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Abstract—As technology scales down into the nanometer
region, the reliability mechanism caused by time dependent
dielectric breakdown (TDDB) has become one of the major
reliability concerns. TDDB can lead to performance
degradation or logic failures in nanoscale CMOS devices, and
can cause significant increase of leakage power in the standby
mode. In this paper, the TDDB effects on the delay and power
of the nanoscale CMOS circuits are analyzed using ISCAS85
benchmark circuits that are designed using a 45-nm CMOS
predictive technology model. Based on the TDDB analysis, a
reliable CMOS VLSI design methodology using a redundancy
system has been proposed.
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l. INTRODUCTION

As MOSFET [1] technology is scaled down more
aggressively, various aging phenomena (or reliability
mechanisms) such as negative bias temperature instability
(NBTI), hot carrier injection (HCI), and time-dependent
dielectric breakdown (TDDB) on the MOSFET device have
become one of the most important issues in the nanoscale
MOSFET technology [1]. These mechanisms lead to device
aging, resulting in performance degradation and eventually
design failures during the expected system lifetime [2]-[4].
Recently, the oxide thickness of less than 2nm is common in
state-of-the-art technologies, and TDDB becomes one of the
key challenges among these reliability mechanisms [5][6].

Moreover, the saturating trend for supply voltage scaling
causes a large electric field in the gate oxide, which
generates gate tunneling currents. The lifetime of a particular
gate oxide thickness is determined by the total amount of
charge that flows through the gate oxide by the tunneling
current. Therefore, nanometer devices are more prone to
oxide breakdown compared to micrometer devices. The
oxide breakdown is categorized into hard breakdown (HBD)
and soft breakdown (SBD): HBD causes a catastrophic
failure of the device and the entire circuits. On the other hand,
SBD leads to parametric variations such as energy, delay,
and noise margin of a gate although it does not bring about
functional failures [5].

Figure 1 shows the variation of leakage path current
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Figure 1. Wear-out and breakdown model for thin gate oxides[6].

depending on the wear-out and breakdown phase for thin
gate oxides. At the end of the phase I, the traps start to be
increased. During Phase Il, moving traps lead to random
fluctuation in the leakage current, power and delay, where
the device is still functional. In phase 11, the conduction path
is created in the oxide, the leakage current is exponentially
increased, and then, finally, the conduction path causes a
catastrophic failure of the device [6].

TDDB is typically treated statistically using the Weibull
distribution [7]. For this reason, usually a large gate oxide
area has to be used in order to be able to detect the
breakdown. Gate oxide breakdown manifests itself as an
increase of gate current while retaining its insulating
properties (soft break down-SBD or hard break down-HBD)
that happens when 1-V curve becomes linear, i.e., manifests a
resistor-like behavior. For thinner gate oxides (< 30X10™°m),
SBD is the most likely event. In this paper, TDDB effect
only in NMOS devices is considered because the probability
of PMOS gate-oxide breakdown is at least an order less than
that of NMOS breakdown [8].

Recently, many researches on the TDDB effect have
been proposed, but they have mainly focused on device
physics not circuit-level analysis. Although a few researches
on the circuit-level analysis of TDDB in nanoscale CMOS
circuits have been proposed, they have concentrated on
mathematical modeling and performance degradations only
in simple digital circuits. In this paper, we propose a new
simple reliable CMOS VLSI design methodology using a
redundancy system.

The remaining of the paper is organized as follows.
Section Il introduces the TDDB modeling in nanoscale
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CMOS circuits. Section 11l shows our proposed reliable
system, followed by the conclusion in Section V.

II. TDDB MODELING

At current operating voltages for MOSFETSs, the
degradation mechanism can be approximated by an
exponential function of voltage applied across gate oxide and
Arrhenius function of temperature as follows:

TDDB=C ~exp(E—Ta) -exp(—pV,) 1)

where Vj is the voltage across gate oxide, E, is the activation
Energy, k is the Boltzman's constant, T is the junction
temperature, C and f are the technology specific constants.

Gate oxide breakdown is sensitive to:

*  Voltage across the gate oxide (Vy): The higher Vg and
the higher Vg duty cycles the shorter TDDB. For this
reason, worst case condition for gate oxide occurs when
the device is operated in DC mode (100% duty cycle).

e Junction temperature

e Gate oxide thickness: The thinner the gate oxide the
more difficult it is to get good quality oxides and
interfaces.

e (Gate oxide area: The bigger the gate oxide area the
higher the gate oxide breakdown induced failure rate.
SRAMs typically have intensive gate oxide area and
can be good vehicles to test gate oxide lifetime.

In this paper, for post-breakdown analysis at the circuit-
level, a MOSFET with the oxide breakdown is modeled
using two breakdown resistors (Rgp) as shown in Figure 2
[8]. The Rgp value ranges from GQ (no TDDB) to a few
hundreds of KQ (HBD). The time-dependent gate to
source/drain resistor model was experimentally verified in
Lombardo et al. [9].

The worst stress for NMOS and PMOS gate oxide
happens when NMOS and PMQOS are in ON state. For this
reason, in calculating product the gate oxide FIT, we make
the assumptions that duty cycle of the voltage across gate
oxide is 50%. However, when PMOS and NMOS are off,
respectively gate/drain and gate/source overlaps are stressed,
i.e, gate oxide in overlap region is continuously stressed. The
FIT contribution from this stress condition is small due to the
relatively smaller gate oxide area in the overlap regions.

Based on time dependent dielectric breakdown data
(TDDB), there is a maximum voltage across gate oxide that a
given technology can support, for a given gate oxide area
and failure rate. The oxide thickness, for a technology, is
determined so that this voltage is not exceeded, in a dc sense,
for any circuit design. However, when signals are driven,
there is a certain amount of overshoot/undershoot in the
waveform that can result in accelerated gate oxide wear-out
and lower reliability, if appropriate limits are not established.

In Figure 3, it is assumed that the NMOS (MNZ1) of the
1* inverter is stressed by the gate oxide breakdown; while
Input signal is changed from logic “0” to “1’, the NMOS of
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Figure 3. TDDB resistance in NMOSFET

the 1% inverter is turned on; the node n1 capacitor starts to be
discharged through MN1, but the discharge time is longer
than the normal discharging time because of the breakdown
resistor. As a result, this makes the charging time at Output
node longer, which means the propagation time from Input
to Output will be longer comparing to the normal case
without TDDB. The propagation time depends on the
breakdown resistor value: if the resistor is large, the charging
time at Output node will be a little increased; however, if the
resistor is small, the charging time at Output node will be
much more increased due to the small voltage-swing at node
n1 caused by the small breakdown resistor.

On the other hand, while Input signal is changed from
logic “1” to “0°, the PMOS of the 1% inverter is turned on;
the nodel capacitor starts to be charged through MP1;
however, the rising time and rising voltage at node nl are
affected by the breakdown resistor. As a result, this makes
the charging time at Output node shorter, which means the
propagation time from Input to Output will be shorter
comparing to the normal case without TDDB. In this case, if
the resistor is large, the discharging time at Output node will
be much more decreased because the a small voltage-swing
at node nl (caused by the breakdown resistor) moves up the
high-to-low transition at Output node; however, if the
resistor is too small, the charging time at Output node will be
a little decreased because less voltage-swing (compared to
the voltage-swing when the resistor is large) at node nl
makes the current driving force of the 1% inverter weak.

Putting the abovementioned two transitions together, if
the breakdown resistor is small, the propagation time from
Input to Output will be increased; if the breakdown resistor is
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Figure 4. Delay vs. breakdown resistor considering the spatial correlation
and the number of inverters with the breakdown resistor, where inverter-
chain has 11 inverters; “T” means the inverter with the breakdown resistor;
and “0” means the inverter without the breakdown resistor: (a) Delay vs.
resistor size vs. the number of inverters with the resistor, (b) Delay vs.
resistor size vs. the spatial correlation.

large, the propagation time from Input to Output will be
decreased. This means that the propagation time in the case
with SBD might be shorter than the time in the normal case
without TDDB; and as a gate oxide goes to HDB, the
propagation time might be longer than the time in the normal
case without TDDB.

In addition, the total delay of the inverter chain depends
on the spatial correlation between stressed devices and un-
stressed devices; that is, the total delay can increase or
decrease depending on the location of the stressed device and
the number of stressed device [10]. Figure 4 shows the
breakdown resistor impact on the Nand chain circuit delay.
As expected, as the breakdown resistor size decreases, the
delay of the Nand chain becomes decreased around up to
49KQ, then the delay gets increased and finally the inverter
chain goes to a functional failure. Figure 4 (a) shows the
effect of the number of Nand gates with the breakdown
resistor on the Nand chain delay: as the number of inverters
with breakdown resistor increases, the total delay gets
shorter. In Figure 4 (b), it is presented that the total delay of
the inverter chain depends on the spatial correlation between
stressed devices and un-stressed devices. Although the
spatial correlation can change the total delay, the total
number of the stressed inverter has a great influence on the
total delay.
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I1l.  PROPOSED RELIABLE CMOS VLSI DESIGN

Figure 5 shows a reliable C432 ISCAS benchmark circuit
using a redundancy system. The targeting circuit consists of
old_c432 and new_c432. The proposed reliable circuit turns
off the old_c432 circuit when the test device circuit suffers
from HBD and leads to functional failure and turns on the
new_c432 circuit with no TDDB according to the indication
of the TDDB monitoring circuits consisting of a ring
oscillator and T-flip flops. At the beginning point, both of the
old and new circuits do not suffer from TDDB effects and
“Select” signal output is logic ‘0’. At this time, the PMOS
header of the old_c432 circuit is turned on, but the PMOS
header of the old_c432 circuit is turned off. The primary
inputs and outputs of the ¢432 circuits are connected to flip-
flops that are controlled by the “Select” signal output.

In the proposed circuit, the ring oscillator operates as a
replica circuit of a designed digital system. In the stress
mode, the external signal En asserts logic ‘0’ in order to turn
off the ring oscillator. On the other hand, in the sensing
mode, to monitor the TDDB effect on the ring oscillator, the
external signal En asserts logic ‘1’ in order to turn on the
ring oscillator. During the sensing mode, when a soft
breakdown presents at the ring oscillator, the gate to
source/drain leakage current gets increased due to the
decreasing of the breakdown resistor. Therefore, the counter
consisted of four T flip-flops generates different numbers of
pulses depending on the total delay of the ring oscillator with
the breakdown resistor. When the ring oscillator goes to
functional failure owing to the HBD effect, the ring oscillator
finally stops oscillating. The proposed HBD sensor circuit
detects this moment using an NOR gate. When the ring
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Figure 6. The transition waveform for the proposed monitoring circuits
when HBD is generated.

oscillator has HBD resistors on inverters, the “Sensor_
Output” signal is changed to logic “0”.

When “Select” signal output is logic ‘1°, the primary
inputs and outputs are connected to new_c432. At the initial
time, the select signal output is logic ‘0’, and the primary
inputs and outputs are connected to old_c432. When HBD is
generated in the old_c432 circuit, “Select” signal will be
changed to logic ‘1’ due to the output of the TDDB
monitoring circuit. The PMOS header of the old_c432 circuit
will be turned off, and the PMOS header of the new_c432
circuit will be turned on. Therefore, the impact of the HBD
on digital circuit can be completely avoided using the
proposed design methodology. Figure 6 shows transition
waveforms, where HBD in the C432 circuit brings about
functional failures. When the circuit leads to functional
failures, the binary counter generates ‘0’ outputs, which is
different from the circuit with no TDDB or SBD. On the
other hands, the monitoring circuit generates meaningful
output only when the HBD is generated in the replica circuit
(ring oscillator) after long time. When the replica circuit has
the HBD effect, the outputs of monitoring circuit (Q0, Q1,
Q2, and Q3 are all ‘0’) are asserted to the TDDB signal
generator circuit. The TDDB_out signal from the signal
generator circuit is changed to logic ‘0°, and then old_c432
circuit is blocked, but the new_c432 circuit will work instead
of old_c432.
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IV. CONCLUSION AND FUTURE WROK

In this paper, we proposed a reliable CMOS design
methodology considering the gate oxide breakdown in the
45nm CMOS technology. The proposed design is based on
the TDDB monitoring circuit, the simulation results shows
that the impact of TDDB due to severe HBD on the digital
circuit can be compensated by the proposed circuit design.
Finally, we can extend the life time of the targeting circuit
and prevent from performance degradation as well as
functional failures due to TDDB. Future efforts aim at
applying our proposed monitoring circuit to real systems.
Moreover, a reliable system considering all the aging effects
(NBTI, PBTI, HCI, and TDDB) will be designed and
implemented in the nanoscale technology.
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