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Abstract. For the first time carbon nanotube (CNT) tran- that is formed by any metal-semiconductor connection due to
sistor based adiabatic logic (AL) was analyzed in this work the different work functionsAppenzeller et a).2002. This

and compared to CNT based static CMOS (CCNT). Staticlimits the on-state current and thus the performance of the
CCNT inverters are used as a reference and compared to irdevice. Additionally this leads to an ambipolar characteris-
verters in the AL families Efficient Charge Recovery Logic tic (Martel et al, 2001, the on-current is increased, when
(ECRL) and Positive Feedback Adiabatic Logic (PFAL) in |Vgg| is increased. In digital circuits, this leads to problems
terms of energy dissipation. Energy savings by adiabatidn transistor stacks, where negative gate-to-source voltages
logic in dependence of operating frequency, supply voltageappear and thus turn on a device that has a “0” inRatyf

and number of nanotubes per transistor are reviewed. It i€howdhury and Rgy2007). One way to overcome this lim-
shown that CNT based AL circuits provide high energy sav-itation is by connecting the nanotubes via Palladium, which
ing factors even for high frequencies compared to CNT baseds a metal with a high work-functionJavey et al.2003.
static CMOS circuits. Thus the barrier can be greatly reduced or eliminated. Chi-
rality cannot be controlled so far, nanotubes are to date a mix
of 1/3 metallic and 2/3 semiconducting tubéketht 2007).

The controlled assembly of nanotubes is another barrier that
has to be overcome in order to allow for the integration of

, ) systems consisting of CNT devices with traditional metal in-
Aggressive scaling of bulk MOSFETSs has led to promemsterconnects, or CNT onlyDerycke et al(2001) propose a

occurring due to increased short-channel-eﬁ_ec_ts (_SCE), 'eakﬁwethodology to selectively produce p-type and n-type CNTs
age currents, and also due to fabrication limitations. Onefor inter-nanotube inverters. One of the tubes is covered with

potential future replacement for bulk MOSFETSs is the so- Polymethylmethacrylat (PMMA) and after thermal anneal-
called Carbon Nanotube (CNT) FET. Made out of a wrappedi,“and following exposure to oxygen, one of the tubes is
around single-atom thick carbon cylinder, they promlsen_type and the other is a p-type tube.

f[o have excellent electri_cal as W_eII as mechanical behav- | -ontrast to dynamic losses in static CMOS

ior. CNTs can be metallic or semiconductors (small-gap or

moderate—gap), depending on the way they are rolled and th%CM08= } .C. VSD 1)
circumference of the tubeHamada et al.1992. So both, 2

active devices and connections can be made out of CNTshe |osses in adiabatic logic (AL) are described by

Single Wall Carbon Nanotubes (SWCNT) have a high mo-

bility in the order of 100000 c? Vs~1 and a conductivity g, =8. RC .C-v4 @)

of up to 400000 S cm! (Hecht 2007), due to the 1-D trans- T

port and thus reduced phase space for scattering leading fbhe losses in AL do not only depend on the capacitafice
ballistic transportJavey and Dai200§. Though these facts and the voltage supplypp but also on the path resistanke
are very convincing, a lot of barriers have to be overcomeand the period” of the operating frequency.

before MOSFETs made out of SWCNTs can be produced Due to their superior electrical characteristic, the high con-
on a large scale. One limitation is the Schottky Barrier (SB)ductivity resulting from a (near-)ballistic transport, carbon
nanotubes are interesting candidates for future large scale

1 Motivation

Correspondence to: integration circuits; their capabilities allow for lowest con-
D. Schmitt-Landsiedel sumption especially in Adiabatic Logic. In the following
BY (dsl@tum.de) part of the work the principle of chirality and its meaning

Published by Copernicus Publications on behalf of the URSI Landesausschuss in der Bundesrepublik Deutschland e.V.


http://creativecommons.org/licenses/by/3.0/

216 P. Teichmann et al.: Energy savings in adiabatic logic by CNT-FET

gate
source drain
oxide

(m1,m2)-CNT

SiO:

Fig. 2. Schematic cross-section of a Carbon Nanotube Field Effect
Transistor (CNTFET) proposed byarulanda(2008. A gate is
separated via an insulating layer (oxide) from the CNT. Through
the CNT a connecting channel between source and drain can be
established.

Fig. 1. The chiral vectorC}, is defined via unit vectora1 andas.

It defines the electrical properties. As examples, the metd)i@)

and a semiconductingt, 2) orientation is presented. Perpendicular Table 1. Parameter list for the applied Stanford CNT simulation
to the chiral vector the translation vectBris found, which is the  model.

axis of the obtained nanotube.

Parameter Value  Explanation

for the properties of CNTs will briefly be presented, and Voo 1;% srt:_ppll_)t/ Vofltage twh
later on, simulations are carried out with the Stanford CNT 172 (19.0) chirality of nanotube(s)

. . . tubes 3 # of parallel tubes within a device
Hspice simulation modg[(eng et alz.2008 Deng qnd Wong pitch 20nm distaelce between adjacent CNTs
2007ab)_t0 see how Adiabatic Logic performs with those fu- Len 32nm  physical channel length
ture devices. LssLpp 32nm  doped source/drain extension

fox 4nm top gate oxide thickness
kox 16 dielectric constant of oxide

2 The chirality of a CNT and the CNTFET

A CNT can be either metallic or semiconducting. The chiral control gate of the CNTFET is separated from the semicon-
vector Ch, = niay + noa, determines whether a metallic or ductor with an insulating layer.

semiconducting nanotube is formed. A graphical representa-

tion of the chirality vector can be observed in Flg.It con-

nects the origin with the point on the grid that is identical to 3 Simulation results

the origin after wrapping up the carbon sheet. With the chi- ) ) ) _
ral number(ny, n2) the circumference of the nanotube can be S|mulat|0ns_ are carried out with the HSpice CNT compact
model provided bypeng and Wong2007ab) andDeng et al.

i _ o[22 . .
determined afCh| = a,/n +n3+nynz, wherea = 2.49Ais (2008. The model includes non-idealities like near-ballistic
the bond distance of two carbon atoms. Electrical characteryansport, scattering, effects of the source/drain extension,
istics are also determined via the chiral number. A nanotubeand charge screening between tubes, when more than one
with (n1,n2) is a metal, ifng —np =31 (1=1,23..)and &  pe is used for a CNTFETDEng and Wong20073. By
semiconductor ifi —n2 # 3/ (Dresselhaus et a2003). The  incjysion of a transcapacitance network, good predictions of

bandgap energlgapis also dependent on the circumference e yransient behavior are expectifig and Wong20073.
of the tube. Additionally, tiny-gap and large-gap semicon-  gaseq on the Stanford CNT model, static CMOS like

ducting CNT exists, also deterministic according to the Chira'(static CCNT) inverters as well as adiabatic inverters are
numper(nl,n_z) (Hamada et.a,l.1992). Two constellations compared with respect to the energy consumed per per-
are p|gtured in Figl, the chiral numbe(3,0) .rep'resents @ formed calculation. The standard parameter sets summarized
metallic _nanotube, whereas th@ 2) constellation is a S€MI iy Tablel are used if not stated otherwise. Three tubes in par-
conducting nanotube. For tiny-gap and large-gap semicongjq| are ysed in the CNTFET devices, each with a moderate-
dluctlng CNTS the bandgap energy is proportlor?a%;mnd gap semiconductor tube of chiral numl&®,0). Pitches be-
% respectively Dresselhaus et aR001), whereR isthera-  tween the adjacent CNTs within one device are 20nm. A
dius of the tube. channel of 32 nm physical length is separated via a 4 nm ox-
Figure2 shows a schematic cross-section through a CNT-ide. A chain of five inverters is used to determine the en-
FET device. The source and drain regions are connected bgrgy consumption and therewith the resulting energy saving
a semiconducting CNT. As in the bulk MOSFET device, the factor ESE= EgT“”f’S The static CCNT structure is used as
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Fig. 3. The ESF gained by applying CNTFETs for ECRL and

PEAL Fig. 4. Development of the ESF of an inverter circuit under the

impact of voltage scaling.

a reference and compared to inverters in the AL families

Efficient Charge Recovery Logic (ECRMoon and Jeong In_su_mmary, the following values are derived from Rg. _
1996 and Positive Feedback Adiabatic Logic (PFAlptti  fopt IS improved from 100 MHz to 500 MHz and the maxi-
et al.2000. mum ESF is decreased from 12 to 10 in case of replacing

ESF versus the frequency can be observed in BigA (19,0)-tubes in ECRL with(25,0)-tubes, and it is increased

maximum ESF of 12 is found for ECRL for 100 MHz and 19 from 12 to 136 in case that25,0)-tubes are used both in
for PFAL at 500 MHz. A remarkable resultis, that for awide ECRL and static CCNT.
frequency range from 70 MHz to 2.4 GHz the ESF is above PFAL for the(19,0)-setup has already a high ESF with a
10 for PFAL. If the chiral vector is changed, the bandgap Maximum value of 19 at 500 MHz. Increasing the chirality
of the semiconductor is influenced. A reduced bandgap enfor PFAL to (25,0) did not show any benefit, it rather wors-
ergy leads to a reduced threshold-voltage as the barrier €ns the energy behavior of PFAL. Thus it is not presented in
height from source/drain to the channel is reduced. The onthe figures.
current is increased, but off-currents are also increased. Due All previous investigations are carried out with a supply
to the reduced, leakage currents are increased, but the adi-voltage ofVpp = 1.2V. Supply voltage scaling allows to re-
abatic losses are reduced, as the gate-overdViyg — Vin) duce the energy dissipation in static CCNT and AL. Sim-
is increased. ECRL is simulated f(25,0) and compared to  ulations are carried out with reduced supply voltage. The
static CCNT(19,0). For the frequency with maximum ESF according ESFs are presented in Fg. It is reduced by
also the static CCNT witki25,0) is simulated and compared 34% and 39% when going from 1LV to 0.8V for ECRL
to ECRL (25,0). For lower frequencies, increased leakage and PFAL, respectively. But it has to be mentioned, that the
currents lead to an intersection of leakage losses and adperformance for static CCNT is also decreased. As cascaded
abatic losses for thé25,0) ECRL configuration, i.e. leak- gates are used, the overall performance loss will decrease the
age dominates the losses. That leads to decreased ESF whay@ximum operating frequency or the effort for pipelining is
compared to the case ¢f9,0) chirality. Reduced adiabatic increased. The first fact will determine a lower limit for volt-
losses lead to a shift of the optimum frequengyy (fre- age scaling (where safety margins for variations have to be
quency with maximum ESF) to 500 MHz. At this frequency regarded also), whereas the second fact leads to a trading of
the ESF for(25,0) is higher compared to it€l9,0) counter- ~ Speed versus energy and area.
part. Thusfopt can be adopted by changing the chirality of A high fan-out of a gate leads to the necessity of scaling
the nanotube. At 500 MHz the static CCNT inverter was sim-the devices of the driving gate. Comparable to the width in
ulated with(25,0). An increase in the ESF is observed, that planar CMOS technology, the number of tubes is a measure
can be explained by increased leakage currents ii2h®) in CNTFETSs for their driving capability. Equipping a gate
static CCNT. For static CCNT circuits, performance is im- with a higher number of tubes in the devices will impact the
proved but dynamic losses are not directly impacted by theenergy dissipation. Figurgshows the simulation results of
chirality. ESF, when different numbers of tubes are used within the
inverter chain. All gates in the chain are sized, and both
devices, NCNT and PCNT. Again ECRL and static CCNT

www.adv-radio-sci.net/9/215/2011/ Adv. Radio Sci., 9, 2288-2011



218 P. Teichmann et al.: Energy savings in adiabatic logic by CNT-FET

; : : not only on capacitance, as in static CMOS, but also on on-
22{ -2~ ECRL@100MHz J» resistance.
¢ PFAL@500MHz IR RN T
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