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28. CIRCUIT IMPLICATIONS OF DIELECTRIC 

BREAKDOWN 

28.1 Review/Background 

 In the previous lectures, Time Dependent Dielectric Breakdown (TDDB) of thin 
dielectrics has been shown to be an uncorrelated mechanism which results in soft 
breakdown of oxides. As shown in Figure 28.1     , hard breakdown is accompanied by a 
large drop in gate voltage indicating that a short has been formed between the gate and 
body [1]. Due to the correlated propagation of defect chains in thick oxides, the 
percolation resistance can very small. This low resistance path leads to this sharp drop in 
gate voltage at the time of breakdown (BD) in thick oxides. This means that the dielectric 
behaves more like an ohmic conductor. Due to the uncorrelated nature of soft 
breakdowns (SBD), only one percolation path is formed at the moment of BD, hence the 
resistance of this percolation path is very large. A higher resistance causes a very small 
jump in gate current, which in turn appears as additional noise at the gate terminal.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
The first SBD could occur shortly after the device starts operating (this time span 

is in the range of few days to few months); however the resulting increase in gate current 

 Figure 28.1   Breakdown of oxides with different thickness  
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appears as additional gate leakage with no impact on the transistor performance. This 
means that a soft breakdown allows the oxide to retain its insulating properties.  

As shown in Figure 28.2, the statistical nature of breakdowns causes the first 

SBD to occur in different transistors before a second SBD can occur in the same 

transistor. Given the large chip area, time span for a second SBD in the same transistor is 

in the order of the device lifetime (under normal operating conditions). It is this property 

that allows transistors with ultra-thin oxides to continue functioning even in the presence 

of soft breakdowns. Measurements have shown that a device can function even with a 3rd 

SBD, albeit with a large gate leakage [1]. 

 

 

 

 

 

 

 

 

 

 

We also discussed that OFF state HCI leads to TDDB, which is characterized by 

Weibull distribution, like the classical TDDB. However, there are some noticeable 

differences between OFF state HCI induced TDDB and classical TDDB. Firstly, OFF 

state HCI induced TDDB is correlated along the length direction. Thus area scaling of 

Weibull distribution no longer holds. Secondly, the Weibull slopes for OFF state HCI 

induced TDDB are higher than classical TDDB. Also, Weibull slope for PMOS can be 

different from NMOS. This was explained by considering the correlated percolation 

theory and difference in the length of the percolation paths for high voltage PMOSFETs, 

NMOSFETs and classical low voltage transistors.                                                       

 

28.2 TDDB in the context of circuits 

 It is important to remember that the study of devices is meaningful only in the 

context of circuits and systems. Let us look at an example to drive home this point. 

 Figure 28.2 First SBD will occur in several transistors before any transistor 
encounters a second SBD. 
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CMOS transistors have inferior mobility and cut-off frequency (fT) when compared to 

bipolar transistors. MOS transistors have lower mobility because the carrier transport 

occurs in a thin sheet of charge right at the oxide/bulk interface, and the repeated surface 

scattering of electrons severely degrades mobility. This effect when combined with a 

lower fT causes CMOS devices to have lower gain bandwidth product (GBP) compared 

to BJTs. However, CMOS devices were able to successfully replace BJTs from all but 

certain niche applications. Despite its shortcomings CMOS technology is the workhorse 

of today’s semiconductor industry, just because it lends itself very well for realizing 

digital circuits. One clear advantage of MOS devices is that their high input impedance 

presents much lower loading effect on the driving stage when compared to a BJT. Hence 

it is important to place reliability study of devices in the context of circuits. Meaning, if it 

doesn’t impact circuit performance then it is not a reliability issue to be concerned with. 

For example, the first SBD merely causes a small jump in gate leakage and does not 

affect the circuit performance. So here we can say that the first SBD is really not a failure 

mechanism. 

 

To accurately quantify the effect of TDDB on various types of circuits, we need some 

sort of SPICE models that account for SBDs. Running circuit simulations with such 

SPICE models is the only way to understand the circuit level consequences of SBDs. For 

example, analog circuits are more sensitive to gate noise than digital circuits. On the 

other hand, digital circuits maybe more sensitive to SBDs because of lower transistor area 

than analog circuits. Therefore a circuit designer needs good SPICE models to perform 

circuit level optimizations that account for SBDs. . Figure 28.3 shows the effect of SDB 

on the threshold voltage and transconductance (gm) of a transistor. The total threshold 

voltage shift is less than 5mV which in turn is causing a 3% change in gm [1]. Effects of 

such small changes are not observable in digital circuits, but for most analog circuits, a 

3% change in transconductance may have an impact. This reiterates the need for SPICE 

models that include effects of SBDs.  

 . Figure 28.3 also leads one to wonder if such small impact of BD can even be 

classified as a reliability issue. However, the position of BD has been ignored in this 

figure. So, we need to ask the question, does the BD position have any bearing on the 

transistor characteristics? Would the gm shift be more pronounced if the BD position was 

close to the source/drain? These are the questions we try to answer in the following 

section. 
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28.3 Breakdown position and post-BD characteristics 

 To understand the implications of BD location, let us begin by analyzing the 

terminal currents after a breakdown has occurred at the source end of a device.  Figure 

28.4 shows measured terminal currents post-SBD at the source of a NMOS device, and 

the inset is the measured gate-current before and after breakdown [2]. 

 

 

 

 

 

 

. Figure 28.3 Threshold voltage and transconductance of a MOSFET after the first SBD 
[1]. 
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From the inset, we can immediately notice that the gate current jumps up by four 

orders of magnitude after BD. Note that the ‘dip’ in gate current is due to the sum of two 

tunneling components, namely, gate-to-channel tunneling current and drain-to-gate 

tunneling current. Now, in the main plot of Figure 28.4  let us focus on the positive gate 

voltage range, since this is a NMOS device. Here we see that the drain and source 

currents (black and red curves) are equal while the gate current is two orders of 

magnitude lower. This indicates that even though the gate leakage has increased post-BD, 

we still have a good transistor [2]. Since this is a source side BD, there is a percolation 

path between gate and source, so the gate leakage current is essentially flowing out 

through the source terminal. Because of this, we would expect the source current to be 

higher than drain current after BD. However, the increased gate leakage which is now 

flowing out of the source terminal is masked by the transistor ON-current. In this 

analysis, we should note that this plot is showing a hard breakdown occurring under 

stress conditions (higher voltages), but this would manifest as a soft breakdown under 

normal operating conditions. 

 

Early experiments have shown that the BD location can have a significant 

impact on transistor characteristics. Hence it is imperative to develop a methodology to 

estimate the BD position. 

 A simple, yet effective way of finding the BD position is to look at the source 

and drain terminal currents [3]. If we define the ratio of drain to source currents as: 

� =
��

�����
        @accumulation 28.1 

 

Then, from Figure 28.5, we can see that the ratio ‘S’ can be used to determine 

the BD location. When the breakdown occurs between gate and source, the ratio ‘S’ 

would be equal to zero because entire gate leakage current would flow out through the 

source terminal. On the other hand, when the BD occurs at the drain side, the ratio would 

be close to one. For any BD location in between source and drain, the ratio would be 

Figure 28.4 Gate-Source SBD 
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between one and zero. That means the current will divide based on the effective path 

resistance, thereby revealing the BD location [3]. The location of percolation resistance 

‘Rpath’ shown in Figure 28.5 is a statistical variable because of the stochastic nature of 

breakdown. Hence, the circuit designer must account for two statistical variables; one is 

the value of ‘Rpath’ (because percolation resistance is statistical) and two, the stochastic 

nature of BD location. 

 

 

 

 

 

 

 

 

 

 

 

 

 

28.4 Modeling post-BD nFET- MEDICI and SPICE 

Since measurements have shown that the location of BD plays an important role 

in the characteristics of post-BD devices, it necessary to come up with accurate SPICE 

models that can describe a post-BD FET. Before finding equivalent SPICE models, one 

needs to use device modeling tools such as MEDICI to get an accurate picture of 

potential profile and current flow paths in a post-BD FET. 

 

MEDICI is a device simulation tool that solves drift-diffusion equation along 

with the Poisson equation for any given device under a set of bias voltages. A hard BD 

path is modeled in MEDICI via highly doped n-type silicon. Figure 28.6is the potential 

profile of an nFET that has undergone a hard breakdown at the center of the channel [4]. 

 

Figure 28.5 Ratio of terminal currents will reveal the breakdown location. 
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The post-BD device that has been simulated in Figure 28.6 can be modeled with 

two bipolar transistors as shown in Figure 28.7. The gate of an nFET is made of n-poly, 

while the substrate is p-type with n+ source/drain. Note that the hard BD path has been 

shown as n-type silicon. With this arrangement, two n-p-n bipolar transistors can be 

formed with the substrate acting as base, S/D acting as collectors and BD path would be 

the emitter of these BJTs. Hence an nFET with a gate-to-substrate BD under negative 

gate bias can be modeled as two n-p-n BJTs [4]. 

 

An equivalent electrical circuit of a post hard-BD nFET can be abstracted as 

shown in Figure 28.8. The two n-p-n BJTs would still represent the BD path; while the 

nFET is now segmented into two separate MOS devices. Depending on the location of 

the BD point, the value of gate lengths (FS and FD) and base lengths (BS and BD) are 

determined. In Figure 28.8, an additional nFET labeled ‘F’ has been included between the 

source and drain terminals. 

Figure 28.6 MEDICI device simulation for potential profile [4] 
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 This device represents a part of the original pre-BD nFET that has not been 

affected by hard BD. It is justified because some areas along the width direction of the 

original nFET may not be affected by the BD and continues to operate normally. The 

non-linear percolation resistance Rpath is a statistical value and is independent of the BD 

position. 

 

 

 

 

 

 

 

 

 

 

 

 

With this equivalent model at our disposal, let us analyze the effects of BD 

location on the post-BD transistor characteristics seen in Figure 28.9. When the hard BD 

location is at the source, the entire source current would flow to the gate, bypassing the 

barrier present in the n-p-n path. When this happens, drain current goes to zero thus 

making the transistor non-functional. On the contrary, a hard BD at the drain does not 

disrupt the transistor operation because the current sees a lower resistance path through 

the drain contact as compared to the n-p-n path. In summary, a source side hard BD turns 

the transistor into a resistor like device, while a drain side hard BD allows some FET 

operation [5]. 

 

 

 

 

 

 

Figure 28.7 Post Breakdown current flow paths in an nFET [4]. 

Figure 28.8 Equivalent electrical model of a post-BD nFET. 
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We must note that it is important to compare post-BD device characteristics with 

those just before breakdown. It would not be accurate to compare post-BD device with an 

unstressed device, since the process of continuous defect generation is constantly 

changing the device characteristics even before the BD has occurred. Hence in order to 

estimate the change in device performance after BD, we must measure device 

characteristics after BD and characteristics just before BD. In principle, the occurrence of 

SBD does not change the device characteristics noticeably because the threshold voltage 

does not change significantly. A SBD incident increases gate leakage but does not alter 

threshold because the value of Rpath is very high. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

28.5 Impact of BD on digital circuit operation 

In the previous sections we have seen that SBD in ultra-thin oxides does not 

destroy the transistor performance, particularly when the BD location is closer to drain 

(see Figure 28.10) [6], we can now go ahead and estimate the effect of SBD on the 

operation of digital circuits. A ring oscillator is a standard test structure on wafers with 

digital circuits. A ring oscillator consists of an odd number of inverters connected in a 

Figure 28.9 Measured gate current at each breakdown location from source to drain [5]. 
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loop. The phase shift caused by an odd number of inverters allows the chain to oscillate. 

Any variations in process/devices will show up as a variation in oscillation frequency, 

hence it provides an elegant method for characterizing variations. 

 

For this discussion let us consider a ring oscillator with 41 stages. Forty stages 

of inverters are followed by a NAND gate  [7]. Recall that a NAND gate with its inputs 

tied together would act as an inverter. The frequency of oscillation is controlled by 

varying the supply voltage, which also affects the stress on the devices. Since the 

oscillation frequency of such a chain is very high, the input of the NAND gate is divided 

down by a factor of 256 before measuring the frequency.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 28.11 shows the effects of SBDs on this 41 stage ring oscillator. It can be 

observed that the quiescent current (IDDQ) jumps up after a SBD occurs in any one of the 

84 transistors, while the corresponding oscillation frequency only changes by a small 

factor (~ 2%)  [7].  

 

 

 

 

Figure 28.10: FET characteristics just before BD and after BD [6]. 
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It is important to observe that the oscillator does not fail completely even after a 

dozen SBDs have occurred in the circuit. Such test structures are often covered with a 

liquid crystal layer that is sensitive to temperature. When a BD occurs there is a sharp 

rise in temperature in that vicinity causing the liquid crystals to change phase and 

consequently change color. In this manner, the BD spots can be mapped at the wafer 

level. 

 

Recall that the percolation theory studied in previous lectures considered the 

formation of percolation paths through a single gate oxide layer. Each time a bond broke, 

one box was checked off and we calculated the probability that an entire column was 

marked i.e. a percolation path forming between gate and substrate. All of the 

mathematical formulation developed earlier can now be applied to this ring oscillator if 

we check a box each time a transistor undergoes a SBD. This allows us to create Weibull 

plots for the ring oscillator that is being tested. Figure 28.12 shows the time Weibull plot 

for the ring oscillator experiment. It shows the tBD distribution of individual nFETs, 

pFETs and the time-to-1st-BD of ring oscillator. 

 

 

 

 

 

Figure 28.11: Performance of a ring oscillator with several SBDs [7].  
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The probability that the ring oscillator does not fail can be found from this equation: 

[1 − 
�����] = [1 − 
����]
��[1 − 
����]

�� 28.2 

 

where, F(t) is the failure probability in time, Nn and Np are the total number of nFETs and 

pFETs in the oscillator. This equation can be interpreted as follows. The probability that 

the oscillator does not fail is equal to the product of two terms. The first term on the right 

is the probability that none of the nFETs fail, and the second term is the probability that 

none of the pFETs fail. From this expression it is straightforward to calculate the failure 

probability of the ring oscillator. Notice that the Weibull plot for nFET is shifted to the 

left from the Weibull plot of pFET. This occurs because the area of pFETs is twice that of 

nFETs, hence the corresponding area scaling effect in Weibull. The area scaling is 

needed to have symmetric characteristics as the mobility for holes is smaller than the 

mobility for electrons. In nanometer technologies, due to the introduction of strain, 

nFETs and pFETs can be of similar size to achieve iso-drive strength. 

Figure 28.12: Weibull plot of ring oscillator  
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28.6 Impact of BD on memory- SRAM and DRAM 

A SRAM cell consists of two back-to-back inverters that store the bit value and 

two pass gates to access the stored value (see Figure 28.13). In this section, we will 

analyze the impact of SBD on the stability of SRAM cell. Since caches using SRAM 

occupy about 70% of the die area in modern microprocessors, it is imperative for 

reliability engineers to understand the effect of SBD on SRAM cell stability. Figure 

28.14 shows the simulated results of SRAM static noise margin under different 

breakdown conditions [8].  

 Plot (a) in Figure 28.14 indicates that an unstressed device has good noise 

margins. In plot (d), there is a source BD in an nFET, which results in large degradation 

of noise margin. However when there is a drain BD in an nFET (c), the SRAM may still 

be usable. A BD on the source of a pFET has almost no impact on static noise margins. 

This is observed because in the hold mode, pFET merely supplies enough charge to hold 

a ‘1’. Hence a p-source BD is not catastrophic for the static noise margins. It must be 

noted that the weakened post-BD pFET will make the process of writing into the cell 

much more difficult. Experimental verification of static noise margins in SRAM [9] are 

in good agreement with the curves shown in Figure 28.14. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 28.13: A standard 6T SRAM cell 
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Now, let us turn our attention to DRAM/Dynamic circuits. DRAM operates on 

the principle of charge storage on a capacitor. Each time we read from the cell, the charge 

stored is destroyed, hence a refresh cycle always follows a read cycle in DRAM memory. 

Even when the DRAM cell is not accessed, charge stored on a capacitor could leak 

through the access transistor that has been turned off (sub-threshold leakage). Here again 

we need to periodically refresh the charge stored in the DRAM cell. This refresh rate is in 

the order of milli-seconds. 

 

Hence the circuit node at which this charge is stored is known as a soft node (see 

Figure 28.15). Note that a resistor is shown in red dotted line in Figure 28.15, which 

models the presence of a percolation resistance due to gate-to-drain break down. This 

resistance will now provide a path for the soft node to discharge quickly [10]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 28.14Static Noise Margin plots of 6T SRAM cell 

Figure 28.15 Data stored as charge on a capacitor [10]. 
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A plot of retention time shown in Figure 28.16 easily validates this argument. 

For all points with a hard BD at the drain, the retention time is in the order of 10ns, which 

is a huge reduction from the milli-second range. This means that the refresh rate also 

needs to be around 10ns, thus adding a huge overhead on the memory performance. From 

Fig. 28.16 we can also notice that a soft BD at the drain is not as bad as a hard BD. Under 

soft BD conditions, the percolation path resistance is very high, so the soft node cannot 

discharge very easily. Recall that a source side BD was more detrimental to logic circuit 

performance while DRAM is most susceptible to a drain side BD. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 28.16: Measured retention time with different BD locations [10] 
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28.7 Conclusion 

 

In this lecture we have attempted to understand the circuit level implications of 

TDDB in ultra-thin gate dielectrics. If a transistor’s degradation mechanism has no (or 

minimal) impact on its performance within the expected lifespan, then it may not be 

necessary to find a solution to that problem. Hence, it is important to place the study of 

reliability in the context of circuits. This is particularly important for SBD since it does 

not cause a catastrophic failure of the device. However, we have seen that the increased 

gate leakage due to SBD may impact circuit performance.  

 

To evaluate the impact of this problem at the circuit level, a designer would 

require accurate SPICE models that capture the effects of SBD. When such SPICE 

models are available, a circuit designer would be able to perform monte-carlo analysis to 

understand the change in circuit performance under SBD. Effects such as pre-BD stress 

and BD-location are usually built into such models to improve accuracy. It is interesting 

to note that a majority of the circuits remain functional even after multiple SBDs, albeit 

with some performance degradation. Dynamic memory circuits are also susceptible to 

SBD, and it has been observed that they are more sensitive to drain-side BD, as compared 

to logic and SRAM circuits which were sensitive to source-side BD. 
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28.8 Questions and Answers 

 

(Q) Why do we need three MOSFET sections to represent SPICE model after 

breakdown? 

(A) Most likely it reflects the localized nature of BD within a 2D current flow, so that 

some of the electrons that crosses from S/D can be adequately represented.  

 

(Q) The transconductance is supposed to be a constant after breakdown ... However, if 

the I-V depends on the position of the BD spot shouldn't transconductance do the same 

too? 

(A) Transconductance for a given device is fixed in time. Different devices will however 

have different transconductance after breakdown. 

 

(Q) How do we locate the position of the 2nd and 3rd BD from current-ratio method? 

(A) By the ratio of differential changes in source and drain current ... This assumes that 

the current through first breakdown does not change until the second breakdown -- this is 

generally true for uncorrelated BD.  

 

(Q) From a circuit perspective, does it matter exactly where the breakdown occurs? 

(A) A breakdown near the source will kill the device since, it will prevent majority of the 

current from flowing to the drain. On the other hand, a breakdown near the drain may not 

necessarily  affect the working of the device (since majority of the current flows through 

the drain). 

 

(Q) In the SPICE model of a device where exactly does the position of the breakdown 

come into play? 

(A) The ratio of the split in the channel lengths appearing in the secondary MOSFET 

devices is where one can input the position of the breakdown. 
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