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In this work, a comparative analysis is performed in terms of power supply voltage drop (IR-Drop) and
propagation delay (PD) of three different graphene nanoribbon (GNR) based interconnect models i.e., vertical
GNR (V-GNR), horizontal GNR (H-GNR), and folded GNR (F-GNR) for next generation high speed and low
power IC design. To perform IR-Drop and delay analysis for three different interconnect models, a 10-stage
cascaded CMOS inverter (i.e., 16nm PTM-HP CMOS model) is used, where each inverter is connected with
three different interconnect models (i.e., V-GNR, H-GNR, and F-GNR). Each interconnect model consists of
different RLC values, which are calculated using some standard mathematical model. From the above anal-
ysis, it is observed that F-GNR is showing less Peak IR-Drop (~ 200 mV @ 1st stage, ~ 215 @ 5tk stage, ~ 232
@ 10th stage) compared with V-GNR (~ 210 mV @ 1st stage, ~ 224.4 @ 5t stage, ~ 256.67 @ 10th stage) and H-
GNR (~ 272.33 mV @ 1st stage, ~ 277.88 @ 5th stage, ~ 282.45 @ 10tk stage) at 0.4 eV Fermi energy. In terms
of power consumption, F-GNR is showing less power consumption (i.e., 2.06e-005 Watt) compared with V-
GNR (i.e., 3.80 x 10-5 Watt) and H-GNR (i.e., 4.08 x 10-5 Watt). In terms of propagation delay, F-GNR is
showing ~2-5 times less delay in several cascaded stages (i.e., starting from the 1st stage up to the 10th stage)
compared with V-GNR and H-GNR interconnect. The above analysis is useful for next-generation high-speed

IC design using nano-interconnect materials.
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1. INTRODUCTION

Graphene is one of the promising materials for
next-generation high-performance integrated circuit
design due to its excellent electrical, thermal, and me-
chanical properties. The structure of graphene is basi-
cally a single-layer hexagonal array of carbon atoms
arranged in a honeycomb lattice structure [1]. The
bandgap of single-layer graphene is zero. A nonzero
bandgap is attained when graphene is sliced into a rib-
bon known as a graphene nanoribbon (GNR). The
width of the ribbon has an inverse relationship with
the bandgap (Eg). Depending on the width and edge of
the ribbon, GNR exhibits metallic or semiconducting
properties. Zigzag GNR is a type of GNR that has zig-
zag edges (ZGNR) and shows always metallic proper-
ties, whereas Armchair GNR is a type of GNR with
armchair-style edges (AGNR) that shows both metallic
and semiconducting properties depending on the width
of the GNR. In order for AGNR to be metallic, its width
must contain N = 3k + 2 (where k is an integer); other-
wise, it is semiconducting [2]. Due to its metallic char-
acteristics, the ZGNR is recognized as a novel intercon-
nect material for future interconnect applications. For
interconnect modeling, several parallel GNR layers are
taken into consideration because of the single-layer
GNR's (SLGNR) high quantum resistance. The major-
ity of scientists have modelled MLGNR interconnects
with respect to horizontal GNR layers [3-7]. In several
research work, the top-contact (TC) or side-contact
(SC) MLGNR interconnects are used to investigate the
interconnect performance [8-9]. Additionally, it is
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claimed that despite the SC-MLGNR connection's
higher manufacturing burden, it performs better than
the TC-MLGNR interconnect [10]. MLGNR intercon-
nects employing vertical GNR (V-GNR) layers have
just recently been proposed by a few researchers re-
ported in [11]. Li et. al. revealed that VGNR has
greater performance when compared to H-GNR connec-
tion after modeling MLGNR interconnect with horizon-
tal and vertical layers [12]. Signal integrity, power con-
sumption and stability analysis are reported in [13].
Here, a comparative study is performed between ML-
VGNR interconnect and ML-HGNR interconnect. Two
flat GNRs joined by a fractional nanotube can be seen
as the basic structure of a folded GNR (F-GNR) [14].
One flat ribbon can be folded to create it. Graphene or
GNR is mechanically manipulated to produce folded
GNR (F-GNR). Experimental observations of F-GNR
have been made by Yu et al., Liu et al., and Zhang et
al. [15-17]. The numerical F-GNR interconnect model
was first proposed by D. Das et.al. reported in [18-19].
Although numerous researchers have studied GNR for
interconnect applications, folded GNR (F-GNR) has
never been studied for IR-Drop and propagation delay
analysis for nano-electronic circuit applications. In this
work, we introduced a folded GNR structure model for
interconnect applications.

The rest of the paper is organized as follows. Section
2 represents the interconnect models. Section 3 repre-
sents the results and discussion. The conclusions are pre-
sented in the Sections 4.
2. INTERCONNECT MODELS

© 2023 Sumy State University
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GNR interconnect is broadly classified as horizontal
GNR (H-GNR), vertical GNR (V-GNR) and Folded GNR
(F-GNR) (see Fig. 1). Here, H-GNR structure is combi-
nation of multiple single layer GNR (SLGNR) also called
as multi-layered GNR (MLGNR). A single layer GNR
having high quantum resistance Rg = (h/2¢2)/Nch, where
h is plank’s constant, e is known as charge of electron,
and N is the total number of conduction channel. The
conduction channel is depending on the number of pop-
ulated sub band (M = Int (EF/AE)), GNR width (Wanr),
temperature (7) and Fermi energy (EF). Here, AE is the
energy gap between two sub band. Due to high quantum
resistance of SLGNR, the H-GNR or MLGNR is pre-
ferred for interconnect modeling. H-GNR shows less re-
sistivity due to its parallel configuration and widely
used for nano interconnect fabrication. The H-GNR is
also classified as two types (a) top-contact (TC-GNR) and
(b) side-contact (SC-GNR). The TC-GNR is preferred
over SC-GNR due to less manufacturing cost and easy to
fabricate. The V-GNR is same as H-GNR but it is repre-
sented as vertical structure. Finally, the F-GNR consists
only one single layer in a folded form instead of multiple
layers. Figure 1 shows the cross-sectional view of
H-GNR, V-GNR and F-GNR interconnect. Here, Th is
known as thickness of the interconnect, W is known as
interconnect width and H is the height from the ground
plane. The number of layers of different GNR structures
can be calculated as

1+ Int(%) for HGNR(Wyonp #T5,)

N= s (1)

1+ Int (%j forVGNR | FGNR(W,, yoxp=T),)

where, 6 is known as interlayer distance which is as-
sumed as 0.34 nm in this work. More GNR layers with
the same width as the connector are present in HGNR
interconnect structures. VGNR interconnect structures
have fewer GNR layers than HGNR structures, but their
widths are the same as their connectivity thicknesses.
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Fig. 1- Schematic representation of HGNR, VGNR and FGNR
interconnect [18-19]

The fundamental N-fold structure of the FGNR in-
terconnect model is depicted in Figure 2. The curved
part's length is Q = 7z8/2. The width of N-fold GNR can
be represented as

Wigng = (N -1)Q+ (T, -6)N +6 2)
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Fig. 2 - Schematic representation of FGNR interconnect [18-19]

Table 1 — Number of GNR layers (IN) and width of GNR
(WGNR) layer for different GNR structures and different tech-
nology nodes

Technology (nm) 16 22
N for HGNR 95 130
N for VGNR 48 65
N for FGNR 1 1
WHGNR (nm) 16 22
WVGNR (nm) 32 44
WFGNR (nm) 1545 2872

The number of GNR layer (N) and width (W) of three
different types of interconnects can be measure using
equation (1) and (2). Table 1 represents the number of
layer and width calculated data for two different tech-
nology (i.e., 16 nm and 22 nm). In this work, we mainly
considered the 16 nm technology. The resistance model
of single layer GNR is represented as

M A B
Ry onr = Ry Z:.lN chin (1 + Ij ) 3)

here, Rg is represented as quantum resistance, Nenn 18
known as number of conduction channel in each single
layer GNR, L is the interconnect length and A is repre-
sented as mean free path (MFP). There are N number of
parallel SLGNR layers in a multilayer GNR (MLGNR)
configuration. As a result, the formula for the resistance
of the L-length MLGNR structure is

RMLGNR = RSLGNR IN “)

The per unit length kinetic inductance of MLGNR is
expressed as
LK,MLGNR =L/ Nch,n N, ®)

where Lk = h/(4€?Ur) = 6.5 nH/um and vr is the Fermi
velocity in graphene which is 1 x 106 m/s.

The per unit length quantum capacitance of MLGNR
is expressed as

CQ,MLGNR = CQ / Nch,nN ) (6)

where Cq = 4e?/(hvr) = 154.54 aF/um.
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3. RESULTS AND DISCUSSION

In this section, we will discuss the power supply voltage
drop (IR-Drop), delay, and power consumption estimation
of a 10-stage cascaded CMOS inverter circuit (see Fig. 3).
In each stage two CMOS inverter is connected back-to-back
using interconnect. The interconnect is nothing but a com-
bination of RLC structure. Here, mainly three different
GNR based interconnect structure is used (i.e., VGNR,
HGNR, and FGNR) for performance analysis. The entire
analysis is performed using 16 nm PTM-HP CMOS model
and 16 nm interconnect model (i.e., three different inter-
connect structures VGNR, HGNR and FGNR). The
TSPICE (Tanner-EDA) and MATLAB simulation tool are
used for circuit simulation and analysis. To calculate IR-
Drop, delay, and power consumption in each stage, the re-
sistance value for all three types of interconnects plays an
important role. In this analysis, we calculated the re-
sistance values for HGNR, VGNR, and FGNR for different
interconnect lengths (10 um to 100 um) and four different
Fermi potentials (0.1 to 0.4) (see Table 2 to Table 5), After
that, we replaced the value in the real circuit to check the
performance in terms of delay and IR-Drop of three differ-
ent interconnect structure. In this analysis, supply voltage
(Vpp) is considered as 0.7 V and a rising pulse is applied at
the input of the 1%t inverter. The width of the pulse is con-
sidered as 20 ns and the period of the pulse is considered
as 40 ns. Pulse rise and fall time is considered as 1 ns.

Gnd g

- -Stage-1.... pg- - Stage-2- -Ppq- - Stage-3- - P - Stage-10--p

Fig. 3 — Schematic representation of 10-stage cascaded CMOS
inverter circuit with three different interconnect materials

Table 2 — Resistance of HGNR, VGNR, FGNR Interconnect at
different interconnect length @ Er = 0.1

AtEr=0.1 | HGNR VGNR FGNR

Length (um) R (kQ) R (kQ) R (kQ)
10 77.23 51.25 35.55
20 154.46 102.5 71.1
30 231.69 153.75 106.65
40 308.92 205 142.2
50 386.15 256.25 177.75
60 463.38 307.5 213.3
70 540.61 358.75 248.85
80 617.84 410 284.4
90 695.07 461.25 319.95
100 772.3 512.5 355.5

Table 3 — Resistance of HGNR, VGNR, FGNR Interconnect at

JJ. NANO- ELECTRON. PHYS. 15, 01017 (2023)

different interconnect length @ Er = 0.2

At Er=0.2 HGNR VGNR FGNR
Length (um) R (kQ) R (kQ) R (kQ)
10 56.66 44.14 31.22
20 113.32 88.28 62.44
30 169.98 132.42 93.66
40 226.64 176.56 124.88
50 283.3 220.7 156.1
60 339.96 264.84 187.32
70 396.62 308.98 218.54
80 453.28 353.12 249.76
90 509.94 397.26 280.98
100 566.6 441.4 312.2

Table 4 — Resistance of HGNR, VGNR, FGNR Interconnect at
different interconnect length @ Er= 0.3

At EF=0.3 HGNR VGNR FGNR

Length (um) R kQ) R kQ) R (kQ)
10 46.77 38.54 24.11
20 93.54 77.08 48.22
30 140.31 115.62 72.33
40 187.08 154.16 96.44
50 233.85 192.7 120.55
60 280.62 231.24 144.66
70 327.39 269.78 168.77
80 374.16 308.32 192.88
90 420.93 346.86 216.99
100 467.7 385.4 241.1

Table 5 — Resistance of HGNR, VGNR, FGNR Interconnect at
different interconnect length @ Er = 0.4

At Er=0.4 HGNR VGNR FGNR
Length (um) R kQ) R kQ) R (kQ)
10 43.4 35.2 21.1
20 86.8 70.4 42.2
30 130.2 105.6 63.3
40 173.6 140.8 84.4
50 217 176 105.5
60 260.4 211.2 126.6
70 303.8 246.4 147.7
80 347.2 281.6 168.8
90 390.6 316.8 189.9
100 434 352 211
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Fig. 4 — Input and output waveform 10-stage CMOS inverter
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Fig. 6 — Peak IR-Drop vs. number of stages CMOS inverter

Table 3 — Power calculation of HGNR, VGNR, FGNR Intercon-
nect @ 10 um interconnect length, @Er= 0.4

At Er = 0.4 | Power consumption in watts

and  length | HGNR VGNR FGNR

10 pm

No of stages

Max Power 6.90 x 10-5 | 5.89 x 10-> 3.01 x 10-5
Min Power 2.71x10-5 | 1.71 x10-5 1.05 x 10-5
Average 4.08 x10-5 | 3.80 x 10-5 2.06 x 10-5
Power

Fig. 4 shows the transient response of 10-stage cas-
caded inverter circuit using TSPICE simulation tools.
Here, red color represents the input wave form and other
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colors are the output response of consecutive stages.
When input signal is propagating from one stage to an-
other stage through interconnect it is producing delay
due to RC time constant, which represented as z» = R-C.
As the number of stages and interconnect length will in-
crease, it will produce more delay. From Fig. 5 it is ob-
served that FGNR is the best MLGNR structure because
it is showing less delay ~ 2-5 x less compared with VGNR
and HGNR interconnect at 10 um interconnect length
when Fermi energy is 0.4 eV. In terms of IR-Drop, it is
observed that F-GNR is showing less Peak IR-Drop
(~ 200 mV @ 1st stage, ~ 215 @ 5tk stage, ~ 232 @ 10tk
stage) compared with V-GNR (~ 210 mV @ 1st stage,
~ 224.4 @ 5% stage, ~ 256.67 @ 10t stage) and H-GNR
(~272.33 mV @ 1st stage, ~ 277.88 @ 5th stage, ~ 282.45
@ 10th stage) at 0.4 eV Fermi energy. In terms of power
consumption, F-GNR is showing less power consump-
tion (i.e., 2.06 x 105 Watt) compared with V-GNR (i.e.,
3.80 x 10 -5 Watt) and H-GNR (i.e., 4.08 x 10 -5 Watt).
In terms of propagation delay, F-GNR is showing ~ 2-5
times less delay in several cascaded stages (i.e., starting
from the 15t stage up to the 10th stage) compared with
V-GNR and H-GNR interconnect. In all aspect FGNR is
showing better performance compared with HGNR and
VGNR.

4. CONCLUSION

In this work, we analyzed the performance of three
different GNR interconnect models. A comparative anal-
ysis is performed in terms of power supply voltage drop
(IR) drop, propagation delay zr = R-C, and power con-
sumption. From the above analysis it is observed that
FGNR is superior GNR structure compared with HGNR
and VGNR for next generation nano interconnect mod-
eling due to its less resistivity. As a result, propagation
delay, IR-Drop and power consumption will be less in
FGNR model compare with VGNR and HGNR. The
above analysis highlights the is useful ness of FGNR in-
terconnect structure for next-generation high-speed I1C
design.
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Anajtia nagiuaa Hanpyru gsxepesia skusieHHs (IR-Drop) i sarpumkn nmomupensus 3

BUKOPHUCTAHHAM 3’€IHaHb 3i ckjiageno rpadenosoo Hanoctpiukow (F-GNR)
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VY nawiit pobOTI BUKOHAHO MOPIBHAJIBHUN aHAI3 3 TOYKH 30py IATIHHS HAIPYTU JKepeiia KUBJIEHHS
(IR-Drop) i sarpumrn mommperss (PD) Tppox pisHux Mojiestelt 3’eTHAHHSA HA OCHOBI rpadeHOBAX HAHOCTPIYOK
(GNR), to6ro Bepturambaoro GNR (V-GNR), ropusonransaoro GNR (H-GNR) i cknamennit GNR (F-GNR)
JIJISI BUCOKOIIBHUIKICHOI Ta MaJIonoTy kHo0l KoHcTpyKIrii IC HoBoro mokominua. Jaa sukonannsa [9-signany ta
aHaI3y 3aTPUMKU [JIS TPHOX DPI3HUX MOfesed 3'€JHAHb BHKOPUCTOBYETHCSA 10-CTYyIIHYACTHN KACKAIHUN
KMOII-iaBepTop (Todro 16-aM momess PTM-HP CMOS), ge koskeH iHBepTOp 3'€QHAHMN 13 TPHOMA PiSHUMH
mopestsaimu (Tooto V-GNR, H-GNR 1 F-GNR). KoskHa Mozmesnsb 3'eqHAHHSA CKIagaeTheA 3 pisHux 3HadeHb RLC,
SIK1 OOYMCITIOIOTHCS 32 JIOIOMOIOK0 CTAHAAPTHOI MATEeMATUYHOI MO/esl. 3 HABEIeHOro BUIIE aHAJI3y BUJIHO,
mo F-GNR memoncrpye menie mkosoro I4-cmagy (~ 200 mB ma 1-my erami, ~ 215 ma 5-my erami, ~ 232 Ha
10-my erari) nopiBasaHO 3 V-GNR (~ 210 MB ma 1-my erami). cramisa, ~ 224,4 Ha 5-# cramii, ~ 256,67 Ha 10-it
crazmii) i H-GNR (~ 272,33 mB ma 1-it crazgii, ~ 277,88 ma 5-i1 cramii, ~ 282,45 ma 10-i1 craznii) opu 0,4 eB
eneprii @epmi. CrocoBHo emeprocmoxkuBanssa, F-GNR nemoHcrpye Mmenie crnoskuBaHHS eHepril (ToOTo
2,06:10 - ® Br) mopisasanro 3 V-GNR (10610 3.80 x 10-5 Br) i H-GNR (T06T0 4.08 X 10-5 Br). 3 Touku 30py
3aTpuMKn posmosciomxends, F-GNR memoHcTpye mpubiausHo B 2-5 pas3iB MeHIILy 3aTPUMKY Ha KiJIBKOX Kac-
KaJHUX eTanax (Tobro, moyrHaouu 3 1-ro eramy g0 10-ro eramy) y nopisasausi 3 V-GNR 1 H-GNR g’equannsm.
Hagsemennii Buiiie aHaIi3 KOPUCHUM JIJI TPOEKTYBAHHS BUCOKOIMBHIKICHIX [C HACTYITHOrO TTOKOJIIHHS 3 BU-
KOPHUCTAHHSIM MaTepiaJiiB HAHO3B A3KY.

Kirouosi ciiosa: Criranena rpadenosa nadocrpiuka (FGNR), Miskenementre 3'emaansst, IR-Bimciu, 3arpumka.
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