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Abstract— Tunnel transistors are one of the most attractivesteep
subthreshold slope devices which are being invessiged to

overcome power density and energy inefficiency exbited by

CMOS technology. There are design challenges assdeid to

their distinguishing characteristic which are beingaddressed. In
this paper the impact of the non-symmetric conductin of tunnel

transistors (TFETsS) on the speed of TFETs circuits under
crosstalk is analyzed and a novel topology for confgmentary

tunnel transistors gates, which mitigates the obseed

performance degradation without power penalties, isdescribed

and evaluated.
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l. INTRODUCTION

Tunnel transistors (TFETSs) are currently receivandot of
attention as potential candidates to substituteomnplement
CMOS devices. They are one of the most attractieeps
subthreshold slope devices [1], [2]. Steep subtiulesslope
enables low voltage operation with acceptable speseding to
power and energy and thus they are being explooed
overcome the power density and energy inefficigmmplems

exhibited by CMOS due to its 60 mV/decade minimum

subthreshold slope (SS) [3]-[8] .

Subthreshold swing under 60mV/dec has been expetaihe
obtained in different material system. In particuleesearch
on llI-V TFETS has been advancing rapidly in recgears
due to that they exhibits higher ON currents th&ETs from
group IV materials ( Si or Ge). The limited ON @nt is, in
fact, one of the major uncertainties of these deitiowever,
there are projections for ON currents of 1080 per
micrometer of channel width with 0.4 V supply vai&[9]
which would be competitive with respect to highfpemance
MOSFET. Revisions of state of the art in TFETs dgwament
can be found in [10], [11].

At the circuit level, there are design challengssoaiated to
the distinguishing characteristic of TFETs with pest to
MOSFETSs, including super-linear onset, ambipolarity
enhanced Miller capacitance effect due to dominarfcgate
to drain capacitance or asymmetric conduction, ad$erred
as unidirectional current conduction.

It is well known that due to this later charactexisthe
topology of pass-transistor logic circuits or statBndom
access memory cells require to be modified fronsehased in
CMOS [12], but there are also circuit operationeef in

complementary logic gates associated with the asgtmien
conduction.
In [13] circuit operation effects associated to thaw
conduction of then-type (-type) TFET transistors with
negative (positive) drain to source voltage ardyaea. They
show that relatively high voltages can be bootgteapwithin
digital TFETs circuits which may have significaqtegd and
reliability impacts and propose redesign at thdcldgvel to
mitigate this problem. In [14] this unidirectioranduction is
analyzed in relation to the crosstalk phenomenaonichvis
exacerbated by technology scaling and short tiansitimes.
In this context, they show that because this claristic of
TFETSs, coupling cause significant delay variatiod adegrade
performance.
In this paper the operation of TFETs circuits undersstalk
conditions is analyzed in depth and a novel toppléar
complementary tunnel transistors gates which ntitigjahe
performance degradation cause by noise couplinGRET
circuits is described and evaluated.
Simulations have been carried out using TFET tstosi
odels from Notre Dame University, corresponding to
double-gate p—i—n InAs TFETSs [15]. The current mipdased
on the Kane-Sze formula for tunneling, is valid &t four
operating quadrants [16]. Gate length for bathand p
transistors is 20nm. For comparison purpose, sitiouis. of
CMOS circuits have been also carried out. PredictTM
models [17] with channel lengths similar to the ikkde
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TFETs have been used. Fig. 1 depilgsVps for both n
transistors. Differences for negativVgs values are evident.
The paper is organized as follow. Section Il anadythe speed
degradation produced by crosstalk associated to
asymmetric conduction of TFET transistors. Sectibh
describes the proposed topologies for complemengartgs
which overcomes this limitation and evaluates éggrmance
in terms of power overhead. Finally, Section IV soanizes
some conclusions.

Il. EFECT OF NONSYMETRIC CONDUCTION OFTFETS
UNDER CROSSTALK

Fig. 2 depicts the schematic of the circuit we hased for the
crosstalk analysis [14]. Fig. 3 shows waveforms arimg
TFET and CMOS behavior. Identical inputs have beggplied
to the TFET and PTM circuitd/\,cnw for the TFET circuit
(Muictimtrer) and for its PTM counterpartV{crimprv) are
shown. It is clear that they are very differentbisth cases, it
is observed that the rising ®hccressor Signal is capacitively
coupled to the output of the DUT invertéfycriv) and the
victim node goes beyond the positive supply voltaten it is
at logic 1. For CMOS gates, the pull-up networlagé p-

the 02 / —IN

MOSFET in this example) is able to sink currenthsticat
voltage noise at the output disappears. Howeveg, tduthe
low conduction ofp-TFETSs with positiveVps, pull-up network

of TFET gates (single PTFET in this example) cannot
dischargeVyicrimtrer, Which results in a sustained voltage
overVpp.

Similarly, it can be observed that the falling slihg of
Vaceressor Signal is capacitively coupled to the output of th
DUT inverter ¥vicniv) and the victim node goes beyond the
negative supply voltage when it is at logic O, t@sg in a
negative sustained voltage noise in the TFET dircui

The magnitude of the sustained coupling noisel&eaé to the
ratio of the fixed to coupling capacitance and $yppltage.

It increases with the later and decreases withelafixed
capacitance. There could be reliability concerrsoeiated to
the large voltages appearing in the circuit.

In addition, there are timing concerns. Delay iases due to
larger voltage swing. Fig. 4 illustrates the delagrement.
The responses at the output of the victim inveidedifferent
conditions at the output of the aggressor invertee
compared. SignaDUTcoup is the output of the inverter when
the aggressor output is switching producing susthinoise
pulsesOUT is the response of the inverter when the aggressor
does not switchlNycmm is the input of the victim inverter).
Both propagation delays have been measured foerdift
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supply voltages \pp), coupling capacitance values and results obtained for the three topologies. For lowsg values,

victim-aggressor input delay. Fig. 5 reports meedwaverage
delay increments (%) versW¥p for Ceouping=0.2fF and two
values ofTD (200ps and 500ps).

theN topology is worse than tHeone in reducing delay. This
is because thB topology is exploiting tunnel conductiol{s
negative) while thé\ one is mitigating the positive noise pulse

Two types of solutions are discussed in [13] for th through an NTFET biased with negatiVgs. However for the

bootstrapping problem. First they suggest engingeof the
TFET’s |-V characteristic along with low voltage evgtion.
Second, logic redesign including buffer insertiamd anput
ordering swapping is also considered. Unlike, weppse a
modification of the gate topology to overcome thelgbem.

Ill.  PROPOSED COMPLEMENTARY GATE

The rationale of our proposal is providing a corturc path
alternative to the natural one to charge/dischaase voltage
pulses at the gate output. By natural one, we ntharp
transistor with positiveVps (in general thep-type pull-up
network) for positive noise pulses and the n trgtosiwith
negativeVps (in general the n-type pull-down network).

A p-type transistor with its source connected to thépat

largerVpp values, delays improvements are more important in
the N topology. This is because the extra n-transistondw
biased with a large enough negativVgs activating diode
current, being more efficient to discharge the @aogmilse.
Delay reductions for both modified topologies aoenparable
atVpp =0.4V. A similar behavior has been obtained fdage
reduction associated with low to high switchingt bow the
role of then and thep transistors is exchanged. THNP
topology obtains speed improvements similar tokibst one
between the other two modified topologies.

Note that the reported reductions cannot be direxmpared
to the delay increments depicted in Fig. 5 becpaseentage
has been calculated with respect to distinct referedelays
values. In Fig. 5, delay increment is evaluated wispect to
the delay without crosstalk effect, while delay uetibn is

node, its drain toVpp and its gate connected to negativeevaluated with respect to the delay with couplinge do

supply voltage (Fig. 6a) would be able to dischaageositive
noise pulse. Such p-transistor might be also us@futope
with a negative noise pulse due to the diode ctiweourring
for enough large positiveps. This transistor in this situation
exhibits a drain to source voltage greater thgp. Thus

crosstalk. The latter is larger than the formertlyy amount
shown in Fig. 5. For example fofp=0.45V, delay increment
is around 100% in Fig. 5 and delay reduction is 40%NP
topology. Thus, delay increment diP topology with
crosstalk effect with respect to the standard togpl

depending oVpp it could solve also the negative noise pulsewithout crosstalk effect is only 20%. The effecicobsstalk on
In the same way, am-type transistor with its source delay has been reduced from 100% to 20%.

connected to the output node, its drain to negasiveply

voltage and its gate tdyp (Fig. 6b) would be able to charge a

negative noise pulse. Equivalently, the addettansistor
could be able to discharge a positive noise pulserefore,
we explored topologies with a single added traasi$t or P)
and with the two extra transistoisR) [18].

However, not only the capability of a single extansistor to
cope with both types of noise pulses depends @ttseal \bp
value, but also the power performance of the medifjates.
The usefulness of each of the above mentioned agpesd and
its power performance have been evaluated for rdiffe
supply voltages. TABLE |. summarizes results. Datadelay
reductions for high to low transitions obtained lgch
modified topology and their power overheads withpezt to

TABLE I. CHARACTERIZATION OFN, P AND NP TOPOLOGIES

Voo Delay reduction (%) Power overhead (%)
N P NP N P NP

0.25 0.38 16.83 12.7Q -3.47 -3.95 -3.47
0.30 5.85 21.75 20.09 5.23 4.65 6.10
0.35 17.75 26.72 26.5( 2.72 -2.96 0.0§
0.40 31.69 32.00 34.06 4.36 4.45 18.10
0.45 42.10 35.72 40.39 31.91 32.05 71.0p
0.50 45.91 36.98 44.97 94.54 94.75 184.51
0.55 48.01 36.69 47.5] 212.33 212.56 379.56
0.60 49.29 35.13 48.60 407.44 407.67| 663.61

the standard complementary one are reported. Delaynacceptable power overheads have been obtainepfor

reductions increases with supply voltage for theedh
topologies. This is due to the fact that the aragkt of the

noise pulses directly depends\dsp and so delay degradation

is more important for large¥pp values and the modified
topologies, which mitigates this phenomenon, adsearger
speed improvements. It is also interesting compgaitine
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Fig. 6 Alternative options to cope with noise pulses appkd p-type
transistor b) flippea-type transistor

over 0.4V. For those supply voltages, when the uwutp the
gate is at logic 0, the extm@transistor is biased with a large
enough positiveVps activating diode current and enabling a
DC current path fronVpp to ground which translates in static
power consumption. That is, the same conductionhar@sm
which makes possible that the expréransistor can be applied
to manage negative noise pulse¥gf is enough high, causes
important power overheads\, is too high. Similarly, when
the output of the gate is at logic 1, the extrransistor is
biased with a large enough negatig; able to activate diode
current. The worst power penalties are for the lmgo with
the two extra transistors because both output sakhibit
DC current. Power data in this experiment has hm®ained
at 500MHz, except fo¥pp=0.25 which has been obtained at
100MHz. At lower frequencies the contribution ot thtatic



power to the total power is more important and elager

penalties are produced.

Fig. 7 shows simulation results for the three tog@s atVpp
=0.5V supporting previous explanation. Each ougpgmnal (in
blue) is depicted together with the current prodidey its
supply source (in green). DC currents are cleablseoved as

well as associated ou

tput voltage level degradation
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Fig. 7Waveforms illustrating the behavior of (&, (b) P and (c) NP

topologies.
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TABLE Il. CHARACTERIZATION OF NP2 TOPOLOGY

Voo NP2
Delay reduction (%) Power overhead (%

0.25 8,58 -5,82
0.30 14.46 4.45
0.35 20.14 -4.55
0.40 26.85 -5.56
0.45 32.03 -4.95
0.50 35.18 -4.37
0.55 36.60 -3.69
0.60 37.30 -2.46
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Fig. 8(a) Proposed\P2 topology. (b) Simulation results that illustrateet
operation on th&lP2 topology.

In order to be able to operate circuits over 0.4\thewt
significant power overheads, it is required to aime the
activation of the diode current. Extra p-transigmotransistor)
should not be biased at large positive (negathyg. This can
be achieved if each extra transistor is implemebtethe two
series connected transistors. Clearly this tragslat topology
with extra n transistors being not able to mitigatssitive
noise pulses and in the same way, topology witliaegt
transistors are not able to mitigate negative npidses. Fig.
8a depicts the generic topology proposed for comptaary
TFET gates NP2). Fig. 8b shows simulations equivalent to
those in Fig. 7 for the novel topology. It can beserved that
there is not static current and full logic swingdbtained.
Results in TABLE Il. characterize the proposed togg in
terms of delay reduction and power penalties wéspect to
standard complementary implementation. Comparech wit
results in TABLE |. delay improvements are slightgduced
because conduction has been decreased. Power agerhe
have been eliminated.

IV. CONCLUSIONS

The non-symmetric conduction of tunnel transist@rBETSs)
degrades the speed of TFETSs circuits under crésfakitive
and negative voltage pulses beyond rail voltaggseap in
theses circuits increasing logic swing and thusgisgate
delays. Extra flippe@-type andh-type transistors can be used
to discharge and charge the noise pulses. Howeeeasing
supply voltage activates diode current leadingrtaceeptable
power overheads. The proposed modified complemgegtzie
topology reduces delays with respect to standasdwithout
such power limitation.
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