reported GPA
from the imec iN7 EUV-patterned 7 nm node on a 300 mm
wafer (0.20 kgCOze/cm?) [4] by the ratio of fabrication energy
between the iN7 node and the processes here (1.22x for the
M3D process, 0.79x for the all-Si process).
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C. Embodied Carbon of Fabrication Processes

EPA is the electrical energy per area incurred by fabrication.
This calculation requires detailed analysis of the fabrication
processes in Figure 2a/b. We begin with the front-end-of-line
(FEOL) of each process, encompassing the Si FinFETs. To
give an accurate approximation of the fabrication energy for
the Si FinFET layers (for both 7 nm node processes in Fig. 2),
we equate the FEOL fabrication energy of both processes
to the front- and middle-of-line fabrication energy of the
imec iN7 EUV-patterned 7 nm node reported in reference [4]

(436 kWh/wafer). Next, we illustrate how we model the carbon
footprint of the BEOL for the all-Si and M3D processes.

First, we describe the process flow for the BEOL in each
case. For the all-Si process (Fig. 2a), the BEOL consists of
9 metal layers (M1-M9). Following the ASAP7 PDK [19]: M1-
M3 are at 36 nm pitch, M4-M5 are at 48 nm pitch, M6-M7
are at 64 nm pitch, and M8-M9 are at 80 nm pitch. The M3D
process (Fig. 2b) is the same as the all-Si process from M1 to
M4. After M4, an oxide layer is deposited, upon which a CNT
layer is deposited using the wet processing incubation method
(=2 nm thick [26], [32]). Next, the active region of the CNFETs
is patterned and dry etched with an O5 plasma. The source/drain
electrodes are patterned and deposited (40 nm thick, the same as
the source/drain layers in the ASAP7 PDK [19]). Afterwards,
high-k dielectric (2 nm thick [26]) is deposited. Gate metal
(30 nm gate length [19]) is then patterned and deposited. A
wet etch is used to expose the source/drain. Vias are integrated
on top of the gate, source, and drain layers to make connections
to the 36 nm pitch metal layer on top (M5). A via (V5), metal
layer at 36 nm pitch (M6), and another via (V6) are added
before the next CNFET tier, with more metal/via pairs on top.
The tier of IGZO FETs (IGZO 10 nm thick [33]) is fabricated
using similar process steps, though IGZO deposition is achieved
using Radio Frequency (RF) sputtering, and the active region is
patterned with a wet etch [34]-[36]. After the two 36 nm pitch
metal layers above the IGZO FETs (M9-M10), five additional
metal layers are fabricated (M11-M15) at the same dimensions
as M5-M9 in the all-Si process.

We now describe how to quantify EPA for these BEOL pro-
cesses. Information on the energy consumption of fabrication
processes is limited, but the fabrication energy of a metal/via
pair — given its pitch and lithography method — is available [4].
We use this information to quantify the energy of fabricating
metal/via pairs at 36, 64, and 80 nm pitch. For layers with
48 nm pitch, we use the fabrication energy of a metal layer



with 42 nm pitch (shown in Equation 4). For example, the
energy consumption of a metal/via pair at 36 nm pitch is used
to model the fabrication energy of M1 and VO, M5 and VCNT1,
and IGZO source/drain and V8 (Figure 2a/b, Equation 4).

To model the fabrication energy of CNFETs and 1GZO
FETs, we classify each required process step as one of the
following process areas: dry etch, lithography, metallization,
metrology, wet etch, or deposition [4]. This is convenient
because reference [4] reports, for the fabrication of metal layers
using a given lithography method: (1) the number of process
steps used in each process area; and (2) the total fabrication
energy per wafer incurred by each process area (Fig. 2d). From
this information, we can estimate the fabrication energy of each
process step (according to its process area) by dividing the total
fabrication energy incurred by that process area by the number
of times that process area is used. For example, Figure 2d shows
that for metal layer fabrication using EUV lithography, there
are 3 “deposition” process steps, with total fabrication energy
for this process area equal to 4 kWh/wafer. We divide these
values to obtain 1.33 kWh/step as the fabrication energy of a
“deposition” process step. Note that, the CNFETs and IGZO
FETs in the M3D process are modeled at the 7 nm node, with
feature sizes requiring EUV lithography. Thus, we leverage data
reported for EUV lithography (in reference [4]) to determine
the fabrication energy for each appropriate process step. A step-
by-step guide that includes the exact calculations we performed
to model the entire M3D process and all-Si process, is included
in our Github repository.

To compute EPA for each process in Figure 2 (in kWh
per 300 mm wafer), we multiply the two matrices shown in
Equation 4. One matrix includes the number of times each
process step is used in a process flow (IV S(ﬁ;w) is the number
of times process step is used in process flow). The other matrix
includes the EPA of each process step. EPA is converted to
grams COse using Clg,y,, which is determined by the source
of the electricity used by a foundry. Finally, we compute
Cembodied Using Equation 2. The embodied carbon for the M3D
IGZO/CNT/Si and all-Si processes is multiplied by 1.4x to
include a 40% overhead to account for the carbon footprint of
the facility, as described in the 2015 International Technology
Roadmap for Semiconductors [21]). Results are in Figure 2c.
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ITI. CASE STUDY: CORTEX MO + M3D-EDRAM

In this section, we demonstrate how to use our models to
answer practical questions in carbon-efficient computing. As
a case study, consider the following scenario. A design team
is developing an embedded computing system to run a variety
of applications that are well-represented by the workloads in
Embench [17]. The team has decided on the target application

lifetime (in months, including the expected use time per day),
and high-level system architecture comprising a Cortex-MO
processor with on-chip program and data memories as shown
in Figure 1. In deciding which technology to use to physically
realize this computing system — considering trade-offs in its
power, performance, area, and total carbon footprint — the
team seeks to answer the following question: Should it be
implemented in the M3D process combining IGZO FETs +
CNFETs + Si CMOS, or in the baseline Si process?

A. Circuit-Level Schematics & Physical Design

We begin by introducing the schematic and physical layout
of our embedded computing system (shown in Fig. 3), which
we analyze using detailed simulations to quantify its Power
consumption, Performance, Area, and total Carbon footprint
(PPAtC), leveraging a combination of industry-standard EDA
tools and our embodied carbon models from Section II-C. As
described in Section II-A, our M3D-eDRAM is designed to
combine the benefits of IGZO FETs, CNFETs, and Si FETs,
while simultaneously overcoming their inherent challenges
(summarized in Table I). To achieve the key characteristics
listed below, we leverage a 3-transistor (3T) memory bit cell
topology that comprises one IGZO FET and two CNFETs.

o High memory density: memory cells are integrated directly
on top of peripheral circuits, reducing area footprint.

o High data retention time: retention time of the storage node
(SN) is limited by ultra-low Ipprp of the IGZO FET.

o High endurance: eDRAM is charge-based, vs. devices that
are not solid-state and exhibit relatively low endurance (e.g.,
RRAM [12]).

e Low access latency: read delay is limited by high CNFET
Ippp. Write delay is limited by high Si FET Igpp.

e Low access energy: limited by dynamic energy of peripheral
circuits and parasitic capacitance of wordlines/bitlines.

o Low static power: limited by peripheral circuits (DRAM cells
do not consume static power, unlike SRAM cells).
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Fig. 3. Circuit-level schematics & physical design. (a) 3T memory bit cell
schematic. (b) eDRAM schematic including peripherals. (¢) Chip floorplan.

B. Power, Performance, Area, and total Carbon

Here, we summarize our design flow for quantifying PPAtC
of the embedded system running applications from Em-
bench [17]. As described in the 5 steps below, we use a combi-
nation of cycle-accurate Register Transfer-Level (RTL) simula-
tions (to count the number of eDRAM accesses), application-
dependent power analysis after place-and-route (using Cadence
Innovus), SPICE simulations of eDRAM circuit netlists (in-
cluding wire parasitics), and compact models calibrated to
experimental data for CNFETs, IGZO FETs, and Si CMOS.

Step 1) Determine required memory size: We compile each
Embench application to run on the M0O. We select the sizes (in



kB) of the program & data memories so that the embedded
system has sufficient memory to run any of the compiled
applications. The program & data memories are each 64 kB.

Step 2) eDRAM schematic & physical design: We design
our embedded system so that the MO can read and write to
the eDRAMs in a single clock cycle. Thus, in the design of
both the MO and the program/data memories, we must enforce
that the critical path delay is shorter than the clock period (e.g.,
TeLk = 2 ns for clock frequency fcrx = 500 MHz). To facilitate
fast critical path delay of the eEDRAM (read/write access times),
we partition the 64 kB into 2 kB sub-arrays, each with 512
32-bit words, which improves timing due to relatively smaller
capacitive loading of 2 kB sub-arrays.

For eDRAM to meet timing, we adjust the following cir-
cuit design parameters in Figure 3: memory supply voltage
(Vpp = 0.7 V to match the recommended Vpp for the
ASAPT7 standard cell libraries [19]), write word line voltage
(Vwwr = 1.3 V to overdrive the IGZO FETs), and Vp of
each FET (in the bit cells, write drivers, and sense amplifiers).
For digital logic blocks (the decoder & refresh controller), we
specify timing constraints in automated VLSI design flows. We
validate timing using SPICE circuit simulations, with compact
device models for Si CMOS [19], CNFETs [27], and IGZO
FETs (using a virtual source model [37] with experimentally
measured values: IGZO mobility = 1 cm?/V.s and sub-threshold
slope = 90 mV/decade for 44 nm gate length [38]).

Step 3) MO + eDRAM integration & physical design: We
export the memory layout (library exchange format: .lef), which
can be instantiated together with the MO core in standard VLSI
digital design flows. We perform logic synthesis & place-and-
route (Cadence Genus & Cadence Innovus) over a range of
design parameters to generate multiple options for fc g and
energy consumption of our system. In particular, we sweep the
target clock frequency from 100 MHz to 1 GHz (in steps of
100 MHz), and sweep Vr of the FETs over all options offered
in the ASAP7 standard cell library. Figure 4 shows the critical
path delay for each design.

Step 4) Application-dependent energy consumption: We per-
form RTL simulations (using Synopsys VCS, with the program
memory initialized with a compiled Embench application) to
obtain cycle-accurate digital waveforms (digital 1 or 0 vs.
time) for each net in our computing system. These waveforms
are represented in .vcd format (value change dump), which
enables us to: (a) determine the exact number of clock cycles
to run an application, (b) determine the exact number of mem-
ory accesses and required data retention times (by analyzing
reads/writes to specific memory addresses), and (c) determine
the average energy per clock cycle for the MO to run a specific
application, as shown in Figure 4 (using Cadence Innovus to
perform power analysis for a specific .ved file).

Step 5) Total carbon: Equation 5 computes average
Cembodiea Per good die (considering yield) given our models
from Section II. We use a die per wafer estimator [39] to
find Ngicperwafers considering physical die size (from place-
and-route) and other relevant parameters (horizontal & vertical
spacing of 0.1 mm, edge clearance of 5 mm, flat/notch height
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Fig. 4. Cortex-MO average energy per cycle vs. clock frequency, shown for
the matmul-int Embench workload. HVT, RVT, LVT, & SLVT for “High”,
“Regular”, “Low” & “Super Low” Vr in the ASAP7 PDK [19].

of 10 mm). As a demonstration, we consider 90% yield for
our Si eDRAM and 50% yield for the M3D-eDRAM to reflect
the relative maturity and complexity of each process. However,
designers can choose arbitrary yield models (e.g., depending
on technology node, process, and design robustness).
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For Coperational, We consider running the “matmul-int” appli-
cation for 2 hours per day for 24 months. Since Cly(t)
varies throughout the day, we define an indicator function
Isto10pm (), which is 1 from 8 pm to 10 pm, and 0 otherwise.
We can then define power consumption vs. time according to
. (MO) - . (MO) .
Equation 6, whe.re P 1s the MO static pow.er, Edynamic is the
MO total dynamic energy to execute the application once, and
Eg;?};ﬁle is the eDRAM total operational energy to execute the
application once (considering leakage power, eDRAM refresh,

and application-specific read/write accesses).

(MO0) (eDRAM)
P(t) _ (Alq) + dynamic operational Isto10 (t) (6)
static Ncycle . Tclk Ncycle . Tclk o
We then substitute P(¢) into the general form for

Coperational (Equation 1), lumping all time-independent terms
into Pyperational (Equation 7). Further reduction leads to Equa-
tion 8, where Clyse sto10pm 18 the average value of Clys from
8 pm to 10 pm over the entire lifetime.

tlife
Coperational - Poperational/ CIuse (t)HStOIOpm (t)dt (7)
0

2 hours/day

8
24 hours/day ®

Cope'rational = CIuse,StolOpm . Poperational . tlife .

Table II summarizes PPAtC results from our design flow. In
Section III-C, we quantify how these PPAtC trade-offs affect
the carbon efficiency of each design.

TABLE II
PPATC SUMMARY (CIRCUIT SIMULATION RESULTS ARE IN OUR GITHUB).
MO +
MO + .
System . IGZO/CNT/Si
i Si eDRAM. | \i3p-eDRAM
clock frequency 500 MHz 500 MHz
MO dynamic energy per cycle 1.42 pJ 1.42 pJ
average memory energy per cycle 18.0 pJ 155 pJ
clock cycles to run “matmul-int” 20,047,348 20,047,348
64 kB memory area footprint 0.068 mm? 0.025 mm?
0.139 mm? 0.053 mm?
total area footprint (memory + MO) H: 270 pm H: 159 pm
W: 515 pm W: 334 ym
embodied carbon per wafer (U.S. grid) | 837 kgCOaze 1700 kgCO2e
total die count per 300 mm wafer 299,127 606,238
embodied carbon per good die 3.11 gCO2e 3.63 gCOze




C. Quantifying trade-offs in PPAtC

To quantify PPAtC trade-offs for the case study described
at the beginning of Section III, we operate each computing
system at the same clock frequency (fcLx = 500 MHz), which
corresponds to meeting a target latency constraint (i.e., each
embedded application must finish executing in a fixed amount
of time). To accurately quantify tC per good die, the area of
each die (see Table II) and the number of good dies per wafer
for each design must be calculated. Considering parameters
such as number of dies per wafer and yield, the area per die
of the all-Si design is 2.72x larger than the M3D design, but
produces 1.13x more good dies per wafer. This translates into
a 1.17x increase in Cembodied per good die for the M3D design
vs. the all-Si design (see Table II).

Figure 5 shows tC vs. lifetime, considering Cempodied PEr
good die, and Coperational for 2 hours of use per day. In this
case, Cembodieda dominates tC until 14 months for the all-
Si design, and 19 months for the M3D design, after which
Coperationa dominates. Before 11 months, tC is higher for the
M3D design vs. the all-Si design, and then it switches to being
higher for the all-Si design. In general, this crossover point
depends on the application scenario and the design.

(a) Total Carbon vs. Lifetime Al-Si-totalCarbon
ALSI- C

M3D - total Carbon
mM3D- C

BAUSI - Cornpodied
M3D- C,
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Fig. 5. (a) tC (gCO2ze) and (b) tCDP (gCO2e/Hz) per month for all-
Si and M3D designs vs. system lifetime (U.S. grid). tC is shown behind
Cembodied  and Coperationat ~ contributions. The ratio between M3D and all-Si
tCDP is highlighted above 1, 18, and 24 months. It converges to the ratio of
energy-delay product (EDP) as Coperational dominates for long system lifetime.

D. tCDP

We compare the carbon efficiency of each design using the
total carbon delay product metric (tCDP): the product of tC
and application execution time, measured in gCOqe/Hz [18].
This metric quantifies how efficiently COse emissions are
being allocated to reach a certain clock frequency (an extensive
discussion of the tCDP metric is in reference [18]). For a system
lifetime of 24 months, the M3D design is 1.02x more carbon-
efficient vs. the all-Si design (Fig. 5).

As described in the introduction, it is not clear whether M3D
ICs are more carbon-efficient vs. Si CMOS ICs. Specifically,
do the energy efficiency benefits of M3D ICs outweigh their
Cembodied drawback, considering factors such as area footprint,
process complexity, and yield? We are now equipped to answer
this question. As the answer depends on detailed analysis

of several parameters, we use Figure 6a to visualize specific
circumstances where M3D designs have better tCDP than all-
Si designs. The y-axis corresponds to scaling the operational
energy (Eoperationa) Of the M3D design. For example, a value of
0.5 means that the Eperationat 18 2.0x lower (leading to better
tCDP). The x-axis corresponds to scaling Cempogied Of the M3D
design. For example, a value of 2.0 means that Ceppodied 1S 2.0%
higher (leading to worse tCDP). The colormap indicates the
overall tCDP benefit of the M3D design vs. the all-Si design.
The red shaded regions show when the M3D design is more
carbon-efficient. Otherwise, the all-Si design is more carbon-
efficient (blue shaded regions). The “tCDP isoline” represents
the boundary between these two regions, which also depends
on factors such as yield, system lifetime, and Cls. The tCDP
isoline is helpful in guiding designers to understand when it
makes sense to pursue M3D technologies for carbon-efficient
computing — considering a wide range of values for relative
energy efficiency and Ceppodied- Furthermore, Figure 6b shows
how to expand this type of analysis to account for uncertainty
in carbon accounting, e.g., uncertainty in yield, system lifetime,
and Cls. Uncertainty affects the position of the tCDP isoline.
However, even in the presence of uncertainty, there are regions
in which the M3D design maintains better tCDP vs. the all-Si
design (and vice versa). This is especially useful information
given the challenge of uncertainty in carbon accounting [18].

xtCDP 10X

benefitin tCDP isoline (b)
B 5x M3D Tl 5%
8 design U.S. grid 5%
Z P isoline g e ‘ 90% M3D yield

N
g -
= e case study 4 -
S %4 M3D design =
5 . 2 30month] |,
g A \ 2 a S, | lifetime
g . X
2 \
§ 0.5 . 1 . / - -
3 . ’
; e . 3
W ' 05 Inowman | A
g i yield lifetime g \
5 : " ' R R T~
g ‘ A . s
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Fig. 6. (a) The colormap indicates the relative tCDP of the M3D design vs.
the all-Si design. The dashed black line is the tCDP isoline. (b) Variation in the
tCDP isoline due to: 6 month increase/decrease in system lifetime (red dashed
lines), 3x increase/decrease in Clye of the U.S. grid (green dashed lines), and
10%/90% M3D yield (purple dashed lines).

CONCLUSION

We demonstrate a detailed methodology for robustly quanti-
fying trade-offs in power, performance, area, and total carbon
footprint of future computing systems. We present a specific
case study showing how to compare tCDP of an embedded sys-
tem implemented in an M3D IGZO/CNFET/Si process vs. an
all-Si process. This type of analysis can be extended to consider
factors such as cost, new materials and processes, alternative
memory cell topologies, water consumption, and more, to guide
decision-making about which future technologies should be
developed to reduce computing’s carbon footprint.
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