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The breakdown (BD) sequence in high-K/interfacial layer (HK/IL) stacks for time-

dependent dielectric breakdown (TDDB) has remained controversial for sub-45 nm CMOS 

nodes, as many attempts to decode it were not based on proper experimental methods. Know-

how of this sequence is critical to the future design for reliability of FinFETs and nanosheet 

transistors. We present here the use of radiation fluence as a tool to precisely tune the defect 

density in the dielectric layer, which jointly with the statistical study of the soft, progressive 

and hard BD, allow us to infer the BD sequence using a single HfO2-SiOx bilayered MOS 

structure. 
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Breakdown of ultra-thin dielectrics is one of the critical failure mechanisms that has 

remained a topic of intense study for the past 3-4 decades. While sufficient know-how on 

the physics, statistics and kinetics governing dielectric breakdown in HfO2
1, 2) and SiOX

3) are 

separately known, the presence of a bi-layer stack of these in sub-45 nm technologies 

brought in a big element of complexity into inferring the statistical results of time dependent 

dielectric breakdown (TDDB) measurements. The main questions to be answered are: does 

the HK break down (BD) first or the IL? Is there a fixed sequence or is this sequence 

dependent on the process induced defect distributions, operating conditions and dielectric 

thickness combinations? Which of the two dielectrics should be the subject of focus of future 

design for reliability initiatives in the front end of line (FEOL)? 

Several attempts to decode this sequence were explored in the past few years based on the 

charge transport (conduction) mechanisms4), dedicated two-stage TDDB test schema5), 

Kinetic Monte Carlo simulation of TDDB considering Weibull slope trends6), wide 

variations in process conditions for depositing the HK7), TDDB at different HK-IL thickness 

combinations8), stress induced leakage current (SILC) trends in thin and thick IL devices9), 

trend of Weibull slope changes with HK-IL thickness combinations10), different 

thermochemical bond strength and activation energy of bond-breakage11) as well as charge 

pumping during SILC stress12). The inferences from these approaches remained unclear with 

some suggesting IL to break down first5, 8-12) and others pointing to the HK4, 6, 7). 

In our study here, we propose a new approach to decode the sequence of BD more 

convincingly using a radiation fluence based experimental strategy for the selective defect 

introduction in the HK layer alone. A very thick HK with ultra-thin IL layer stack is chosen 

on purpose to induce a stark contrast in the electric field patterns and in addition to β, we use 

the defect clustering factor (αC), which is a more discriminative metric to decouple the 

stochasticity in BD kinetics of HK and IL. The novelty of our approach lies in the use of just 

one device stack (one single combination of HK and IL thickness) and one stress voltage to 

infer the BD sequence leveraging on a calibrated radiation setup that allows for customized 

through thickness spatial defect density control in the HK.  

Metal oxide semiconductor capacitors (MOSCAP) with area of 60×60 µm2 were 

fabricated, containing of a thick HfO2 film deposited by atomic layer deposition (ALD) at 

250 ºC and an Al top electrode (TE) of 400-500 µm thick. The stack consisted of 6.50-6.75 

nm HfO2 and 3-4Å interfacial layer (SiOX) as evident from transmission electron micrograph 

(TEM) (Fig. 1(a)). To introduce defects in the stack, we use radiation fluence. SRIM 
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simulations were executed to choose the ion species and energy of bombarding ions. To 

ensure minimal displacement of atoms from their equilibrium positions, carbon ions (C+4) 

were selected and the energy was configured to be 40 MeV, considering the dielectric 

thickness of the bilayer stack and the large discrepancy in atomic density of HfO2 (9.64 

g/cm2) and SiOX (1.65-2.25 g/cm2)13). The chosen energy of C+4 enables defects to be solely 

created in the bulk of the HfO2 layer, as confirmed by the particle track traces in SRIM (Fig. 

1(b)), which point to a two orders of magnitude difference in the total vacancies created per 

ion, 2.4×10-2Vo/ion for HfO2 versus 7.7×10-4Vo/ion in SiOx. Therefore, we can assume 

that the radiation induced damage will occur in the HK film with negligible impact on the 

IL. Note that energy losses through the Al TE were also accounted for in our simulations, 

which turn out to be negligible (<1%). In the study, the beam spot size is adjusted to cover 

the whole area of the device.  

Considering a typical density of intrinsic defects (Nd) in the HK, the ion fluence was back 

calculated. We found the suitable value of C+4 fluence to be from 1011 to 1013 ions/cm2 (with 

three samples S1-S3, corresponding to 1011, 1012 and 1013 ions/cm2, respectively), enabling 

bulk defect densities in the range of 1016 to 1018 cm-3, respectively. Although even higher 

fluences can be chosen, they are avoided here due to their negative influence on the carrier 

mobility and aggravation of charge trapping, both of which increase the series resistance 

(RS)14), which would complicate the interpretation of the TDDB results.  

The TDDB stressing was carried out using a single stress voltage of VG-VFB=2.4V with 

compliance, Icomp ~ 1mA. The stress was not interrupted after the first percolation (soft BD) 

event, instead the dielectric was purposely stressed to examine the progressive breakdown 

(PBD) transient phase characterized by noisy gradual leakage current (Igate) evolution all the 

way until final hard BD (HBD).   

Our multi-frequency capacitance-voltage (MFCV) analyses on the fresh (S0) (Fig. 2(a)) 

and most highly irradiated sample (S3) (Fig. 2(b)) show that the extracted flat band voltage 

(VFB, ~-0.1 V, calculated with the “inflection point” technique15)) and the maximal 

capacitance in accumulation (~1.2 µF/cm2 which agrees well with the theoretical value) 

remained constant. The density of interface states, Dit, calculated with the conductance 

method16) at room temperature and in the mid-gap region also showed minimal variations – 

in line with the very reduced “weak inversion hump” in Fig. 2(b) – proving that defects were 

only introduced in the bulk of the HK and that the IL layer is largely unperturbed.  

The trend of Igate evolution (in the logarithmic scale) during the TDDB stress is shown in 
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Figs. 2(c) and 2(d) for the fresh sample (S0) and most severely radiation exposed sample 

(S3), respectively. A few key points to note here are that the there is an initial phase of charge 

trapping resulting in a gradual reduction in current followed by a soft BD (SBD), that could 

correspond to the percolation of one of the two dielectrics in the stack. This SBD instant is 

followed by a prolonged phase of noisy gradual Igate increase which follows a power law 

trend with time. This phase is categorized as PBD. After the PBD causes an increase in 

current by around two orders of magnitude, the final abrupt jump in current towards Icomp, 

resulting in HBD is observed. While the PBD phase could involve several factors playing a 

role including the wear-out of the first percolation path and the simultaneous nucleation of 

many more percolation paths that may be spatially correlated / uncorrelated within the same 

dielectric layer, the HBD instant can be claimed to correspond to the BD of the second layer 

of dielectric in the stack, due to the large increase in current representing an end-to-end BD 

of the complete bi-layer stack.  

The time to 1st SBD (tSBD) and the time duration between the 1st SBD and the final HBD 

event (tHBD – tSBD = tPBD)17) are plotted on a Weibull scale as shown in Fig. 3(a). The durations 

of tSBD and tPBD are essentially the times taken for each of the dielectrics to suffer their first 

percolation event. While the duration tPBD may certainly comprise several additional SBD 

events within the previously percolated dielectric layer and their wear-out, the thermal / field 

impact of these events on the other dielectric are miniscule18) compared to the effect that the 

second percolation BD has on the leakage current jump (the instant of HBD). Based on the 

recent work of Wu et al.19), we consider fitting the data with the defect clustering model (Eqn. 

(1)) which is a more generic representation of the Weibull model with a cluster factor (αC) 

that characterizes the extent of spatial proximity of vacancy generation to pre-existing 

vacancy defects. A highly correlated defect generation process would have αC varying 

between 0-1 while a completely random defect generation process would ideally correspond 

to αC → ∞. In the equation below, FCluster is the cumulative density function and {β, η} carry 

their usual meaning of Weibull slope and 63rd percentile mean time to failure, respectively. 

𝐹஼௟௨௦௧௘௥ = 1 − ቆ1 +
1

𝛼஼
൬
𝑡

𝜂
൰
ఉ

ቇ

ିఈ಴

(1) 

The trend of β, αC and η (also referred to as t63%) as a function of the radiation fluence is 

plotted for SBD and PBD stages of BD in Figs. 3(b), (c) and (d) for Samples S1, S2 and S3, 

alongside the fresh non-irradiated sample, S0. The fitting was done using the standard 

expectation-maximization algorithm to optimize the log-likelihood function and 25 device 

units were considered for each Sample. Note that for each parameter estimate, the 95% 
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confidence interval is also shown. The value of βSBD remained relatively fixed at ~1 for SBD 

across all the four samples, βPBD showed a significant decline from 3 to 1.3. The unchanged 

values of βSBD and our C-V evidence of radiation fluence only impacting the HK leads us to 

infer here that IL must be the first layer to suffer BD. The drastic reduction of βPBD for higher 

fluence again reaffirms the fact that the second layer to percolate was HfO2. 

The cluster factor (αC) is one of the most distinctive metrics that can help differentiate 

between HfO2 and SiOx. Density functional theory (DFT) studies have convincingly shown 

that spatial clustering of defects is only prevalent in HfO2 while it is almost non-existent in 

SiOX
20). The abnormally high values of αC-SBD ~ 8-16 clearly indicate no spatial defect 

correlation at all, which is only plausible if the SBD occurred in the IL layer (given the DFT 

evidence). The corresponding low values of αC-PBD ~ 1.5-2 again indicate significant 

correlation of defect generation in the second dielectric, which must correspond to 

percolation in the HfO2 layer here. 

Looking into the trend of η, we see that ηSBD << ηPBD. If we compute the field distribution 

in IL and HK using Gauss Law (assuming zero surface charge), we can confirm that the field 

across IL layer is 6-7X of that in the HK. As such, the defect generation rate is several orders 

higher in the IL, which further confirms the claim of IL-first BD. Note that βSBD << βPBD for 

Sample S0 also provides further support to this conclusion as according to percolation 

theory, β is proportional to number of additional stress induced defects needed to initiate 

BD.  

A final comment is worth to be made regarding the statistical significance of the results 

presented here. Given that according to the simulation-based approach presented by 

Yokogawa21), it is possible that β and αC may be correlated; it could be argued that errors 

might be induced during the parameter estimation process in our study due to sparse data. 

Since common statistical significant tests used to check whether distributions are different 

generally require normality of the data distribution as a pre-requisite and focus only on the 

mean of the distributions22) (such as the t-test), they are not suitable for the case under study 

here where our analysis is centered around β and αC, not η. Instead, we focus on the 95% 

confidence interval of the parameter estimates. Note that even considering the maximum and 

minimum values of the confidence intervals, the trends reported remain the same, that is: β 

decreases as a function of the radiation fluence for the PBD data but remains almost constant 

for the SBD trends, and αC values are always higher for the SBD data than for the PBD data, 

suggesting a strongly clustered defect evolution phenomenon for the PBD data. Further 

studies are to be performed to experimentally explore the β and αC correlation21), which 
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requires measurement of a significant number of samples. 

We have concluded through a holistic statistical investigation of the TDDB trends in a 

HfO2 – SiOX stack across SBD, PBD and HBD that the interfacial layer (SiOX) is the first to 

break down, followed later by the HK. Our claim of the sequence of BD is based on the 

combined evidence from the trends of β, αC and η for a wide range of radiation fluence. Our 

analysis here is accomplished with just a single device stack and a single stress condition 

leveraging on the careful design and tuning of the radiation strategy. Further study involving 

an in-depth probe into the spatio-temporal defect kinetics in the PBD phase using a defect 

centric multi-physics phonon trap-assisted tunneling model is currently under way and we 

hope that this will provide more insights into this kinetics.  

The data that support the findings of this study are available from the corresponding 

author upon reasonable request. 
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Figure Captions 

 

Fig. 1. (a) TEM micrograph of the bi-layer HfO2/SiOX MOSCAP stack under test. The 

yellow arrows point to the thin SiOX IL. The inset shows a schematic of the defect profile 

induced by the radiation fluence in the stack. (b) SRIM calculations showing the through-

thickness profile of the radiation induced damage (oxygen vacancy creation mostly in HfO2). 

 

Fig. 2. (a, b) MFCV analyses of the fresh (S0) and highly irradiated sample (S3) showing 

negligible change in the Dit, as indicated by the negligible increase in the normalized parallel 

conductance (GP) shown in the insets (c, d) Gate current evolution from SBD to PBD, finally 

leading to HBD in a few devices of Sample S0 and S3. 

 

Fig. 3. (a) Cluster model fitting on a Weibull plot to the SBD and PBD time durations in the 

HK-IL stack for Samples S0-S3. Trend of (b) β, (c) αC and (d) η for the different samples 

analyzed separately for SBD and PBD. In (b)-(d) the 95% confidence interval is indicated 

for each parameter estimate. 
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Fig. 1 – (a) TEM micrograph of the bi-layer HfO2/SiOX MOSCAP stack under test. The 
yellow arrows point to the thin SiOX IL. The inset shows a schematic of the defect profile 
induced by the radiation fluence in the stack. (b) SRIM calculations showing the through-
thickness profile of the radiation induced damage (oxygen vacancy creation mostly in HfO2). 
  

(a) 
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Fig. 2. – (a, b) MFCV analyses of the fresh (S0) and highly irradiated sample (S3) showing 
negligible change in the Dit, as indicated by the negligible increase in the normalized parallel 
conductance (GP) shown in the insets (c, d) Gate current evolution from SBD to PBD, finally 
leading to HBD in a few devices of Sample S0 and S3. 
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Fig. 3. – (a) Cluster model fitting on a Weibull plot to the SBD and PBD time 
durations in the HK-IL stack for Samples S0-S3. Trend of (b) β, (c) αC and (d) η 
for the diff. samples analyzed separately for SBD and PBD. In (b)-(d) the 95% 
confidence interval is indicated for each parameter estimate. 
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