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Abstract— In this paper we propose a new metric called
t
“effective tunneling capacitance” (Cef
f ) to quantify the transient
swing in the gate leakage (gate oxide tunneling) current due to
t
state transitions. Cef
f , which is defined as the change in tunneling
current with respect to the rate of change of input voltage is
a unique metric and to our knowledge proposed here for the
first time. This metric concisely encapsulates information about
the swing in tunneling current during state transitions while
simultaneously accounting for the transition rate and represents
the capacitive load of the transistor due to tunneling. This
capacitance can have impact on transistor characteristics being
additive to its gate oxide and diffusion capacitances. We express
t
Cef
f as functions of gate oxide thickness Tox and on-chip power
supply VDD to make it useful for modeling in higher levels of
design abstraction. We also statistically analyze the effects of
process variations of Tox and VDD on its distribution.

I. I NTRODUCTION
According to the ITRS roadmap, high performance CMOS
circuits will require very low gate oxide thicknesses due to aggressive technology scaling [1]. Such ultra-thin oxide devices
will be susceptible to new leakage mechanisms due to direct
tunneling of charge carriers through gate oxide, which leads to
gate oxide tunneling (gate leakage) current (Iox ) [2]. The gate
oxide tunneling current is strongly dependent on the supply
voltage of the transistor VDD and gate SiO2 thickness Tox [3],
[4]. It is projected that the gate leakage current will be a major
component of the static power consumption and hence of the
total power consumption of a low-end nanotechnology CMOS
device. Thus, there is a critical need for analysis, explanation,
and characterization of the various tunneling mechanisms,
targeted towards design for manufacturing (DFM) and process
variation modeling.
There are several research works available in the current
literature that model and characterize the gate oxide tunneling
current. In [5] a total leakage analysis method is proposed
including gate tunneling. Authors in [6] study the effect of
gate tunneling current in MOS devices of length of 25nm
and 90nm using device simulation. An approach for modeling
and analysis of gate-to-channel leakage in different DGFET
structures is presented in [7]. In [8], analytical models are
proposed to estimate the mean and the standard deviation in
variation of different leakage components. A methodology for

estimating the total amount of gate-tunneling current in CMOS
combinatorial circuits is presented in [9].
We observe that none of the above currently available
works investigate the transient behavior of the gate tunneling
current; they only address steady-state conditions. We will
demonstrate that current during state transitions is significant
and comparable to ON and OFF state currents. We also
observe that some of the above works do not consider the
effect of both ON and OFF state gate oxide tunneling current.
The contributions of the research work presented in this paper
are as follows: We analyzed in detail the behavior of the
CMOS device during its entire cycle of its operation. Guided
by the results of the previous analysis and using additional
t
simulations, we defined a novel metric Cef
f , appropriate for
a complete characterization of the gate oxide tunneling current
of a CMOS transistor and its impact on device operation
as far as leakage and capacitive effects are concerned. We
studied the dependence of the metric on process parameter
Tox and design parameter VDD . Finally, we performed Monte
Carlo simulations that clearly indicate that small process and
t
power supply variations can have significant impact on Cef
f
and consequently on the transistor’s power and performance
profile.
II. DYNAMICS OF G ATE OXIDE T UNNELING
Here we discuss the physical mechanism of gate oxide
tunneling with the help of an nanoscale NMOS transistor.
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Fig. 1. Gate oxide tunneling current (Iox ) components in BSIM4.4.0 model.

A. Tunneling Current SPICE Modeling
Fig. 1 identifies the various components of the gate tunneling current (Iox ), such as gate-to-diffusion (Igs and Igd ), gateto-channel (Igcs and Igcd ) and gate-to-substrate (Igb ) currents,
as modeled by the BSIM4 model. Since the objective of
this work is to analyze the effect of these currents in future
nanoCMOS technologies, especially in the 65nm, 45nm and
beyond range, no commercially available process data could
be used. It is, however, expected that the Berkeley Predictive
Technology Model (BPTM) [10] accounts for these effects
correctly.
The BPTM model used in this work is for a 45nm NMOS
device with Tox = 1.4nm, threshold voltage VT h = 0.22V ,
and VDD = 0.7V . The width of the device was chosen
to be very large (W = 1µm), thus eliminating any widthmodulation effects in our analysis. Since we concentrate on the
behavior of a single device and not a logic gate, no capacitive
or resistive load was connected to the output. Cadence Design
Systems’ Analog Design Environment and Spectre circuit
simulator are used [11].
B. Tunneling Current Physical Mechanism
We now study the physical mechanism of the gate oxide
tunneling in a CMOS transistor. We identify the regions of
operations of a MOS device distinguishing its transient and
steady states. We also provide physical explanation of the
MOS transistor behavior during those states. From Fig. 2(a)
and 2(b) we can identify distinct regions of operation of the
transistor during a typical switching cycle: (i) steady-state
region (ON and OFF), (ii) transition region [low-to-high (LH)
and high-to-low (HL)].
It is evident that different mechanisms contribute to the
overall current during different phases of the switching cycle.
In the following discussion we refer to Fig. 3 which identifies
the components active during each region of operation.
(i) Steady-State: In the steady-state OFF region (Fig. 3(a)),
both gate and source are at ground while the drain is at high
(VDD ) voltage. Since no channel is formed in this condition,
the only active component is Igd , due to the overlap of
the drain diffusion and the gate. On the other hand, in the
steady-state ON region (Fig. 3(b)), both gate and drain are
held at high with the source being grounded. A well-formed
channel exists in this case and three separate components
are active: (i) Igs due to the overlap of the source diffusion
with the gate, (ii) Igcs due to the flow of current from gate
to the inversion layer in the channel and subsequently to the
source, and (iii) Igcd due to the flow of current from gate
to the channel and subsequent collection at the drain. The
component Igd has been extinguished due to the almost zero
electric field in that region of the oxide.
(ii) Transient State: Finally, during the LH and HL transitions,
all four components become active as shown quantitatively in
Fig. 2(b) and qualitatively in Fig. 3(c). In this case the source
is at ground, the drain is at VDD and the gate is switched from

low to high or high to low. In the LH transition, the channel
gradually forms from source to drain and the components
Igs , Igcs and Igcd start becoming significant, in that order.
Conversely, as the field across the oxide region over the drain
is reduced, Igd is decreasing to almost total extinction. The
situation is reversed in the HL transition.
t
III. T HE E FFECTIVE T UNNELING C APACITANCE (Cef
f)

It is apparent that the behavior of the device in terms of
gate tunneling leakage current must be characterized not only
during the steady-state but also during low-to-high (LH) and
high-to-low (HL) transitions. Moreover, the OFF state current
is comparable in magnitude to the ON state current and hence
is a major source of leakage which needs to be accounted for
in any characterization effort. The situation is more complex
during the LH and HL transitions. In order to provide a
meaningful metric during this transition period, we need to
account for the change in magnitude and direction of the total
gate tunneling current and also consider the time in which this
transition takes effect.
Therefore, we define a new metric called effective tunneling
capacitance as:


 ION − IOF F 
t


(1)
=
Cef
f
 dVg /dt  ,
where Vg is the voltage applied on the gate. For simplicity we
can assume that the rise (tr ) and fall (tf ) times of the gate
input voltage are equal which makes the two transition regions
symmetric with respect to their behavior during switching.
When the rise and fall times are identical, this simplifies to:
t
Cef
f =

|ION − IOF F |
tr .
VDD

(2)

t
The metrics Cef
f along with ION and IOF F provide a
concise and complete mechanism for characterizing the gate
tunneling leakage during the entire operational cycle of a
t
MOS. We believe that Cef
f contains valuable information not
only for the switching operation of the device but also for
capacitive loading effects due to gate tunneling leakage as well
as reliability studies since it can be directly related to transient
charge flow through the gate oxide. This capacitance can have
impact on a nanoscale MOS transistor’s power and performance characteristics, similar to the parasitic capacitances,
such as gate oxide capacitance and diffusion capacitance. All
the capacitances, such as the proposed effective tunneling
t
capacitance (Cef
f ), gate capacitance and diffusion capacitance
will be additive, thus increasing the loading effect of the MOS
transistor with direct consequences on the fan-out of logic
gates.

IV. M ODELING FOR P ROCESS AND S UPPLY VARIATION
In Figs. 4(a) and 4(b) we show the dependence of the
t
relevant metrics (Cef
f , ION and IOF F ) on process (Tox ) and
design variation (VDD .) We subsequently performed a least
squares fit of the data presented in these figures to study the
effects of Tox and VDD . The fitting functions may in turn be

I gs

Vgs [V ]

I gcs

OFF

OFF

I gcd

I gd
I ox [ A / m m]

HL

ON

LH

I ON
I OFF
(a) Iox for a test input pulse. The rise and fall times of the input pulse are (b) Iox components. Igs , Igcs and Igcd are positive i. e. from the gate. Igd
tr = tf = 1ns.
is negative i. e. towards the gate. Igb is negligible and is not shown.
Fig. 2.

Tunneling current components during the switching operation of the transistor from the OFF to the ON state and then back to the OFF state.
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Gate tunneling current component flow in the various regions of operation of an NMOS. Igb is negligible and not shown.
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(a) Dependence on Tox . The power supply is held fixed at VDD = 0.7V .

(b) Dependence on VDD . The oxide thickness is held fixed at Tox = 1.4nm.

t
Fig. 4. Dependence of Effective Tunneling Capacitance (Cef
f ), Steady-State ON (ION ) and Steady-State OFF (IOF F ) currents on oxide thickness (Tox )
and power supply (VDD ).

useful for modeling in higher levels of design abstraction, such
as logic level and RTL level. The results are shown in Table I.
A. Modeling for Tox Variation
The effect of varying oxide thickness (Tox ) was incorporated by varying the parameter T OXE in the spice model
deck directly. Initially, we held the power supply fixed at
VDD = 0.7V and varied the oxide thickness from Tox =
1nm to Tox = 2nm. From the Table I we observe that all

metrics follow the theoretically expected variation very well as
evidenced by the high correlation coefficient of the fit (100%).
B. Modeling for VDD Variation
In this case, we held Tox to a nominal value of 1.4nm,
appropriate for a 45nm CMOS technology and investigated
t
the dependence of the currents and Cef
f on power supply
variation. Similarly, Table I indicates an almost perfect fit of
the metrics to the theoretically expected form with a crosscorrelation coefficient of 100%. It may be pointed out that the

TABLE I
C URVE FITTING USING DIFFERENT FUNCTIONS

Variation
Process

Metrics
t
Cef
f

vs. Tox

Parameter

ION vs. Tox

(Tox )

IOF F vs. Tox

Design

t
Cef
f vs. VDD

Parameter
(VDD )

Fitting Functions


= Tα2 e(−βTox )
 ox 
ION = Tα2 e(−βTox )
 ox 
IOF F = Tα2 e(−βTox )
ox
 β 
−
t
Cef f = (αVDD ) e VDD 
t
Cef
f

−V β
DD

ION vs. VDD
IOF F vs. VDD

ION = (αVDD ) e 

IOF F = (αVDD ) e

−V β



DD

fitting factors α and β for the metrics are different for the
Tox and VDD fits. This demonstrates that the impact of Tox
variation and VDD variation on them is different.
t
C. Statistical Distribution of Cef
f

Our ultimate objective in determining a functional relationship between the metric, Tox and VDD is to translate statistical
information for the distributions of Tox and VDD to statistical
t
information about the metric Cef
f . We performed a statistical
characterization of the devices using a Monte Carlo approach.
In this method, we assume that the statistical distribution of
process (represented by Tox ) and on-chip power supply factors
(represented by VDD ) is known. For both variables we use
a normal distribution with standard deviation (σ) equal to
10% of the mean (µ). The mean value for Tox was 1.4nm
and for VDD was 0.7V . These results indicate that even
though approximately 65% of the metrics follow the mean very
closely, a significant number of them fall within the range from
2σ to 3σ of the mean. In addition, the distribution is lognormal
with a strongly exponential shape and the σ is almost 1.8 times
the value of the mean.
In summary, a small (10%) variation in process and supt
ply parameters can influence Cef
f significantly due to the
exponential nature of the dependence. This influence can
be manifested by a metric that is two or more times the
mean value. Clearly, this wide distribution must be taken into
account in the design and synthesis of next generation ICs.
V. C ONCLUSIONS
We presented a comprehensive analysis of the various
gate tunneling current components present during the entire
switching cycle of an NMOS for a realistic 45nm model.
We used this information to identify a new metric for the
t
characterization of the tunneling effect called Cef
f . The data
obtained from the fit can be further used to analyze the
statistical distribution of the metric when the variations of
Tox and VDD are known. In an alternative approach, we used
directly the variations in Tox and VDD and performed Monte
carlo simulations using a baseline BSIM4 model to obtain the
t
statistical distribution of Cef
f . This methodology can provide
valuable information and estimates for the effect of gate

Function Parameters

Corr. Coefficients
9

100%

α = 3.89 × 10−21 and β = 7.2 × 109

99.9%

α = 2.55 × 10−21 and β = 7.2 × 109

99.9%

α = 1.78 × 10−15 and β = 1.29

100%

−6

and β = 1.29

99.5%

α = 6.43 × 10−7 and β = 1.29

99.5%

α = 6.86 × 10

−30

α = 1.19 × 10

and β = 7.2 × 10

tunneling leakage on power consumption and delay which can
then be used to characterize entire cells and libraries leading
ultimately to optimized synthesis algorithms for nanoCMOS
circuit design.
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