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Abstract— Emerging graphene-based interconnects exhibit
excellent conductivity, rendering them a promising alternative to
traditional interconnect materials. The energy consumption and
delay of field-programmable gate arrays (FPGAs) are
significantly influenced by global routing, which presents a
compelling opportunity for graphene interconnect technology.
This study examines the potential benefits of replacing copper
(Cu), the conventional interconnect material, with graphene.
Three interconnect technologies are examined: Cu interconnects,
improved graphene-capped Cu interconnects, and thick graphene.
An interconnect/system co-design framework is designed to
systematically evaluate their performance differences. Concerning
graphene material-level parameters, our focus is on the impact of
graphene contact resistance and mean-free-path on performance.
Benchmark  simulations indicate that graphene-based
interconnects can enhance the energy-delay product of circuits by
up to 32% in comparison to conventional Cu interconnects at the
7nm FinFET technology node.

Keywords— Graphene interconnect, contact resistance, mean-
firee-path (MFP), field-programmable gate array (FPGA),
interconnect/system co-design, benchmarking, FinFET.

I. INTRODUCTION

As interconnect dimensions decrease, the resistivity of
conventional copper (Cu) interconnects rises substantially due
to increased grain boundary scattering, surface scattering, and
the presence of a high-resistivity diffusion barrier layer [1-3].
Addressing these challenges has spurred considerable research,
leading to the exploration of alternative interconnect materials
such as Cobalt (Co), Ruthenium (Ru), and Nickel Silicide (NiSi)
as potential substitutes for Cu [4, 5]. Among these alternatives,
graphene—a promising two-dimensional material—
demonstrates superior conductivity owing to its extended mean-
free-path (MFP) [6, 7]. Nevertheless, graphene also introduces
practical challenges, including high contact resistance, making
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it more suitable for longer interconnects (on the order of
micrometers to much longer distance) compared to short local
ones. Additionally, producing high-quality multilayer graphene
with numerous layers through chemical vapor deposition (CVD)
remains challenging.

Recent studies have examined the application of graphene in
Very-Large-Scale Integration (VLSI) design [8-11], revealing
that graphene-based interconnections can effectively improve
circuit delay as well as power consumption. However, most
research has concentrated on Application-Specific Integrated
Circuits (ASICs), with less emphasis on Field-Programmable
Gate Arrays (FPGAs). FPGAs, comprised of configurable logic
blocks (CLBs) interconnected by programmable routing
elements, are particularly sensitive to interconnection network
performance [12, 13]. The large amount of routing resources
required to connect each reconfigurable unit can cause
significant delay and energy overhead [14]. Therefore, emerging
graphene-based interconnect materials present a promising
approach to alleviate these overheads and improve FPGA
performance.

Lee et al. investigated the interconnects based on graphene
and evaluated its performance across various supply voltages
[15]. The experiment indicates that graphene interconnects offer
over 200% improvement in speed and 150% enhancement in
energy efficiency at low-swing voltages. While this research
underscores the potential of graphene-based interconnects, it
mainly focuses on low-voltage applications with the circuit
operating at a voltage of 0.4V, which involves a trade-off
between performance and energy efficiency. Consequently, the
benefit of graphene-based interconnects for high-performance
FPGA applications remains uncertain. Furthermore, the study
fails to consider some pivotal material-level parameters,
including the contact resistance between graphene interconnects
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and transistors, as well as the mean free path of graphene
material. These factors are of particular significance in narrow
geometries. The graphene-based interconnects in this work are
limited to top metal layers with a 180nm technology node, in
contrast, the current mainstream FPGAs employ advanced 7nm
processes. This inevitably results in interconnect widths that are
so excessively wide that they fail to reflect the advantages of
graphene interconnects. To evaluate graphene's benefits, we
need to look at how it works with devices and connections at the
advanced technology node.

In this paper, we will explore the potential benefits of using
multilayer graphene based global routing interconnects in
FPGAs within the context of the prevalent 7nm FinFET
technology node [16]. Our study will conduct a thorough
comparison of three interconnect materials: traditional Cu,
graphene-capped Cu, and thick graphene. We will evaluate and
benchmark these materials based on their performance
characteristics and practical viability. Additionally, we will
assess the impact of non-ideal material-level parameters for
graphene, such as contact resistance and mean free path, within
an interconnect/system co-design framework specifically
designed for FPGA systems. To refine our evaluation, we will
integrate repeater insertion into interconnect segments,
optimizing the number and size of repeaters to minimize the
energy-delay product (EDP). By addressing these aspects, our
study aims to offer an in-depth analysis of the practical
advantages and challenges associated with incorporating
multilayer graphene into advanced FPGA designs, emphasizing
its potential to enhance performance in high-performance
applications.

The primary contributions are outlined below:

e A robust co-design framework is introduced to improve the
optimization and evaluation processes of multi-layer
graphene interconnects.

e The impact of disparate non-ideal material-level parameters,
including contact resistance and MFP, is evaluated for multi-
layer graphene interconnects. The performance of these
interconnects is then benchmarked against that of Cu and
graphene-capped Cu counterparts.

TABLE 1
DEVICE-LEVEL ASSUMPTIONS AND METRICS
Parameter Value
Vdd (V) 0.75
Ton (nA) 85.5
Ron (kQ) 8.8
Electrical Parameters
Intrinsic Delay (ps) 0.86
Switch Energy (fJ) 0.85
Cg (aF) 44.1
Fin/Sheet Pitch (nm) 32
Layout Parameters Gate Pitch (nm) 54
Invertor Area (um2) 0.052

e Results offer valuable insights that facilitate collaboration
between interconnect and circuit/system designers, enabling
the development of more suitable interconnect materials for
enhanced FPGA performance.

L MODELING APPROACH

In this section, we will first introduce the physical modeling
of different material interconnects and compare their
performance differences. Then we will explore the
improvements that graphene interconnects can bring to FPGA
global routing based on the 7nm FinFET technology node. In
particular, the circuit model based on graphene interconnect and
repeater insertion will be highlighted. Finally, an
interconnect/system co-design framework for FPGA using
different interconnect materials will be presented.

A. Interconnect Resistance Modeling

There are three interconnect materials that will be examined
in this paper: (i) conventional Cu interconnects, (ii) graphene-
capped Cu interconnects, where 10 layers of graphene are
deposited atop the Cu to reduce the resistance, and (iii) thick
graphene interconnects, consisting of a significant number of
graphene layers, have their resistance modeled using quantum
transport theory in accordance with established methodologies
[11]. The mathematical relationship between electrical
conductivity, mobility, and mean free path is given by the
following semiclassical equation: [17]:

a:enuz%(\/ﬁ-MFP), (1)

where n is carrier density, o is conductivity, and u is mobility.
Atn =~ 4.85 x 10%m™2, the MFP is set as 460 nm for 1um
wide graphene based on the existing work [18]. The MFP is
observed to decrease with increasing width, a phenomenon
attributed to edge scattering. The mobility as a function of width
is extracted based on experimental data [19]. Other than the
intrinsic interconnect resistance, an additional contact resistance
is added on each side of the interconnect, whose value is
Reont/ (WNlayer), where R.,,; is the contact resistance in the
unit of Q-pm, Nigye, is the number of graphene layers, and W
is the interconnect width.

The resistivity model for Cu follows established work,
incorporating a grain boundary reflectivity of 0.5 and a side wall
specularity of 0.5 [17]. In terms of graphene-capped Cu
interconnects, where electrons experience reduced scattering
within the Cu due to the graphene layer, we account for this
effect by modeling the grain size as 3x larger, based on
experimental data [20, 21]. The capacitance of the interconnects
is computed as the series combination of quantum capacitance
and electrostatic capacitance.

B. Device-Level Modeling

In this paper, we adopt the CMOS FinFET device metrics at
the 7nm technology node based on the 2018 IRDS report [16],
and TABLE I provides a summary of the principal electrical
parameters and design rules. The corresponding layout and
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Fig. 1. Technology/system co-design framework for FPGA using different
interconnect materials.

geometry of the minimum size transistor are designed in
accordance with the layout design rule provided by the report,
including the specifications for fin/nanosheet pitch and
contacted gate pitch. The transistor area exerts a considerable
influence on the system as a whole, as it affects the dimensions
of crucial components such as CLBs and switch boxes (SBs).
Consequently, this has an impact on the length and width of the
interconnecting wires, which will be presented in Section II.

C. System-Level Interconnect Modeling

In order to systematically simulate the FPGA global routing
network, we adopt VTR [22], an open-source FPGA simulation
platform. In VTR FPGA architecture, CLBs are connected to
each other through a connection block (CB), routing channel,
and SB. The CB connects CLB inputs and outputs to global
routing interconnect wires, and the SB connects vertical and
horizontal routing channels. There are several types of switch

boxes, the Disjoint style, the Universal style and the Wilton style.

Disjoint style has been used in the Xilinx XC4000 series, and
Universal style and Wilton style require fewer routing tracks and
a smaller logic area [23]. All these styles have trade-offs among
performance metrics, and the Wilton style is used in this paper.
The global routing of the FPGA has W, ;nner interconnect
segments, which is widely used in VIR and related studies. We
assume here that the total width occupied by these W,y annet
interconnects is equal to the width of a single SB. In terms of

interconnect geometry, we set its width W,,;. equal to the space
Swire between neighboring interconnects. Here, the value of 300
is assigned to the number of channels, in accordance with the
specifications set forth by the VTR tool [22], the length of a
single segment spans 4 CLBs.

D. Repeater Insertion Modeling

To mitigate the quadratic delay dependency on interconnect
length, repeaters are inserted at regular intervals along the
routing interconnects. It is important to note that the introduction
of a repeater into a graphene interconnect will result in the
addition of two supplementary contact resistances at the
interface between the repeater and the graphene. Consequently,
the insertion of an excessive number of repeaters will result in a
discernible escalation in the delay overhead. It is therefore
imperative to conduct a comprehensive optimization of the
repeater insertion process to minimize both delay and energy
consumption.

A thick graphene-based interconnect of length H is subjected
to a breakage test with K repeaters. The delay and energy of this
model are expressed by the following equations:

ty=0.7Ro = + 0.7 (22 + Roone ) Cy + 0.4R,, 2 +

0.7RoCoK Q)

+0.7(Ry + 2Reont ) CoHK + 0.7R,, CoH + 0.7R0% ,

E =0.5(Cy + CoHK + Cioqa)Vaa? 3)

where R,, and C,, are wire resistance and capacitance of a unit
length segment, R, and C, are the repeater resistance and
capacitance, respectively, R, is the quantum resistance, Cpqq
refers to the load capacitance of the buffers or MUXes that are
connected to the interconnect wire. In this paper, we select EDP
as the metric for optimization.

E. Interconnect /System Co-Design Framework

In order to facilitate the translation of interconnect material-
level parameters to system-level performance and enable the
exploration of an efficient and expansive design space, we have
developed a framework for the co-design of interconnect
technology and systems [24], as shown in Fig. 1. First, the
corresponding FPGA architecture files are generated based on
the aforementioned interconnect model. In this process, material
parameters such as the contact resistance of graphene and the
MFP are taken into account as variables, which contain the
settings of the unit length interconnect's resistance, capacitance,
and other important parameters. Then, for a given circuit, an
open-source tool, Odin II [25], is used to transform Verilog files
into BLIF netlist files. Subsequently, the open-source synthesis
tool, known as ABC, is employed to transform the netlist circuit
into a 6-input LUT structure [26]. Following that, VPR is used
to perform LUT clustering, placement, and routing [22]. In order
to calculate the switching of energy calculations, the activity
files are generated by ACE2.0 [27], this process generates
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Fig. 2. (a) Interconnect resistance vs. width for different wire lengths. The
red/blue dots show the width at which Cu/graphene-capped Cu and thick
graphene have the equal wire resistance with an aspect ratio of 1.5. (b) shows
the width at which thick graphene provides the same resistance as Cu and
graphene-capped Cu, respectively, as a function of length with different aspect
ratios. The left y-axis shows the difference in width between thick graphene
and Cu, while the right y-axis shows the difference between thick graphene
and graphene-capped Cu. In this case, the thick graphene contact resistance is
100 Q-um.

activity factors for each node in the FPGA system, based on the
circuit netlist generated by ABC. To assess the performance of
the proposed methodology, several representative circuits with
varying sizes are selected from the IWLS 2005 benchmark [28].

II. SIMULATION RESULTS

In this section, we will quantitatively analyze the simulation
results based on different interconnect materials. First, we will
analyze the material-level performance between three different
interconnect materials. Then we will analyze the simulation
results for a single FPGA segment, and finally, we will analyze
the simulation results at the FPGA system level, focusing on the
graphene contact resistance as well as the effect of MFP on the
system level.

A. Material-level Performance Comparison
1) Threshold Width Analysis

Based on the previously discussed modeling, we proceed to
assess the impact of interconnect width and length on the
interconnect resistance. This analysis is illustrated in Fig. 2. The
resistance of all three materials demonstrates an increase as the
interconnect width is reduced. This phenomenon is especially
pronounced in the case of Cu interconnects, which exhibit
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Fig. 3. Relationship between MFP and wire resistance with different wire
length.

considerable size effects due to their intrinsic resistivity
characteristics. As illustrated in Fig. 2(a), the red/blue dots
indicate the intersections between Cu/ thick graphene and
graphene-capped Cu/thick graphene, respectively. It is evident
that when the width of the wire is less than the aforementioned
threshold width, defined as the point at which graphene exhibits
lower resistance, the material is more suitable for use in narrow
wires.

Fig. 2(b) illustrates the relationship between threshold
interconnect width and interconnect length across various aspect
ratios. The results indicate that the threshold width increases
with interconnect length, suggesting that thick graphene has
superior tolerance compared to traditional materials. Moreover,
interconnects with smaller aspect ratios exhibit a larger
threshold width, highlighting that traditional Cu interconnects
are more susceptible to size effects as the aspect ratio decreases.
This behavior underscores the benefits of using thick graphene
for improved performance in longer interconnects and with
varying aspect ratios.

2) Graphene Effective MFP Influence

Unlike copper wires, which typically have an MFP of
approximately 39 nm [29], high-quality graphene can achieve
an MFP of up to several micrometers or even longer. The exact
length of the MFP depends on specific experimental conditions
and the quality of the graphene material. Here we take a
conservative range of values considering the difficulties that
may be faced in practical large-scale manufacturing, as shown
in Fig. 3, which is the relationship between the graphene-capped
Cu as well as the thick graphene resistance with the MFP values
in the case of 0.1~1pm. Fig. 3 illustrates that both graphene-
capped Cu and thick graphene interconnects are affected by their
MFP values, with thick graphene demonstrating a more
pronounced impact. The larger MFP value can effectively
reduce the resistance of thick graphene, making thick graphene
even more suitable for shorter local interconnects.

B. Single Interconnect Performance Comparison

In alignment with the interconnect model featuring repeater
insertion outlined in Section II, we conduct a quantitative
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analysis to evaluate the performance of three different
interconnect materials across varying MFP values. In this
analysis, the aspect ratio of the interconnect is held constant at
1.5, while the interconnect length is set to match the width of a
single CLB. To achieve optimal performance, the number and
size of repeaters are adjusted to minimize the EDP. Fig. 4 shows
the optimal number and size of repeaters for a single CLB
length, aimed at minimizing the EDP. The results indicate that,
due to the additional contact resistance associated with
graphene, fewer but larger repeaters are more effective for
graphene interconnects compared to copper and copper-capped
graphene interconnects.

As shown in Fig. 5(a), graphene-capped Cu and thick
graphene interconnects, with the baseline MFP, are shown to
achieve up to 26% and 33% delay reduction, respectively,
compared to conventional Cu interconnects at the 7nm
technology node. As fabrication techniques advance, both the
quality of graphene and its MFP are expected to improve further
[30, 31]. Here, we aim to quantify the potential benefits of
graphene if its MFP is to be improved by a factor of two or three.
This analysis will provide a compelling rationale for researchers
to invest in the development of high-quality graphene. Fig. 5(a)
illustrates that graphene with a 2x baseline MFP and a 3x
baseline MFP exhibits a reduction in delay of up to 28% and
40%, respectively, in comparison to its baseline MFP
counterpart at the 7nm technology node.

In terms of switching energy, Fig. 5(b) shows that the energy
consumption for graphene-based interconnects remains nearly
constant as the MFP increases from the baseline to three times
the baseline. Furthermore, there is no notable discrepancy in
energy consumption among the various interconnects, as the
energy is predominantly influenced by the fixed interconnect
capacitance, given that all interconnects have an identical wire
length. Fig. 5(c) illustrates the variations in overall EDP among
the three interconnect technologies. At the 7nm technology node
with the baseline MFP, graphene-capped Cu and thick graphene
achieve up to 26% and 35% reductions in EDP, respectively,
compared to traditional Cu interconnects. These improvements
become even more significant with increased MFP, with
graphene-capped Cu and thick graphene demonstrating
reductions of 33% and 61%, respectively, when the MFP is three
times the baseline.

For each MFP, bars from left to right are using wire type: » Cu
» Graphene-capped Cu » Thick Graphene
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C. Impact of Material-Level Parameters of Graphene

In this subsection, we explore how key material-level
parameters of graphene affect overall FPGA system
performance. The default settings are a 7nm technology node, a
contact resistance of 100 Q-um, and 300 routing channels,
unless stated otherwise.

1) Graphene Contact Resistance

As illustrated by the RC model described in Section II D,
there is a non-negligible contact resistance when graphene
interconnects are connected to the device. The value of this
contact resistance is highly dependent on the fabrication process
and can vary significantly [32]. To quantify the impact of
contact resistance on the overall performance of the
interconnects, Fig. 6 illustrates the overall performance across a
range of contact resistance values, from 100 Q-um to 2000
Q-um. The results show that even at high contact resistance
levels (e.g., 500 Q-um), graphene interconnects continue to
outperform both Cu and graphene-capped Cu interconnects
(represented by the first two bars).

2) Graphene Effective MFP

Graphene interconnect modeling reveals that MFP
significantly affects graphene conductivity and FPGA system
performance, as shown in Fig. 7. An increased MFP reduces
both local and global route delays by lowering wire resistance
(Fig. 7(a)). Improved global routing efficiency allows for better
distribution of BLEs across CLBs, raising the number of switch
boxes and shifting more energy consumption to these
components and the wiring Fig. 7(b)). Enhancing the MFP by a
factor of 3 could reduce overall EDP by up to 20% compared to
the baseline MFP, highlighting the importance of advancing
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manufacturing to produce thick graphene with longer MFP for ~ and EDP by 32% compared to conventional Cu interconnects,

better performance. with greater benefits expected as technology advances. These

findings highlight the importance of graphene quality in

improving FPGA performance and energy efficiency. Future
This paper theoretically examines the advantages of  work should aim to achieve a contact resistance below 500

graphene-based interconnects for global FPGA routing. It shows Q-pm and higher mean free path values.

that material parameters such as mean free path and contact

resistance significantly impact FPGA performance. At the 7nm

technology node, graphene interconnects reduce delay by 35%

III. CONCLUSION
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