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Abstract large Vi, roll-off, diminishing Ion /Iorr, and band-to-

band tunneling [7]. To overcome these SCEs the ITRS

In this paper we explore the use of a set of novel de- roadmap predicts that high performance CMOS circuits will
sign metrics for characterizing the impact of gate oxide tun require ultra thin gate oxides [1]. Such devices will be sus-
neling current in nanometer CMOS devices and perform ceptible to a more profound leakage mechanism due to tun-
Monte Carlo simulations to analyze the effects of varia- neling through the gate oxide [8]. The gate oxide tunneling
tions of T, andVpp on the statistical distribution of these current () is therefore emerging as the major component
metrics. We concentrate on 3 different unique quantities: of the static power consumption of a thin nano-CMOS de-
(i) Steady-State ON Currenfy), (i) Steady-State OFF  vice. There is a critical need for analysis and characteriza
Current ({orr), and (iii) Effective Tunneling Capacitance tion of the various tunneling mechanisms, targeted towards
during transitions ¢ ;). We defineC , ; as the changein  process variation modeling.
tunneling current with respect to the rate of change of input ~ The gate oxide tunneling current is strongly dependent
voltage, which represents the capacitive load of the tnsi  on the supply voltage of the transistdpp and gate SiQ
tor due to tunneling. It concisely encapsulates informatio thicknessr,,. Accordingly, a small change ifi,,. can have
about the swing in tunneling current during state transiso ~ a tremendous impact on gate oxide current. It is also a fact
while simultaneously accounting for the transition ratee W that, wheril,, is ultra thin, it is extremely difficult to main-
demonstrate that the effect can be very significant due to thetain a constanty,, for devices on a chip. During the fabri-
exponential dependence of the metrics on process parameeation process a displacement of even a few,Si@lecules
ters and this dependence also translates into a lognormalcan cause a significant variation #,. This leads to a
distribution for the metrics themselves. We first consider difference between the desired valuelgf and the actual
NMOS and PMOS devices individually and subsequentlyT. value obtained after fabrication. Similarly, a change in
their interaction in an inverter. power supply voltage can cause variation in the gate oxide
tunneling current. This necessitates the study of the itnpac
of both process as well as design parameter variation on the
tunneling current of a CMOS device. Various characteriza-
tion and modeling issues for direct tunneling are discussed
in [4], [5], [9] and [6]. However, most of the current works

Scaling of CMOS devices has been an unavoidable trenddo not consider the effect of ON, OFF and transient states
for addressing the increasing market demand for smallersimultaneously.
and application packed portable electronic devices. The ac In this paper we will demonstrate that due to a low
companying shrinking of feature size has led to a drastic Ion/Iorr ratio in thin nano-CMOS, both components
change in the leakage components of the device where eacheed equal attention. In addition, the previously citedksor
component of the total leakage has gained in relative im-investigate only steady-state conditions and do not adcoun
portance. At this stage there are several short channel effor transient effects of tunneling current. We have mod-
fects (SCE) such as drain induced barrier lowering (DIBL), eled this effect by assigning to it a meaningful physical

1 Introduction and Contributions



representation of an effective tunneling capacita@c—; L-

Cgff guantifies the intra-device loading effect of the tunnel-
ing current and also gives a qualitative idea of the driving
capacity of the gateWe have performed our analysis and
characterization on the basic devices and their intenaatio

an inverter. The purpose of considering isolated transisto
devices and the inverter is that it will allow for an accu-
rate modeling and the data and corresponding analysis can
be applied to designs at progressively higher levels of ab-
straction. The contributions of the research in this paper a
as follows: We analyzed in detail the behavior of NMOS,
PMOS and Inverter during an entire cycle of operation :
i) steady states (ON/OFF) and ii) transient states (LH/HL).
We define three novel metricks n, IorF, andcsz, com-
pletely characterizing the gate oxide tunneling curremt an
its impact on device operation concerning leakage and ca-
pacitive effects. C{,, can be viewed as a crucial metric

in considering the intrinsic loading of the transistor dae t
tunneling. We studied the dependence of these metrics on
process parametét,,, and design parametéf, p and pro-
vided experimental verification corroborating theordtjca
predicted results. Finally, we performed Monte Carlo sim-
ulations that clearly indicate that small process and power
supply variations can have very severe repercussions on the
tunneling metrics.

2 Dynamicsof Gate Oxide Tunneling

In this section we discuss the physical mechanism of gate
oxide tunneling with the help of NMOS and PMOS transis-
tors and an inverter for nanoscale CMOS technology.

2.1 Tunneling Current SPICE Modeling

The BSIM 4 SPICE model identifies the various com-
ponents of the gate tunneling current as gate-to-diffysion
gate-to-channel and gate-to-substrate contributionsceSi
the objective of this work is to analyze the effect of these
currents in future nanoCMOS technologies, especially in
the65nm, 45nm ranges and below, no commercially avail-

. E
able process data could be used. It is, however, expectedz *" / \

that the widely used Berkeley Predictive Technology Model
(BPTM) [3] accounts for these effects correctly and has
been used throughout this work.

The BPTM model used in this work is for4nm de-
vice technology node witfh,, = 1.4nm and threshold volt-
ageVr, = 0.22V. The width of the device was chosen to
be very large (' = 1um), thus eliminating any narrow-
width/width-modulation effects in the following analysis
[2]. The supply voltage is initially held atpp = 0.7V. We
characterized the gate direct tunneling current by evilgat
all components (source, drain and bulk) from the BSIM 4
model during the switching operation of the transistor from
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Figure 1. Gate oxide tunneling current (
predicted by the BSIM4.4.0 model for a test
input pulse. Indicated are the steady-state on
and off currents ( Ion, Iorr). The rise and fall
times of the input pulse are

tT:tf:l ns.
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Figure 3. Gate tunneling current component flow in the variou s regions of operation of an NMOS. In
this case ( 1,) is negligible and not shown.
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Figure 4. Gate tunneling current component flow in the variou s regions of operation of a PMOS. The

components ( Ig), I,.q and I .5 are neglected here.

the OFF to the ON state and vice versa. The results forverter (Fig. 5) in order to account for their characteristic
NMOS, PMOS and inverter are shown in Fig. 1. as shown in Fig. 2.

2.2 Physical Mechanism in Steady and 221 Steady State[ON/OFF]

Transient States
In the steady-state OFF region (Fig. 3(a)), both gate and

From Fig. 1 we can identify two distinct regions of oper- source are at ground while the drain is at higf ©) volt-
ation and two sub-regions of each region of input and output@ge. Since no channel is formed in this condition, the only
transition of the transistor during a typical switchinglegyc ~ active component i¢,q. The direction of the current flow
(i) Steady-state region [ON/OFF] and (i) Transient region is from diffusion regions to gate. In the steady-state ON re-
[Low-to-High(LH)/High-to-Low(HL)]. In order to obtaina  gion (Fig. 3(b)), both the gate and drain of the device are
better picture of the different tunneling current compasen held at high with the source being grounded. In this state a
and their relative contributions to the overall current, we Well-formed channel exists and three separate components

used the BSIM 4 model to evaluate them. The results areof the gate tunneling curredy,, I,.s and/,.q are active.
shown in Fig. 2. The component from gate to drain overlap4) has been

The gate to bulk componeni,) is negligible through- extinguished due to the almost zero electric field in that re-
out all regions of operation and hence we ignore it for the gion of the oxide. The overall current flow is from gate to
remainder of this discussion. It is also clear that difféeren Source and channel, opposite to the flow in the OFF state.
mechanisms contribute to the overall current during differ

ent phases of the switching cycle. In the following discus- 555 Transient State[LH and HL]
sion we refer to Fig. 3 which identifies the components of

tunneling currentin an NMOS which are active during each Finally, during the LH and HL transitions, all four compo-
region of operation. The same methodology of analysis is nents become active as shown quantitatively in Fig. 2 and
extended to other devices such as PMOS (Fig. 4) and in-qualitatively in Fig. 3(c). In this case the source is at grau
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g n
3 ! during the LH and HL transitions due to the introduction
L_) " Y ON v of time-varying components which can be considered as an
o h effective capacitive load defined by, , = % :
e - = ™ = o whereVj is the voltage applied on the gate. For simplicity
Time 5] we assume that the rise.J and fall ¢ ) times of the gate
(b) Components ofg4ze in PMOS input voltage are equal making the two transition regions
symmetric with respect to their behavior during switching.
Figure 2. Gate tunneling current components We also need to account for the change in magnitude and
calculated in BSIM4.4.0 model. The gate- direction of the total gate tunneling current and consiter t
to-source diffusion ( I,,) and gate-to-channel time in which this transition takes effect. This also gives t
(I4es and I,q) components are positive i. e. loading effect of tunneling current in the device during in-
from the gate. The gate-to-drain diffusion put transitions. Whet, and¢, are identical, this simplifies
component I, is negative i. e. towards the to: Cyp = %h_

gate. The gate to bulk tunneling current (I,
is negligible and is not shown. Also note, as
the values of ( I,.s and I,.q) fora PMOS is very
negligible, it has not been shown in the fig-
ure.

The three metrics presented hefg, Iorr, andCéff)
provide a concise and complete mechanism for characteriz-
ing the gate tunneling leakage during the entire operaltiona
cycle of an NMOS. Similar metrics are also defined for the
PMOS and inverter considered here and can be extended to
more complex logic gates.

the drain is at/pp and the gate is switched from low to 3
high or high to low. In the LH transition, the channel gradu-
ally originates at the source and extends to the drain and the
components,,, I, andl,., start becoming significant, in In this section we study the effect &}, andVpp vari-
that order. Conversely, as the field across the oxide regionation on the gate tunneling current components.

over the drain is reduced,, decreases to zero.

Impact of Process and Supply Variation

3.1 Process Parameter (7,,) Variation
2.3 Three Metrics for Tunneling Current

Initially, we held the power supply fixed & p = 0.7V

Based on the results presented in the previous sectionsand varied the oxide thickness frafy, = Inmto7,, =
it is apparent thathe behavior of the device in terms of gate 2nm. The BSIM 4 based simulation results are shown in
tunneling leakage current must be characterized not only Figs. 6. We notice the very strong exponential dependence
during the ON and OFF states but also during the transi- of all three proposed metrics ¢h,,.. Moreover thelpy
tions In particular, the OFF state current is comparable in of NMOS when compared to PMOS is larger while the re-
magnitude to the ON state current and hence forms a ma-~erse is true fodprr. This can be observed from the fig-
jor source of leakage which needs to be accounted for inures in Figs 6(a) and 6(b). For the inverter this is a com-
any characterization effort. The situation is more complex bination of the effects of NMOS and PMOS as expected
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Figure 6. Dependence of Steady-States’ Iopy Figure 7. Dependence of Steady-States’ Ipy

and Iorr and Transient States’ Effective and Iorr and Transient States’ Effective Tun-
Tunneling Capacitance Cgff on Gate Oxide neling Capacitance Céff on power supply
Thickness ( T,:). Vpp is maintained constant (Vbp). To, is maintained constant at  1.4nm.

at 0.7V.



(Fig. 6(c)). The variation irCéff with respect tadl,,, are
shown in Fig. 6(d), 6(e), and 6(f).

metrics for the characterization of the tunneling effeét.
study of these metrics reveals that not only the ON cycle but

the OFF as well as switching cycles must be accounted for

3.2 Design Parameter (Vpp) Variation

and towards this objective, we introduced the metfiss,

Iorr andCéff.

We heldT,, to a nominal value ol .4nm, appropriate

We used directly the variations if,,, andVpp and per-

for a 45nm CMOS technology and investigated the depen- formed Monte carlo simulations using a baseline BSIM 4

dence of the currents ar(dgff on power supply variation.
The results are shown in Figs. 7. With a variation in the
value of supply voltage it can be seen that béthy and

model to obtain the statistical distribution of the metrics

This methodology can provide valuable information and

estimates for the effect of gate tunneling leakage on power

Iopr of the NMOS are almost 100 times that of the PMOS consumption and delay which can then be used to character-

(Figs 7(a) and 7(b). The effect on the inverter is thereby i

ze entire cells and libraries leading ultimately to optied

predominantly that of an NMOS (Fig. 7(c)). Similarly the synthesis algorithms for nanoCMOS circuit design.

value of C? ., with respect toVpp is 10 times higher as

shown in Fig. 7(d), 7(e), and 7(f). Again we note the strong References

exponential dependence of all 3 proposed metricEop.

4 Experimental Monte Carlo Results

Our ultimate objective in determining a functional rela-
tionship between the metrics afig), andVpp is to trans-
late statistical information for the distributions @f, and
Vpp to statistical information about the metrics themselves.

In the Monte Carlo method followed here we assume
that the statistical distribution of procesg,{) and on-chip
power supply factors\(pp) is known. For both variables
we use a normal distribution with standard deviatief (
equal to 10% of the mearnu). The mean value fof,
wasl.4nm and forVpp was0.7V.

Using these distributions, a statistical samplévofT,,.,
Vpp) pairs was generated andl simulations were per-
formed with each pair being used only once. These simu-
lations resulted inV triplets of (o, IoFF, Cgff) metrics

which were subsequently processed to generate frequency[ﬁ]

plots. These results indicate that even though approxiynate
65% of the metrics follow the mean very closely, a signifi-
cant number of them fall within the range frata to 3o of

the mean. In addition, the distribution is lognormal and the
o is almost 1.8 times the value of the mean.

In summary, a small (10%) variation in process and
supply parameters can influence the gate oxide tunneling
current metrics significantlyThis influence can be mani-
fested by metrics that are two or more times the mean value.
Clearly this wide distribution must be taken into accountin
the design and synthesis of next generation ICs.

5 Conclusions

We presented a comprehensive analysis of the various
gate tunneling current components present during the en-
tire switching cycle of NMOS, PMOS and inverter for a
realistic45nm model and used this information to identify
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