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Abstract—We have developed techniques for localized standjn
vertically Carbon Nanowall (CNW) manufacturing as well as for

the methods of controlling their electrical properies. CNW is a
bundle of domains consisting of nano graphenes anthe

thickness of CNW is several nanometers. By incorpating this

material in the channel we have proposed new devictructure

for future generations of CMOS technology. Device lectrical

parameters have been evaluated by 3D TCAD simulatiostudy.

Reliability of the simulated data has been providedy defining

new material file based on the realistic parametersmodified

from the data for Graphene nanoribbon (GNR). Simuldion

results shown in this paper lead to the conclusiothat device
performance can be improved by widening the graphemenergy
bandgap.
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model [3] projects an ideal 25-50x time increaseviitching
speed over 32nm CMOS, but only a 2-10x time impnosret
when parasitic resistances and capacitances aed@tt in
practical circuits. On the other hand, there areltipie
challenges to achieving this, including: 1) theligbito
control bandgap, 2) growth of the nanotubes in iredu
locations and directions, 3) control of charge ieartype and
concentration, 4) deposition of a gate dielectand 5)
formation of a low resistance electrical contactaghene
materials offer the potential of the extremely higarrier
mobilities available to CNTs (without the need ¢ontrolling
CNT chirality), combined with the promise of pattieg
graphene nanoribbons using conventional proce¥géesk on
graphene field effect transistors (FETs), whild atian early
stage, is proceeding at a rapid pace. Since ptiblicaf first

Starting from 1971 up to now unprecedented integratdescription of the electric field effect in grapleefd] several

circuits scaling down can be observed. A relategllehge is
to sustain scaling of CMOS logic technology to deyond
16 nm [1]. Although Intel remains on the Moore’'sw_pace
in terms of constant gate-pitch scaling, with ag.5fhm pitch
[2], shrinking is no longer delivering the speegmvements

device structures with different gate configuratitave been
developed such as: bottom gating [4], top-gating End
dual-gating [6]. However in all cases devices dtrgs are
planar (graphene sheet in the channel is paratlethe
substrate). Substrate area taken by graphene bboaos is

seen in past generations. One approach to sugiaini@ge (channel width and length in pm range). Gm dther

performance gains as CMOS scaling matures in theé n&and

decade is to replace the strained silicon MOSFEdnohl
with an alternate material offering a higher quasiistic
carrier velocity and higher mobility than strainedicon.
Candidate materials include strained Ge, SiGe, raetyaof
I1I-V compound semiconductors, and carbon-basecderizds
such as carbon nano tubes (CNTSs), graphene, apthiegra
nanoribbons (GNRs).

II.  NANO CARBON-BASED FIELD EFFECTTRANSISTOR

important problem with graphene for digital
applications is its zero bandgap which in turn wééult in a
very small by/logr ratio. In order to open up the band gap,
devices with graphene nano ribbons with thickness %or
less) have to be built. For planar technology thiesy be a
major roadblock. To address those challenges we are
developing new device structure. In our case devie
double-gate (for better device control), with Carbo
Nanowalls (CNWSs) standing vertically on the sulstra
(device structure similar to the well-known FinFE&vice).
CNW is a bundle of domains consisting of nano geaels

The primary potential advantages of Carbon Nanotub@d the thickness of CNW is several nanometers Tiis
FETs are the high mobility of charge carriers ahé t unconventional geometry device can potentiallyvaelihigh

potential to minimize the subthreshold slope (ireinimize
the short channel effects) by a surround gate gegmia the

device integration density and power efficiencgabd speed.

past two years, a recently developed CNT FET coinpac



1.  CARBON NANOWALLS

A. Electrical properties
Recently nano-carbon related materials have attlagtot

of interest. Especially, attention has been focusedraphene,

TABLE I. CONTROL OFCNW ELECTRICAL PROPERTIES BYMEANS OF
NITROGENFLOW
N flow rate 1 5 10 15
[sccm]
Carrier concentration 5 8 1 14
[10%°cm™]

a two-dimensional (2D) honeycomb structure of carbo

Graphene makes graphite, when stacked in layedscabon
nanowalls [8, 9], when standing vertically on théstrate

(Fig. 1).

CNW manufacturing without any additional gases ltgsin
undoped CNW films. The Hall coefficient of the upead
CNW is positive, thus implyingp-type conduction. In the
manufactured CNW films with the JNaddition it has been
observed that the resistivity decreases when thigoWN rate
increases. The measured Hall coefficient was negati
implying n-type conduction (Table II).

Fig. 1 Top view ofCarbon nanowss (left), graphene sheets (middl
graphene (right).

It has been reported that 2D monocrystalline gtaphi

TABLE II. HALL COEFFICIENTVS. NITROGEN FLOW
N flow rate 1 5 10 15
[sccm]
Hall coefficient
[cm™C-] -0.13 -0.08 -0.06 -0.04

films with a thickness of a few atoms exhibit aosty

ambipolar electric field such that electrons antefi@xist in
concentrations of up to ¥m? and with room-temperature
mobilities up to 15000 cfivVs [10]. Carbon nanowalls
(CNWs) which are graphene sheets standing vesticailthe
substrate also possess excellent electrical piepestich as:
high carrier densities, high carrier mobilities arniigh
sustainable current. Thus field effect transistathva CNW
channel can be a promising candidate for futureeiggion
FET devices.

B. Manufacturing technology

When adding @ we confirmed that it is also possible to
control the structure of the CNWs. Oxygen atoms awsn
impurities thus resulting in highly graphitized CNWThis is
an important issue since the channel graphene Il&yer
responsible for the final device performance. Ampirity
can have an effect on static parameters (outpuertjras well
as dynamic operation, i.e. maximum frequency.

IV. FuLL 3D TCAD SIMULATION STUDY

In order to manufacture CNW film for FET devices we Several studies devoted to investigation of GNReHas

used PECVD technique with radical injection based ao

FET electrical parameters have been presented 132,

mixture of GFg with H, [11]. Our system consists of aHowever those studies are based on analytical rmoaligh

parallel-plate  VHF (100MHz) capacitive coupled phas

number of simplifications and approximations. Elem

(CCP) region and a surface-wave-excited microwave Kevice properties can be significantly degradedalding

plasma (H SWP) as a remote H radical sourceFLCis
introduced into the VHF-CCP region; i$ introduced into the
microwave SWP region, and H radicals are injected the

more phenomena [3]. TCAD study has been also pieden
[14]. However that study, based on 2D approachemdp on
simplified (and ideal) material parameters. Whew mikevice

VHF-CCP region. The VHF power of the CCP and this under development intensive modeling and sirraravork
microwave power of the SWP can be 270 and 250 \i¢, required in order to steer experiments. Thus hage

respectively. Mirror-polished insulating quartz katit any
catalyst is the substrate used for the growth éxmeits
performed for evaluating the electrical propertas CNW
films.

C. Controlling electrical properties

decided to perform full 3D study by TCAD approaciddo
investigate device electrical parameters by incaiag
CNW material containing gate dielectric and gatéhwburce
and drain.

A. Material file

We have developed a technique for localized CNWs Key issue for reliable qualitative and quantitatarealysis

growth for application in FET device. However fapécation

is material file. In our research we have used TCAD

in CMOS technology we need to able to control CNWaimulation tool provided by Synopsys and even thiesk

conduction typer{-typeandp-type) as well as its dopant level.
Our approach is based on adding a doping gas d@iys
growth process. In order to control the electrfpalperties of
CNWs, additional M gas has to be introduced into the CC
region at flow rates of 1-15 sccm (Table I).

release is not equipped with material file suchGaiR [15].
Thus we defined and added to the application newena
Degradation of electrical parameters of GNR dukine Edge
Roughness has been reported [16]. Change of elgctri
parameters when ribbons are cut from infinite gesyghsheets
has been also stated [17]. Thus in order to ensiuralation
data reliability we decided to define CNW matefikd using
degraded and cut GNR (Table Ill) (typical GNR widtbed
during simulations is 5nm).



TABLE Ill. GNR MATERIAL FILE PARAMETERS IN SENTAURUS

Parameter Value Unit Reference g:ﬁé?;{gﬁ
Eq 0.32 eV [18] EgC
n; (5nm) 1x1C” cnr? [14] ni
e 200( cm?/Vs [16] mumay
€ 25 [19] epsilor
X 45 Y, [20] Chig
¢ 4.66 eV [21] *Barrier

*The GNR work function has been defined as the metar

semiconductor work function difference (Barrier) file
defining electrical stimulation conditions.

In the material file, mobility for holes has beessamed the
same as for electrons. The effective densities tafes in

conductance and valence bands have been assumadadu
derived basing on intrinsic concentration value.

B. Devicestrucure

Device structure shown on Fig. 2 has been investighy
means of device simulations [15]. Standing vettjcplaying
role of channel CNW is grown on Si@SOI) substrate. At
both ends channel is terminated with silicon sowame drain
(undoped). Gate is separated from source and Hyanitride

spacers. Channel (undoped with deposited hard migsk)

wrapped with gate dielectric (1nm, HfOand metal gate
(Tungsten) thus forming double gate device. Thigcstire is
targeted to be feasible in CMOS technology.

Hard Mask
CNW

Fig. 2 Idea of FET device based on manufactured (
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Fig. 3 Band structure of tungsten g-insulato-GNR (separate.

Material (suitable fop-type as well as-type devices) for gate
has been tuned to threshold voltager)(VTungsten work
function @ 4.5eV (compared to Al=4.1leV, Ti=4.33eV.
Au=5.27eV) is near to GNR mid-gap (intrinsic) energ
4.66eV (Fig. 3). Thus influence of flat-band vokagyrs) on
V1 can be minimized. Tungsten is a refractory metdl good
for processing in high temperature process whemmnihle
budget is an issue.

V.

Electrical behavior of device has been calculatsthgu
drift-diffusion (DD) model (including tunneling eféts).
ransport mechanism description in GNR is still
development and in its present state contains abaurof
uncertainties. Even so we believe that the driftadion
model approach has a value for design and optiroizat

RESULTS ANDDISCUSSION

in

Device simulated transient pfMgg characteristics for
different drain-source potential are shown in tige &. Source
and substrate are grounded whereas gate voltaggeh&rom
-1V to 1V and drain potential is 0.05Vv, 0.2V, 0.5V
respectively. Increasing drain-source voltage hed to
transconductance increase by nearly factor 4 (#0810°S

to 1.710®S) but also dy/l o ratio degradation from factor 6

to 3.6 and threshold voltage increase from value
-0.28V to -0.36V respectively.

== Vds=0.5V

@ Vds=0.2V

- Vds=0.05V
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Fig. 4 Calculatedp-Vgscharacteristic as functin of Vps.

Independently from drain-source voltage for all egat
polarization conditions we can observe practicély same
order of drain current and the lowloge ratios in result.
Device is always in on state. For such device tpraetical, it
obviously needs to turn off when a sufficiently atige bias is
applied to the gate electrode.

A. Effect of bandgap

Ideal graphene FET devices have small on/off ctinratios
because of their lack of bandgap. Widening bandegags to
better device performance (Fig. 5). In our caseease of
transconductance ( (from 4.310°S to 510°S) as well as
lonlorrratio (from 6 to nearly 11), has been obtained when
changing § from 0.32eV to 0.96eV. Subthreshold swing
decrease can be also observed.
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Fig. 5 Calculated p-V < characteristics as a function ¢.
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Bandgap had little effect on the on-state currehénsas the

off-state current (at negative gate voltage)

isgedyr

associated with band-to-band tunneling.

VI. CONCLUSIONS

New device structure with Carbon Nanowall (CNW) rahel
has been proposed in this paper. By defining neteriafile
we presented an approach for device performanceslingd
and optimization. It has been shown that CNW caimgjsof
cut graphene nanoribbons (which inherently posssikse
roughnesses) leads to device electrical paramétersgy,
lon/lorr ratio) degradation when applied in the channel.

Device performance has been improved by energy dsnd

widening. Further device performance improvement ba
obtained by source and drain doping level tuningst
forming tunneling Schottky junction with the CNWasinel.

It is still unclear whether or when graphene (iy &orm) will

be introduced to practical electronics technologywéver
developing device-oriented theory for device desiymd
optimization is required.
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