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In this article, we study the coupling capacitance (Cc) and its effects on crosstalk noise in next genera-
tion high performance on-chip nano-integrated circuits by changing wire spacing and electron mean free
path (MFP) between two neighboring nets using graphene nanoribbon (GNR) interconnects. For coupling
capacitance analysis, three multilayer graphene nanoribbon (MLGNR) interconnects with different wire
spacing (variation between 10 to 300 nm) and different interconnect length (100, 200 and 300 pum) are con-
sidered. It is observed that a smaller separation gap between two neighboring nets shows 4-6x higher cou-
pling capacitance compared to a larger wire spacing. In terms of mean free path (MFP), a higher MFP
shows 20-34 % less coupling capacitance compared to a lower MFP. In crosstalk noise analysis, a tri-
interconnect model with a driver load circuit (i.e., a CMOS inverter circuit with aggressor and victim net)
is used to study the performance of GNR interconnects in terms of noise peak with different possible input
combinations. It is also observed that the higher MFP of the MLGNR interconnect shows less noise peak
(1.11 mV with 1200 nm MFP), whereas the lower MFP shows higher noise peak (3.65 mV with 300 nm
MFP). This analysis is useful for area-efficient and noise-immune next generation high-speed integrated
circuit design using GNR interconnects.
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1. INTRODUCTION

Wire spacing in nanometer dimension for next gen-
eration high speed integrated circuit design is one of
the challenging research areas [1]. Decreasing the wire
spacing between two neighboring nets can cause cross-
talk noise due to increased coupling capacitance [2, 3].
Similarly, increasing wire spacing between two neigh-
boring nets can reduce the crosstalk effect, but it will
require more on-chip area, which is contrary to Moore's
law [4, 5]. As a result, we need to think about some
compromise in wire spacing between two neighboring
nets for next generation advance, low power and high-
speed integrated circuit design. Current studies show
that multilayer graphene nanoribbon (MLGNR) inter-
connects are one of the most promising materials for
modeling interconnects because they exhibit some re-
markable properties over traditional interconnect ma-
terials (for example, Cu, Al, Ni, etc.) [6-10]. It is a stack
of single layer GNR (SLGNR) structures. It is a highly
stable material with a wide temperature range (~ 30 to
500 K) and 40 x harder than diamonds. It demon-
strates high current conduction capability ~ 10x higher
than Cu nanomaterials and is highly immune to noise
in nanoelectronic circuits. MLGNR interconnect also
suppresses crosstalk noise with closed spacing between
two neighboring nets compared to other nanomaterials.
In this work, we mainly investigated crosstalk noise
between two MLGNR interconnects placed in parallel
using wire spacing variation and electron mean free
path (MFP) variation. Cross-coupling capacitance (Cc)
is measured with different wire spacing and different
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MPFP. This coupling capacitance (Cc) is the main source
of noise in nanoelectronic circuits.

The rest of the paper is organized as follows. Sec-
tion 2 represents the interconnect model for noise cal-
culation. Section 3 presents the results and discussion.
The conclusions are given in Section 4.

Always metalic
/ Zig-Zag

Either metalic or semiconducting
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Fig. 1 - Schematic representation of a graphene sheet with
Zigzag (metallic) and Armchair (either metallic or semi-
conducting) nanostructures

2. INTERCONNECT MODEL

Fig. 1 shows one graphene sheet of atomic thickness
with a two-layer orientation. The first orientation is
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Fig. 2 — Schematic representation of tri-interconnect MLGNR

interconnect model (top-view model) with different wire spac-
ing (sp > sp-1 > sp-1I)
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Fig. 3 — Schematic representation of tri-interconnect MLGNR
interconnect model (side-view model) with different wire spac-
ing (sp > sp-1 > sp-II)

called the Zigzag pattern, which always shows metallic
properties, whereas the second orientation is called the
Armchair and shows sometimes metallic and some-
times semiconducting properties. In this analysis, we
considered only metallic properties for GNR-based in-
terconnect modeling. Fig. 2 and Fig. 3 show the tri-
interconnect model with top-view and side-view for
MLGNR interconnect with different wire spacing (sp,
sp-1, sp-II). Fig. 4 shows the GNR tri-interconnect mod-
el with driver and load circuits. Three driver and load
circuits are considered for coupling capacitance (Cc)
and crosstalk noise analysis. Each driver and load cir-
cuit is connected by GNR-based RLC; interconnect.
Here, R and L are represented as line resistance and
line capacitance, whereas C; is represented as ground
capacitance. In GNR interconnect, the line resistance is
distributed with the contact resistance (Rc), as well as
with the quantum resistance (Rg). Here, the line re-
sistance is represented as R = Rc+ Rgq. Similarly, the
line capacitance (C) is distributed with the quantum
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capacitance (Cq) and the electrostatic capacitance (CE).
Here, the line resistance is represented as C = Cg + Cg.
For coupling capacitance (Cc) analysis, we considered
1) the spatial variation between aggressor and victim
net, 2) the MFP variation of MLGNR interconnect. For
crosstalk noise analysis, we considered the input test
pattern shown in Fig. 5. Using this test pattern, we can
analyze the impact on the circuit performance. In
Fig. 5, the primary condition for noise analysis is high-
lighted in red. When introducing aggressor net-1 and
aggressor net-3, they switch from logic-0 to logic-1 and
from logic-1 to logic-0, respectively, while victim net is
held at logic-0 and logic-1, so, rise and fall of noise will
appear at the output from the victim net. Rise and fall
of noise (crosstalk noise) will degrade the circuit per-
formance and, as a result, problems with circuit relia-
bility will arise.
Far-end noise
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Fig. 4 — Schematic diagram of coupled interconnects
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Fig. 5 — Effects of crosstalk on the circuit performance

All experiments were performed in the MATLAB
and T-SPICE simulation environment. The input volt-
age 1s applied to the driver side. In this analysis, the
input voltage swings from 0 to 1V and the pulse
rise/fall time is assumed to be 50 ps. Driver and load
are inverting buffers designed using the latest 95 nm
ITRS-2011 technology node with SPICE models from
the predictive technology model.

3. RESULTS AND DISCUSSION

In this section, we discuss about the coupling capac-
itance (Cc) and its effect on crosstalk noise generation in
next generation nano-integrated circuit design. Higher
coupling capacitance generates a high noise peak, which
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Fig. 6 - Wire spacing (nm) vs coupling capacitance (fF) with
different MFP (300, 419, 1000 and 1200 nm)

may cause circuit reliability issues. Here we show how
wire spacing and a higher GNR mean free path (MFP)
can reduce the coupling capacitance (Cc). As a result,
much fewer noise peaks will be generated in the circuit,
which can improve the circuit performance. Fig. 6
shows the coupling capacitance (Cc) vs wire spacing
(nm) plot for three different interconnect lengths (100
to 300 um). In this analysis, the interconnect length is
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categorized as smaller (100 pm), medium (200 pm) and
larger (300 um). For smaller length (100 um), the cou-
pling capacitance (Cc) shows ~ 90 fF at 300 nm MFP
and ~ 62 fF at 1200 nm MFP with 10 nm wire spacing.
Similarly, for medium length (200 pm), the coupling
capacitance (Cc) shows ~ 75 fF at 300 nm MFP and
~ 60 fF at 1200 nm MFP with 10 nm wire spacing. Sim-
ilarly, for larger length (300 um), the coupling capaci-
tance (Cc) shows ~ 60 fF at 300 nm MFP and ~ 48 fF at
1200 nm MFP with 10 nm wire spacing. It is clear from
the above analysis that a larger interconnect length
(300 um) shows lower coupling capacitance compared to
a smaller interconnect length (100 um). In Fig. 7, it is
observed that the higher MFP (1200 nm) shows a lower
noise peak (1.1 mV) compared to the smaller MFP
(300 nm) with a noise peak of 3.65 mV.
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Fig. 7 - Crosstalk noise peak (mV) vs different MFP

4. CONCLUSIONS

In this work, we analyzed the effect of coupling ca-
pacitance (Cc) in GNR interconnects in a wide range of
wire spacing at nanometer dimension, different inter-
connect lengths at pm dimension and different MFPs at
nanometer dimension. It was observed that the higher
coupling capacitance in an on-chip integrated circuit
produces a significant amount of crosstalk noise, which
can cause logic failure and reliability issues in a nanoe-
lectronic circuit. From this analysis, it was also ob-
served that a GNR interconnect with a higher MFP
value shows less coupling capacitance that also results
in reduced crosstalk noise, which can improve the cir-
cuit performance in terms of signal integrity.
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Ananis mymy nmepexpecHux IepenKo; 3a JOIOMOro0 Mik3'eqHaub rpadgeHoBol
HAHOCTPIYKH ILJIAXOM 3MiHH BicTaHi MisK qporaMmu
Ta cepeaHbOro BiJILHOro Mpoliry eJIeKTPOoHiB
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Mu BuBuaemo Brtus emuocri 3B's3ky (Cc) Ha IIyM IIepexXpecHUX MEePeIIKo/T Y BUCOKOIPOIYKTUBHUX BOY-
JIOBAHMX HAHOIHTEIPAJIbHUX CXeMAaX HACTYIIHOTO ITOKOJIIHHS IIJISXOM 3MIHH BIJICTAHI MK JIPOTAMU Ta Cepe-
IHbOro BlIbHOrO mpobiry (MFP) emexTpoHiB MiM mBOMA CYyCIIHIMEH MepeskKaMH 3a JOIIOMOIOK Miks'eIHAHD
rpadenosoi HarocTpiuknu (GNR). Jyisa anaimisy eMHOCTI 3B'S8KY POSIJVIAMAIOTHLCA MIMK3'eJHAHHSA TPHOX Oara-
Tomaposux rpadgenosux HaHocTpidok (MLGNR) 3 pisuoro Bimcranuio misk gporamu (Big 10 mo 300 HM) i pis-
HOMW0 JoB:kuHOI0 Mik3'equanad (100, 200 1 300 mrm). [TomiveHo, mo MeHIHE 3a30p MiK JBOMA CYCLIHIMEA
MepeskaMi JeMOHCTPYe B 4-6 pasiB OLIbILY eMHICTH 3B'I3Ky IIOPIBHSHO 3 OLJIBIIIO BIICTAHHIO MIK IPOTAMU.
3 Touru 30py MFP esexrpownis, 6isnbma Besmunaa MFP mokasye nHa 20-34 % MeHILy eMHICTH 3B'SI3KY IIOPiB-
HsHO 3 MeHIoo0 BeauunHoio MFP. [Ipn anasmisi mmymy mepexpecHUX II€pEIIKo] MOJIeJIb 13 TphoMa 3'eIHaH-
HAMU 31 CXeMOI0 HABAHTAsKeHHs apaiiBepa (Tobro cxemorn CMOS-imBepTopa 3 Mepeskern arpecopa Ta sKeprT-
BH) BUKOPHUCTOBYETHCS [IJIsI BUBYEHHs IPoyKTHBHOCTI 3'eqHanb GNR 3 Touky 30py mikoBoro mymy 3 pisHu-
MU MOMKJIMBUMM KOMOIHAI[aMu BxomiB. Takosm momideHo, 1o Ouibina BesmunHa MFP Mmimxks'enmnamnsa
MLGNR gemoncrpye menmmit mk mymy (1,11 mB 3 MFP = 1200 uam), Tomi sk menma Besmuunna MFP nme-
MoHcTpye Bummii mi rmymy (3,66 MmB 3 MFP = 300 um). HaBemenuit anamia KOpUCHUMA JJIsT TTPOEKTYBAHHS
BHCOKONIBUAKICHUX 1HTErPAJILHAX CXeM HOBOTO TIOKOJIIHHS, K1 € e(DeKTUBHUMH 34 ILJIOMIEIO Ta CTIMKUMU JI0
mymy, 3 BUKopucTanuam 3'enHanb GNR.

Knrwouosi caora: I'padenoa manocrpiuka (GNR), Cepenmiit Bimbauit mpo6ir (MFP), Mixs'ennanns,
Temmneparypa, lllym mepexpecHux mepemnIko.
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