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Abstract— With continued and aggressive scaling, using ultra-
low thickness SiO2 for the transistor gates, tunneling current has
emerged as the major component of leakage in CMOS circuits. In
this paper, we propose a new approach called dual dielectrics of
dual thicknesses (DKDT) for the reduction of both ON and OFF
state gate tunneling currents. We claim that the simultaneous
utilization of SiON and SiO2 each with multiple thicknesses is a
better approach for gate leakage reduction than the conventional
one that uses a single gate dielectric, SiO2, of multiple thicknesses.
We develop an algorithm for the corresponding assignment
of dual dielectric and dual thickness cells that minimizes the
overall tunneling current for a circuit without compromising its
performance. We performed extensive experiments on ISCAS’85
benchmarks using 45 nm technology which demonstrate that our
approach can reduce the tunneling current by as much as 98.7%
(on average 94.8%), without performance degradation.

I. INTRODUCTION

There has been a phenomenal increase in the demand for
low power and high performance digital VLSI circuits. The
transistor-feature sizes have dramatically shrunk with technol-
ogy scaling, resulting in a drastic change in the leakage com-
ponents of the CMOS devices. While the dynamic power has
remained almost unchanged, the leakage power has increased
significantly to become a large portion of the total power.
Therefore, there is a critical need for the reduction of leakage
power, which continues to be dissipated even when a device
is not performing any useful operations. The leakage current
in short channel nanometer transistors has several forms, such
as reverse biased diode leakage, subthreshold leakage, gate
oxide tunneling current, hot carrier gate current, gate induced
drain leakage, channel punch through current [1]. However,
as we approach the low-end of nanotechnology, the leakage
component that dominates is the gate oxide leakage current,
more specifically the direct gate tunneling current.

According to the ITRS roadmap, high performance CMOS
circuits will require very low gate oxide thicknesses [2]. Such
ultra-thin oxide devices will be susceptible to new leakage
mechanisms due to tunneling through gate oxide, which leads
to gate oxide tunneling current (Igate) [3]. Assuming that Vdd

= supply voltage of the transistor and Tgate = gate silicon diox-
ide (SiO2) thickness, the gate oxide leakage current can be ex-

pressed as follows [4], [5] : Igate ∝
(

Vdd

Tgate

)2

exp
(
−β

Tgate

Vdd

)
,

where β is an experimentally derived factor. This explains
the fact that a small change in Tgate can have a tremendous

impact on gate oxide current. This also gives the following
possible options for reducing gate leakage power consumption:
decreasing the supply voltage Vdd and/or increasing the gate
SiO2 thickness Tgate.

With the limits being reached in the efficacy of gate ox-
ide thickness, it has now become desirable to find suitable
alternatives to SiO2 as the gate dielectric itself [6], [7], [8].
Recently, silicon oxynitride (SiON) has attracted attention as
a replacement for SiO2, as it has been used in silicon based
processes before and is compatible with the established IC
technology [7], [9], [8]. In this paper we focus on the use of
two gate dielectrics SiO2 and SiON each with two different
thicknesses to optimize gate tunneling current. We develop
an algorithm for the assignment of alternative logic gates
comprised of transistors of different dielectrics to a CMOS
circuit logic network. The algorithm ensures that the total
gate oxide tunneling current of the circuit is minimized while
preserving its performance.

Most of the available works in the literature have been
addressing sub-threshold leakage. There are few works avail-
able that provide methodologies for gate tunneling current
reduction at the logic or transistor level. Techniques like
BGMOS using dual Tgate and dual VTh (Threshold Voltage)
have been proposed by Inukai, et. al. [10]. Rao, et. al. [11]
have presented a sleep state assignment technique and applied
this to MTCMOS circuits for reduction of both gate and
subthreshold leakage. Lee, et. al. [12], [13] discuss the effect
of gate tunneling with scaling and present pin-reordering as a
solution for minimization of gate leakage and resolving state
dependencies. Sultania, et. al. [3] have proposed a heuristic
for dual Tgate assignment and the consequent tradeoff with
the delay in the circuit. Also, Sultania, et. al. in [14], suggest
an approach to minimize gate tunneling utilizing dual Tgate

along with pin-reordering to reduce the total leakage current.
As can be seen from above, these works have focused on

development of methods that use oxide of different thicknesses
for gate tunneling reduction. We see that they do not address
emerging dielectrics that will replace SiO2 to reduce the
tunneling current for low-end nanotechnology. They either
consider ON state tunneling or OFF state tunneling, but do
not account for both. The work proposed in this paper presents
a new and unified performance-aware approach called DKDT
for tunneling current reduction of CMOS circuits.



II. HIGH-K DIELECTRICS FOR LOW-END NANOMETER
CMOS DEVICES

SiO2 has reached the limit in its role as the gate dielectric
of choice due to the fact that decrease in its thickness is
associated with a concomitant and significant increase in
tunneling current [8]. This inevitable drawback and the im-
pending increase in power dissipation has necessitated the
investigation of alternative candidates for the replacement of
SiO2. A suitable candidate needs to have a higher dielectric
constant (relative permittivity) than SiO2 [7]. This would allow
for scaling down the gate thickness as well as maintaining
the effective dielectric barrier height to prevent gate tunneling
current. There are various metrics that define the performance
of a high-K gate dielectric such as interface trap density,
low frequency CV hysteresis and frequency dispersion, fixed
charge density, minimal dielectric charging and interface
degradation or stress induced leakage current (SICL) which
result from voltage stress and surface mobility.

Recently several materials have been investigated for use in
the CMOS devices such as ZrO2, TiO2, BST, HfO2, Al2O3,
SiON and a host of Silicon Nitride (Si3N4) compounds [7],
[15], [8]. It is a challenging task in itself to integrate these
materials into the conventional process and is a topic of
continued research [16]. There has been a lot of progress in the
development of various technologies for high-K gate dielectric
deposition [9]. This includes the extension of chemical vapor
deposition (CVD), single wafer methodologies such as rapid
thermal chemical vapor deposition (RTCVD), rapid plasma-
enhanced chemical vapor deposition (RPECVD) and liquid
source misted chemical vapor deposition (LSCVD). Other
techniques include physical vapor deposition (PVD) [17], jet
vapor deposition (JVD) [18], oxidation of metallic films [19],
molecular beam epitaxy (MBE) [20], [21].

We believe that along with the efforts in introducing high-
K gate dielectrics, future synthesis methodologies should be
developed in order to incorporate them into the existing
automated design flows. This leads us to propose the DKDT
idea that uses logic cells of dual gate dielectrics along with
dual thicknesses which promises to be an efficient and effective
alternative to the conventional method of a single dielectric,
predominantly composed of SiO2.

III. PROBLEM DEFINITION AND CONTRIBUTIONS

In this section we summarize the state-of-the art and the
needs of future technologies, as discussed above. Based on
these considerations we formulate our problem definition and
present our contribution to address these needs. As per our
discussion in section II and the current works as cited in
section I the need for alternative future methodologies using
dual dielectrics can be summarized as follows:
• Various synthesis works available in current literature

(section I) focus on subthreshold leakage only. This
calls for a new synthesis approach considering tunneling
current for low-end nanotechnology CMOS circuits.

• The synthesis works available at present focus on so-
lutions along the traditional lines of using SiO2 only.

Also various existing techniques for tunneling current
reduction that exist offer methods that are limited to
methodologies without any consideration to the new
material perspective.

Thus, we believe that the simultaneous use of logic gates
of dual dielectrics of dual thickness will prove to be an
effective technique aimed towards minimization of the gate
oxide tunneling current of the logic circuits while keeping the
performance degradation under control.

A combinational circuit can be modeled as a weighted
directed acyclic graph G(V,E). The nodes viεV are comprised
of the primary inputs (PIs), the primary outputs (POs), and the
combinational active elements. The edges ei,jεE represent the
interconnections between nodes vi and vj . A PI is a node that
has no fanins (incoming edges) and a PO is a node that has
no fanouts (outgoing edges). Using this interpretation we will
introduce the formulation of the dual dielectric assignment
problem. The weight on the nodes can be associated with
the delay in the active elements. Also, the dual dielectric
assignment occurs at the technology mapping phase and as
the exact layout information is not available at this stage, the
interconnecting edges can be modeled as a constant delay.

Given a weighted directed acyclic graph (WDAG) G(V,E)
it is required to find the best possible assignment of dielectric
and thickness such that the total tunneling current is minimized
and latency constraint (circuit performance) is satisfied.

This can be viewed as an optimization problem as follows:
Let V be the set of all vertices and VCP be the set of all
vertices in the critical path from the PIs to POs. The power-
and performance-driven two dimensional problem can thus be
formulated as follows:

Minimize
∑

vi∈V Igate(vi) (1)

Where, Igate(vi) is the tunneling current consumed per sample
node vi of the DAG, such that the following latency constraint
is satisfied :
∑

vi∈VP
Di(vi) ≤ DCP [∀ vi∈VP (where, VP ⊂ V )] (2)

The constraints in Eqn. (2) ensure that the summation of all
delays Di(vi) in a given path (P ) is less than the critical path
delay DCP .

The contributions of this paper are listed below :
• It introduces a new approach of dual dielectric (SiO2 and

SiON) assignment for the tunneling current reduction.
• Logic level minimization of average-case gate oxide

tunneling current dissipation of static CMOS circuits
accounting for both ON and OFF states of the device.

• Introduction of a heuristic algorithm that assigns dual
dielectric material in combination with dual thickness and
achieves the objective of tunneling current reduction of
CMOS circuits while maintaining performance.

• A characterization methodology is shown for logic gates
using 45nm technology to calculate the average case
tunneling. Also a dual gate dielectric and thickness
component library that includes various logic gates like
inverter, AND, OR, NAND, and NOR is developed.



IV. MODELING AND CALCULATION OF THE GATE
TUNNELING CURRENT

We performed complete transistor level characterization of
a number of logic gates with respect to tunneling leakage and
input-output delay using Cadence Design Systems’ SPECTRE
analog circuit simulator [22]. Even though we concentrated on
leakage and timing in this analysis, the test benches are fully
parameterized to account for load and power supply variations
as well as the physical dimensions of the devices. One of the
obstacles in performing such technology characterization, par-
ticularly in the sub-65nm region, is the lack of commercially
available processes for which data have been published.

We chose to use the Berkeley Predictive Technology Model
(BPTM) [23] since it is well received. The BPTM BSIM 4.4
decks generated represent a hypothetical 45nm CMOS process
with oxide thickness Tgate = 1.4nm, VTh = 0.22V for the
NMOS and VTh = −0.22V for the PMOS. The nominal
power supply is VDD = 0.7V These decks are also scalable
with respect to Tgate and channel length. The effect of varying
oxide thickness was incorporated by varying the parameter
TOXE in the spice model deck directly while the effect of
varying dielectric material was modeled by first calculating an
equivalent oxide thickness (T ∗gate) according to the formula :

T ∗gate =
(

Kgate

KSiO2

)
× Tgate (3)

Here, Kgate is the dielectric constant of the gate dielectric
material other than SiO2, while KSiO2

is the dielectric con-
stant of SiO2. It may be noted that the length of the device
is proportionately changed (maintaining a constant L/Tgate

ratio) in order to minimize the impact of higher dielectric
thickness on the device performance and to maintain the per
width gate capacitance constant as per fabrication requirements
[3], [24]. Moreover, length and width of the transistors are
chosen to maintain a (W/L) ratio of 4 : 1 for NMOS and
8 : 1 for PMOS to ensure proper flow of current.

The first step in the characterization was the selection of
an appropriate capacitive load. A value of 10 times the total
gate capacitance Cgg of the PMOS device was used [25]. This
value depends strongly on the condition of the channel and
has been calculated from the BPTM model for each case and
operating condition. The effect of the switching pulse rise time
(tr) was initially examined on the delay characteristics of the
various gates. Following standard approaches [26] we define
the delay as the time difference between the 50% level of
the input and the output waveforms. For worst-case scenarios
in the development of the algorithm, we chose the maximum
delay time regardless of whether this was due to a Low-to-
High or a High-to-Low transition. In order to eliminate an
explicit dependence of the algorithm results on tr, we chose a
value that is realistic yet does not affect the delay significantly.
For tr = 10ps the dependence of the delay on tr is minimal
for all gates.

After holding tr fixed at the selected value, we characterized
first the maximum delay time for each gate and subsequently

the gate direct tunneling current by evaluating all tunneling
components for each PMOS and NMOS device in the logic
gate. There are also several components of the gate tunneling
current within each device, such as Igs and Igd (components
due to the overlap of gate and diffusions), Igcs and Igcd

(components due to tunneling from the gate to the diffusions
via the channel) and Igb, the component due to tunneling from
the gate to the bulk via the channel. The total gate tunneling
current for each device was then calculated by summing all
components; of course, their values depend on state (ON or
OFF) and type (NMOS or PMOS) of a device.

Igate[i] = Igs[i] + Igd[i] + Igcs[i] + Igcd[i] + Igb[i], (4)

where the index i identifies the device within a gate. A total
gate tunneling current for the logic gate (Igate) was then
calculated by summing the absolute gate currents over all the
MOS devices in the logic gate (both positive and negative gate
current contributes to leakage and their absolute sum account
both ON and OFF states of the MOS devices):

Igate =
∑

i |Igate[i]|. (5)

During its various states of operation, each gate presents
different dominant leakage paths, depending on the combi-
nation of inputs. For the 2-input gates we considered in this
work, the characterization is straightforward as all states can
be simulated, thus resulting in a complete characterization. For
each of the four possible states (00, 01, 10 and 11), the overall
gate tunneling current (I00, I01, I10, and I11, respectively) is
calculated from eqs. 4 and 5. Assuming that all states are to
occur with equal probability, an average gate tunneling current
(Igate) is calculated as :

Igate =
(

I00+I01+I10+I11
4

)
. (6)

The only exception is the NOT gate which has only 2 possible
inputs (0 or 1) and the average gate tunneling current was then
calculated by :

Igate =
(

I0+I1
2

)
. (7)

Table I shows the values of oxide tunneling current and
maximum delay for various gates characterized for the exper-
iment. A comparison of the results is shown in Fig. 1 for all
logic gates under consideration. Fig. 1(a) shows the tunneling
current variation with dielectric thickness when the dielectric
is SiO2. When the gate dielectric constant Kgate is varied the
tunneling current also changes as shown in Fig. 1(b) assuming
a fixed dielectric thickness Tgate, which is assumed as the
default minimal thickness from the BSIM 4.4 model. Similar
results for the propagation delay is presented in Fig. 1(c) and
Fig. 1(d).

V. DUAL DIELECTRIC ASSIGNMENT ALGORITHM

The dual dielectric assignment, described in the following
paragraphs, plays a principal role in attaining the dual goal
of optimizing tunneling leakage as well as integrating high-
K gate technology into the synthesis flow. In the new de-
sign and synthesis flow, the dual dielectric assignment and
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Fig. 1. Tunneling Current and Propagation Delay Variation with Gate Oxide Thickness and Dielectric for 45nm Technology

TABLE I
CHARACTERIZATION OF GATE LEAKAGE CURRENT AND DELAY FOR VARIOUS LOGIC GATES

Dual Dielectric and Thickness Combinations
K1T1 K1T2 K2T1 K2T2

Igate Tpd Igate Tpd Igate Tpd Igate Tpd
in nA/µm inps in nA/µm inps in nA/µm inps in nA/µm inps

00 01 10 11 00 01 10 11 00 01 10 11 00 01 10 11
INV 100.4 252.0 - - 129.6 6.0 15.9 - - 210.2 0.262 0.770 - - 241.3 0.005 0.018 - - 258.4
NAND2 55.8 172.0 35.8 247.6 256.9 3.1 10.7 1.0 15.6 423.7 0.134 0.506 0.029 0.754 495.3 0.0028 0.0121 0.0004 0.0185 519.2
NOR2 102.1 128.5 121.3n 246.6 378.2 6.0 8.0 7.7 15.6 586.2 0.260 0.382 0.375 0.755 680.3 0.0055 0.0094 0.0092 0.0186 724.0
AND2 179.6 295.7 160.0 298.5 350.0 11.0 18.6 8.9 18.7 611.3 0.513 0.885 0.409 0.887 741.3 0.012 0.021 0.010 0.021 802.8
OR2 225.4 179.6 171.8 297.7n 340.3 13.9 11.0 11.0 19.0 573.0 0.640 0.513 0.501 0.885 697.0 0.015 0.012 0.012 0.021 772.0

optimization are performed before placement and routing to
obtain the tunneling leakage optimized netlist. This netlist
is subsequently processed for the placement legalization and
ECO (Engineering Change Orders) routing before generating
the final layout [27], [28].

The DKDT assignment algorithm is performance aware
which aims at minimizing the gate tunneling current without
compromising the desired performance. In this technique, we
aim at assigning from a combination of two dielectrics and
two thicknesses that are assumed to be available to us as
characterized cells. Let us assume that K1 and K2 are the
relative permittivity of two gate dielectrics, where K1 < K2,
and thickness T1 < T2. We assume that there are four different

types of transistors available, such as K1T1, K1T2, K2T1, and
K2T2. In other words, a transistor can use dielectric of relative
permittivity K1 or K2 and of thickness T1 or T2. Assuming
that all the transistors of a logic gate are made of same Kgate

and equal Tgate, we consequently have four different types
of logic gates. It is evident from the cell characterization
explained in Section IV that the tunneling leakage current of
logic gates increases and the propagation delay decreases in
the order K2T2, K2T1, K1T2, and K1T1. This has served as
the basis of the heuristic algorithm proposed in this section,
where a logic gate under consideration is assigned a higher
order K and T to reduce leakage whenever corresponding
increase in delay of the path does not violate the target delay.



(01) Represent the network as a directed acyclic graph G(V, E);
(02) Initialize each vertex v ∈ G(V, E) with the values of leakage and delay

corresponding to K1T1 assignment;
(03) Find the set of all paths P{Πin}∀v ∈ Πin, the set of primary inputs,

leading to primary outputs Πout;
(04) Compute the delay DP for each path p ∈ P{Πin};
(05) Find the critical path delay DCP for K1T1 assignment;
(06) Mark the critical path(s) PCP , where PCP ⊂ P{Πin};
(07) Assign target delay DT = DC P ;
(08) FOR each vertex v ε G(V,E) chosen in random order {
(09) Determine all paths Pv to which node v belongs;
(10) Assign K2T2 to v;
(11) Apply dynamic programmed LFO-NTF-DRF;
(12) Determine timing closure and insert buffers in the appropriate path;
(13) Calculate new critical delay DC P ;
(14) Calculate slack in delay as ∆D = DT - DC P ;
(15) IF (∆D < 0) {
(16) Assign K2T1 to v;
(17) Apply dynamic programmed LFO-NTF-DRF;
(18) Determine timing closure and insert buffers in

the appropriate path;
(19) Calculate DC P ; Calculate ∆D ;
(20) IF (∆D < 0) {
(21) Assign K1T2 to v;
(22) Apply dynamic programmed LFO-NTF-DRF;
(23) Determine timing closure and insert buffers

in the appropriate path;
(24) Calculate DC P ; Calculate ∆D ;
(25) IF (∆D < 0) then reassign K1T1 to v;
(26) } // end IF
(27) } // end IF
(28) } // end FOR

Fig. 2. DKDT Assignment Algorithm for Performance Aware Tunneling
Current reduction.

In Fig. 2 we outline the proposed heuristic algorithm. The
network is represented as a weighted direct acyclic graph
G(V,E). The algorithm performs assignment of dual dielectric
of dual thicknesses and minimizing critical delay in the
framework of a load independent delay model. It then applies
an extension of the algorithms proposed in [29], [30] for
computing the critical delay of the circuit. The algorithm
traverses the graph in a bottom-up fashion starting from PIs to
POs to identify the critical path of the circuit. Subsequently,
the critical delay DCP for the current assignment is calculated,
which is compared against a target delay DT (the critical delay
with nodes originally assigned with K1T1), for any further
assignment. This ensures that there is no compromise with
the desired performance of the network. This also allows for
a performance aware direct tunneling leakage reduction.

To begin with the assignment, the algorithm greedily con-
siders each node as a candidate for assigning K2T2 which is
the most desired case. In each iteration a node is considered
and a determination is made whether the current assignment
complies with the target delay limit DT . Whenever an assign-
ment is done, local fanout optimization is carried out based on
a fixed node topology, as the logical structure of the network
is not altered, and its effect on the overall critical delay is
considered. For resolving as well as optimizing local fanouts
we extend the inherent SIS [32] implementation of local fanout
optimization-network topology different-rise-fall (LFO-NTF-
DRF) [30] with same-rise-fall time to max-rise-fall time. We
used a dynamic programming approach as suggested in [31]
for resolving the LFO-NTF-DRF problem in polynomial time.
At this point buffer insertion is done to implement local

fanout optimization. This ensures proper timing closure at
each node after assignment. For each assignment the slack
∆D is calculated, which is defined as the difference between
target delay DT and critical delay DCP . If ∆D < 0 the
K2T2 assignment violates the target delay; then the next best
assignment i. e. K2T1 is considered and again the value of ∆D

verified for meeting delay constraint. If this assignment still
violates the target delay, K1T2 is assigned to the gate. If none
of the above assignments meet the target delay requirement
then K1T1 is reassigned to the node under consideration.

VI. EXPERIMENTAL RESULTS

The performance aware dual dielectric assignment algorithm
proposed in Sec. V was implemented in the framework of the
SIS logic synthesis tool [32]. A dual dielectric and thickness
library was characterized for 45nm technology using the
SPECTRE simulator as described in section IV. The library
included various logic gates like inverter, AND, OR, NAND,
and NOR with a combination of dual dielectric and dual
thickness as presented in Section V. We used K1 = 3.9 (for
SiO2), K2 = 5.7 (for SiON [6]), T1 = 1.4nm, and T2 =
1.7nm to perform our experiments. The value of T1 is chosen
as the default value from the BSIM4.4 model card and the
value of T2 is intuitively chosen based on the characterization
process in the previous section. The dual dielectric approach
was tested on all major ISCAS’85 logic benchmarks.

The experimental results are presented in Table II. The
tunneling currents reported correspond to the average case
with contributions from both ON and OFF devices. It shows
the values of tunneling current for K1T1 assignment (the base
case), the tunneling current after dual dielectric assignment is
done using the proposed algorithm, and percentage reduction.
The results prove a considerable decrease in the gate tunneling
leakage for all benchmark circuits under consideration without
any tradeoff in delay.

From Table II it is further evident that our technique gives a
significant reduction in tunneling leakage values. The highest
reduction is observed in the case of the benchmark C6288
which is 98.69% while the lowest reduction is 89.66% in
the case of the benchmark C499. Overall, the dual dielectric
approach achieves, on an average, a reduction of 94.8%.
However, there is no increase in the critical path delay of
the overall circuit, as the nodes belonging to the critical path
are not assigned with K2 or T2. The results vary according
to the number of nodes in the critical path and the network
as a whole. The more parallelism exists in the network (with
almost identical path lengths, all tending to the same number
of critical nodes) the higher the probability that assignment of
K2T2 will be sparse. However, for larger circuits with longer
delays along the critical path, the chances of K2T2 assignment
increase and so does the reduction in tunneling leakage as a
consequence of this assignment.

VII. CONCLUSIONS

In this paper we proposed a new approach for tunneling
current reduction considering both active and sleep states



TABLE II
EXPERIMENTAL RESULTS SHOWING REDUCTIONS IN TUNNELING CURRENT

Benchmark Number of Critical Path Tunneling Current Tunneling Current with Percentage
Circuits Logic Gates Delay (in ps) for SiO2 DKDT Reduction

with T1 (in nA) Assignment (in nA) (%)
C432 160 3.848 3949.452 253.260 93.58
C499 202 2.054 5708.547 590.454 89.66
C880 383 6.162 6537.024 337.842 94.83
C1355 546 2.054 5708.547 274.644 95.19
C1908 880 6.675 9714.744 287.721 97.04
C2670 1193 24.643 17863.326 1560.672 91.27
C3540 1669 18.227 34637.148 2215.737 93.60
C5315 2406 23.103 28156.869 1098.801 96.10
C6288 2406 24.897 28474.641 372.564 98.69
C7552 3512 26.438 33899.463 625.842 98.15

using dual gate dielectric of dual thickness. A heuristic al-
gorithm was developed that could carry out such assignment
for benchmark circuits in a reasonable amount of time. The
experiments yielded significant reductions in tunneling current
without compromising the performance of the circuit. It may
be noted that dual dielectric circuits may need to use more
masks during the lithographic process of circuit fabrication.
But, we believe that such costs would be compensated by the
reduction of energy or power costs. However, the research on
these materials by the material science and engineering as well
as electrical engineering community is in full swing and we
expect to see new process technologies in the future addressing
these issues. We have focussed on heuristic based algorithms,
but more optimal algorithms are under development.
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