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The Impact of TDDB Failure on

Nanoscale CMOS Digital Circuits†

Yeon-Bo Kim* and Kyung Ki Kim**

Abstract This paper presents the impact of time dependent dielectric breakdown (TDDB,
also called as gate oxide breakdown) failure on nanoscale digital CMOS Circuits. Recently,
TDDB for ultra-thin gate oxides has been considered as one of the critical reliability issues
which can lead to performance degradation or logic failures in nanoscale CMOS devices.
Also, leakage power in the standby mode can be increased significantly. In this paper,
TDDB aging effects on large CMOS digital circuits in the 45nm technology are analyzed.
Simulation results show that TDDB effect on MOSFET circuits can result in more
significant increase of power consumption compared to delay increase.
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1. Introduction†

As MOSFET technology is scaled down more

aggressively, reliability issues have become one of

the most important issues in sensor systems and

synchronous systems [1][2], especially in the

nanoscale MOSFET technology [3]. Under normal

operation condi- tions, a transistor device can be

affected by various reliability mechanisms (or aging

phenomena) such as negative bias temperature

instability (NBTI), hot carrier injection (HCI), and

time-dependent dielectric breakdown (TDDB). These

mechanisms lead to device aging, resulting in

performance degradation and eventually design

failure during the expected system lifetime [3]-[5].

Recently, the oxide thickness of less than 2nm is
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common in state-of-the-art technologies, and TDDB

is becoming one of key challenges among these

reliability mechanisms [6][7]. 　

TDDB can be translated in gate oxide breakdown

failure rate or failure in time (FIT). The lower

TDDB is, the higher the failure rate or FIT is. At

the current operating voltages of MOSFETs, the

most widely accepted degradation model is the “trap

creation” process which is attributed to hydrogen

release from the anode. Hydrogenous species (either

protons or atomic hydrogen) are freed from the

silicon layers by energetic electrons and then drift

and diffuse through the oxide reacting with the

lattice to produce traps and other defects.

Breakdown begins when traps is formed across the

gate oxide. At the beginning of the breakdown, the

traps are non-overlapping and thus do not make a

conducting path from the gate to the substrate or

gate to source and drain. However, as more and

more traps are created in the gate-oxide, traps start

to form a conducting path as shown in Fig. 1. This

type of breakdown is called soft breakdown (SBD).
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<Figure 1> NMOSFET cross section illus- trating

TDDB.

<Figure 2> Wear-out and breakdown model for

thin gate oxides [8].

Once there is a conducting path, new traps are

created by thermal damage, which in turn allows

for increased conductance. The cycle of conduction

leading to increased heat and increased conduction

brings about thermal runaway and finally causes a

lateral propagation of the breakdown spot. The

silicon within the breakdown spot starts to be

melted; oxygen is released; and a silicon filament is

built in the breakdown spot. This type of

breakdown is called hard breakdown (HBD), and the

cross section of the gate oxide after hard

breakdown is shown in Fig. 1 [8][9].

Figure 2 shows the variation of leakage path

current depending on the wear-out and breakdown

phase for thin gate oxides. At the end of the phase

I, the traps start to be creased. During Phase II,

moving traps lead to random fluctuation in the

leakage current, power and delay, where the device

is still functional. In phase III, the conduction path

is created in the oxide, the leakage current is

exponentially increased, then finally the conduction

path causes a catastrophic failure of the device [10].

The precise point at which the breakdown occurs

is statistically distributed. As a result, only

statistical averages can be predicted. TDDB is

typically treated statistically using the Weibull

distribution [11]. 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

breakdown-SBD or hard breakdown-HBD) that

happens when I-V curve becomes linear, i.e.,

manifests a resistor- like behavior. For thinner gate

oxides (≤30 Åm), SBD is the most likely event.

The probability of PMOS gate-oxide breakdown is

at least an order less than that of NMOS

breakdown [12], hence the TDDB effect only on

NMOS devices is considered in this paper.

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 nano- scale CMOS circuits

have been proposed, they have concentrated on

mathematical modeling and performance degradations

only in simple digital circuits. Therefore, in this

paper, TDDB impact on digital circuit is analyzed at

a 45nm technology node using inverter chain, and

ISCAS85 benchmark circuit. In addition, TDDB

impact on various parameters (delay, power, supply

variation, process variation, and noise margin) in

digital circuits is analyzed.
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2. TDDB Modeling

At current operating voltages for MOSFETs, the

degradation mechanism can be approximat- ed by

an exponential function of voltage applied across

gate oxide and Arrhenius function of temperature as

follows [6]:

·exp

·exp (1)

where Vg is the voltage across gate oxide, Ea is

the activation Energy, k is the Boltzman's constant,

T is the junction temperature, C and β are the

technology specific constants.

Gate oxide breakdown is sensitive to:

∙Voltage across the gate oxide (Vg): 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).

∙Junction temperature

∙Gate oxide thickness: The thinner the gate

oxide the more difficult it is to get good quality

oxides and interfaces. Nitrided gate oxides have

shown improved TDDB compared to SiO2.

∙Gate oxide area: The bigger the gate oxide area

the higher the gate oxide breakdown induced

failure rate. SRAMs typically have 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 (RBD) as

shown in Fig.3 [12]. The RBD value ranges from GΩ

(no TDDB) to a few hundreds of KΩ(HBD). The

time- dependent gate to source/drain resistor model

was experimentally verified in Ref. [13].

<Figure 3> TDDB model for NMOS.

<Table 1> Gate Oxide Stress During Inverter

Operation

Vin

state
PMOS NMOS

Low

Vg = Vss,

Vs = Vdd,

Vd = Vdd,

Vsub = Vdd

Causing HBD

Vg = Vss,

Vs = Vss,

Vd = Vdd,

Vsub = Vss

Causing G/S stress

High

Vg = Vdd,

Vs = Vdd,

Vd = Vss,

Vsub = Vdd

Causing G/D stress

Vg = Vdd,

Vs = Vss,

Vd = Vss,

Vsub = Vss

Causing HBD

The worst stresses for NMOS and PMOS gate

oxide take place when NMOS and PMOS are in

ON state. Table 1 summarizes inverter states and

resultant stress on gate oxide. For this reason, in

calculating product 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 over- laps 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 the TDDB analysis, 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
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<Figure 4> TDDB resistance in nMOS in the

inverter

<Figure 5> TDDB effect on the delay of a

inverter chain consisting of 110

inverters

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 which can result in accelerated gate

oxide wear-out and lower reliability, if appropriate

limits are not established.

In Fig. 4, it is assumed that the NMOS (MN1) of

the 1
st

inverter is stressed by the gate oxide

breakdown; while Input signal is changed from logic

“0” to “1’, the NMOS of the 1
st

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
st

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.

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 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.

Figure 5 shows TDDB effect on the delay of a

inverter chain consisting of 110 inverters, where the

TDDB resistors are randomly placed in the inverter

chain. The simulation presents that as the TDDB
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<Figure 6> TDDB effect on CMOS voltage

transfer characteristic.

<Figure 7> TDDB rate dependence of power

consumption in different temperature.

<Figure 8> TDDB rate dependence of delay in

different temperature.

resistor size decreases, the delay of the inverter

chain becomes decreased around up to 45KΩ, then

the delay get increased, and finally the inverter

chain goes to a functional failure.

3. TDDB Impact on Digital Circuits

<Figure 9> TDDB rate dependence of power

consumption in different process corner.

<Figure 10> TDDB rate dependence of delay

in different process corner.

In terms of the voltage transfer characteris- tic

of an inverter, the oxide breakdown in the inverter

results in an upward and downward shift in the

VOL and VOH value, respectively, as illustrated in

Fig. 6. When TDDB is generated in the inverter,

noise margin will be decreased. Finally, the inverter

can be easily affected by noise.

The PVT variation will also change the impact of

TDDB on digital circuit. We simulate the inverter

chain with different PVT conditions, where the
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<Figure 11> TDDB rate dependence of power

consumption in different voltage.

<Figure 12> TDDB rate dependence of delay in

different voltage.

stressed devices having random resistor values

ranging from 100KΩ to 300KΩ at random locations.

The process corner includes a fast corner, a typical

corner and a slow corner. The temperature varies

from 0°C to 125°C with 25°C as a step. The supply

voltage is experienced within ±5% range of typical

supply voltage, which is 1V.

From Fig. 8 to Fig. 12 show the TDDB rate

dependence of power and delay in different PVT

corner, respectively. The simulation results present

that the TDDB effect on digital circuits in different

PVT corner gets more serious as the TDDB rate

goes up.

4. Simulation Results

In order to show the TDDB effect on real digital

circuits, various 45nm ISCAS85 benchmark circuits

considering the gate oxide breakdown model

(breakdown resistor model) have been implemented

and evaluated HSPICE, where the stressed devices

having random resistor values ranging from 100KΩ 

to 300KΩ at random locations. Table 2 and 3

presents the delay and power simulation results of

ISCAS85 benchmark circuits, respectively. As the

percentage of TDDB-stressed devices in the

<Table 2> Delay Variation for ISCAS85 Circuits

Considering TDDB Stress

TDDB Rate
(%)

C1980
(sec)

C3540
(sec)

C5315
(sec)

0% 5.25e-10 7.18e-10 6.28e-10

10% 5.40e-10 7.02e-10 6.25e-10

20% 5.45e-10 7.94e-10 6.93e-10

30% 5.94e-10 8.01e-10 7.78e-10

40% 5.29e-10 7.80e-10 6.87e-10

50% 5.28e-10 7.34e-10 6.82e-10

60% 6.01e-10 8.72e-10 7.91e-10

70% 5.97e-10 7.61e-10 8.11e-10

80% 6.72e-10 9.21e-10 8.96e-10

90% 7.37e-10 Fail 9.44e-10

100% 7.90e-10 Fail 9.86e-10

Avg. Rate 6.9% 8.21% 8.86%

<Table 3> Power Variation for ISCAS85 Circuits

Considering TDDB Stress

TDDB Rate
(%)

C1980
(W)

C3540
(W)

C5315
(W)

0% 1.38e-05 3.05e-05 3.34e-05

10% 1.10e-03 2.58e-03 3.32e-03

20% 2.11e-03 3.28e-03 6.94e-03

30% 3.03e-03 4.83e-03 1.02e-02

40% 4.28e-03 6.42e-03 1.37e-02

50% 5.47e-03 7.88e-03 1.67e-02

60% 6.09e-03 9.53e-03 2.04e-02

70% 7.37e-03 1.05e-02 2.28e-02

80% 8.04e-03 1.22e-02 2.64e-02

90% 9.06e-03 Fail 2.94e-02

100% 1.00e-02 Fail 3.23e-02

Avg. Rate 40775.4% 30099.3% 54391.9%
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ISCAS85 circuits increases, the total power

consumption increases significantly, but the delay is

increased or decreased depending the breakdown

resistor value and the location. In Table 2 and 3,

"Fail" means a catastrophic failure.

According to the simulation results, the TDDB

stress induces the increase of the average delay of

ISCAS85 circuits by 7.99 % and the increase of the

total power consump- tion of ISCAS85 circuits by

41755%, which is presented that the power

consumption is more serious concern than the delay

variation if devices are stressed by the oxide

breakdown.

5. Conclusion

In this paper, the impact of time dependent

dielectric breakdown failure on nanoscale digital

CMOS Circuits is presented. TDDB effects on delay

and power of the nanoscale CMOS circuits are

analyzed using inverter chains and ISCAS85

benchmark circuits in 45nm CMOS predictive

technology. Also, this paper shows that the TDDB

effect on digital circuits in different PVT corner

gets more serious as the TDDB rate goes up.

Finally, simulation results present that power

consumption is more serious concern than the delay

variation when devices are stressed by the oxide

breakdown.
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