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Abstract—Modeling of temporal degradation in CMOS circuits 
due to NBTI and a design methodology to overcome its reliability 
limits are presented. Device-level NBTI is modeled and 
calibrated to experimental data. Implications of the model for 
future-generation devices mentioned in ITRS are discussed. The 
framework for performance degradation of circuits is 
established. The tools are then applied on benchmark circuits of 
different technology generations. Time-dependent parametric 
variations are obtained for the circuits and a straight-forward 
sizing algorithm is proposed. The results show that NBTI-reliable 
circuits can be achieved with small area overhead and this 
technique is effective for upcoming technology generations. 

I. INTRODUCTION 
egative Bias  Temperature Instability (NBTI) poses 
significant parametric reliability concerns for analog and 

digital CMOS circuits [1-6]. In PMOSFETs employed by 
current technology generations, the threshold voltages of the 
transistors increase over time and with the reduction in the 
drive current, the circuit performance degrades considerably 
and decreases the lifetime of applications. In order to maintain 
a high yield of reliable circuits, understanding the parametric 
shift at the device-level to estimate the impact of NBTI on 
circuit behavior is of utmost importance. Further solutions to 
NBTI would be possible once a solid evaluation technique is 
established. 
  

 In this paper, we develop a computational model to 
connect the parametric degradation of MOSFETs and circuit-
level implications of NBTI. We calibrate this framework with 
experimental data, and then apply to several benchmark 
circuits among different generations. After the amount of 
degradation is extracted, we use a sizing algorithm that 
considers the switching activity of individual transistors to 
ensure reliability of circuits for NBTI. 

II. NBTI THEORY AND MODELING 
In CMOS circuits, NBTI affects the PMOSFETs. At the 

inverter level, when the input signal is low (i.e. 0V, see Fig. 
1a), the PMOSFET is ON (VGS < 0V) and NBTI degrades the 
transistor current. Previously, this condition of the input being 
low was not considered as a threat for circuit reliability since 
NBTI was negligible in older technologies with thick oxides 
and buried channel devices and the dominant degradation 

mechanism was in NMOSFETs due to hot carriers effects. 
Looking at the operation of the inverter, the PMOSFETs 
spend approximately 50% of the time under NBTI stress, thus 
poor NBTI reliability can significantly affect circuit 
performance. 

 
 

 

 
The degradation due to NBTI stems from the traps created at 

the Si/oxide interface of PMOSFETs where crystalline Si 
meets amorphous SiO2. Dangling Si bonds exist at the 
interface due to the mismatch between these dissimilar 
materials. During the   manufacture, the interface traps are 
passivated by hydrogen annealing, forming stable Si-H bonds. 
Hydrogen treatment offered a viable solution to this problem 
for decades.  However, aggressive scaling trends and 
processing modifications lead to increasing stress on the 
Si/oxide interface and accelerate the Si-H bond breaking (see 
Fig. 1b). These unsatisfied, Si-, bonds then shift the threshold 
voltage of the transistors and increase carrier scattering. The 
drive current decreases over time and translates into reduced 
speed at the circuit level. 

A. Reaction-Diffusion (R-D) Model 
The interface trap generation is modeled successfully in the 

Reaction-Diffusion (R-D) framework [7-11]. In this model, 
the Si-H bond breaking at the interface is represented as the 
chemical reaction given by, 
 

           , (1) 0Si H h Si H+− + +U i
 

where h+ is a hole in the PMOS inversion layer. The rate of 
increase in interface trap density (NIT) is a competition 
between bond-breaking and self-annealing processes, i.e., 
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Fig. 1. (a) NBTI occurs when the input of a CMOS inverter is low. A 
PMOSFET is under NBTI stress nearly half of the circuit lifetime assuming 
equal probability of low and high input signal. (b) High oxide field combined 
with the inversion layer holes in a PMOSFET accelerate Si-H bond breaking 
and generate interface traps (represented by ‘x’ at the Si/oxide interface).    
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where kf, kr, N0 and NH
(0) are bond-breaking rate, H annealing 

rate, maximum available Si-H density before stress and 
hydrogen density at the Si/oxide interface, respectively.  
 

Initially, the interface trap generation is reaction-dominated 
as shown in region i of Fig. 2. After sufficient NH

(0) builds up, 
the reaction in (2) reaches equilibrium as in region ii of Fig. 2.  

With further build-up at the interface, the hydrogen begins to 
diffuse into the oxide such that, 
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The diffusion process is slower compared to the chemical 
reaction and therefore limits the trap generation rate. The 
hydrogen profile moves as (DHt)0.5 during the diffusion and 
since every H atom corresponds to one interface trap, i.e., 
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During the diffusion-dominated regime (iii in Fig. 2), dNIT/dt 
term is negligible compared to the other terms in (2), so 
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From (4) and (5), the time-dependence of the interface trap 
density is obtained as,  
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which gives the time-behavior observed experimentally. The 
bond-breaking rate necessitates the accumulation of holes in 
inversion layer, then tunneling into the oxide and dissociation 
of the Si-H bonds [2]. Thus kf includes the dependence on 
oxide electric field (εOX) in the hole density p=COX(VG-VT) α 
εOX, and in the tunneling terms, Тp  ~ exp(εox/ε0), as in (7). 
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where ε0  is a technology dependent constant and C contains 
the field-independent components. The interface charge alter 
the threshold voltage of the PMOSFETs according to (8),  
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where q is the unit charge and COX is the oxide capacitance. 
Additionally, the interface traps increase scattering and reduce 
the mobility. The mobility degradation is encapsulated as an 
effective VT shift in [6,12,13]. Combining these effects, the 
complete degradation becomes 
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with m constant for a given technology. 
 
The R-D simulations compare well with experimental NBTI 

data for DC and AC stress, as shown in Fig. 3. We only 
consider DC degradation in this paper, however AC condition 
can be easily accommodated since the degradation in DC and 
AC conditions are proportional in NBTI [8,9,14].   

B. Implications for future generation MOSFETs 
The interface trap generation rate in the R-D model strongly 

depends on the diffusion of hydrogen. For future generation 
devices considered in ITRS, the geometry of the transistor 
would directly affect the diffusion process ( 2∇  replaces 
d2/dx2 in (3) to include multi-dimensional diffusion) and 
therefore the NBTI degradation. Numerical R-D simulations 
that take the device geometry into account are performed for 
narrow-width, tri-gate and nanowire FETs [10,11,15]. 
Analytical formulation that removes the need for time-
consuming simulations to capture the effect of device 
geometry on NBTI is also developed [15]. Here, we are only 
presenting tri-gate results in Fig. 4. As the device width is 
scaled, the NBTI degradation rate, characterized by n in Fig. 
2, increases significantly [10]. This implies that possible 
advantages of the future generation devices should be re-
evaluated in the context of reliability-performance trade-off. 

III. CIRCUIT ANALYSIS 

A. Gate delay degradation model 
In order to understand the impact of NBTI on circuits, we 

choose circuit delay as the performance metric and connect 
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3.  R-D simulations match the experimental NBTI data well for both DC
AC (inset) bias. Notice the linear scale in the inset. The degradation
eases during AC stress due to partial annealing of the traps by hydrogen
the annealing term in (2)) when V =0V. Data from [16,17].  
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 time-dependence obtained from the R-D model gives four
ons: (i) reaction-dominated regime, governed by (2), (ii)
tage when NH

(0) builds-up, (iii) diffusion-dominated regime
ional NBTI time-exponent (n~0.25) is observed, and (iv)
trap generation when all the Si-H bonds are broken. Regions i
quickly, therefore are not observed in experiments.  
GS
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Sit being the ON-time of a PMOS (gate i) based on its 
switching activity.  

B. Sizing algorithm 
A gate-sizing algorithm based on nonlinear optimization of 

circuit area while maintaining the delay constraints is used to 
implement a Lagrangian Relaxation (LR) technique [19,20]. 
In the context of NBTI, the delay constraints on all the paths 
in a circuit are transformed into the delay constraints on each 
gate to reduce the complexity. The optimization problem is 
translated into a mathematical notation using a Lagrangian 
multiplier, λ, for each constraint on arrival time as follows: 

Minimize  ( ) ( )0 0
1 0

,
n n

i i j j
i j input

L w a w a Aλ α λ
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. 4.  R-D model is extended to study non-planar transistor geometries such
a) the tri-gate MOSFET. (b) NBTI degradation rate increases as W, an
ortant parameter for scaling, is reduced. Analytical derivations capture
same trend without time-consuming simulations.  The model is calibrated
xperimental W=30nm device from [18].  
lay to device-level ∆VT from (9). The saturation current of a 
OSFET having channel width W and gate length L can be 
ritten as  
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D G

C W
I V

L TV αµ
= − ,                   (10) 

here α (~ 1-2) is a constant. When operated at VDD with a 
ad capacitance of CL, the gate delay is  
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r VT changing over time, we can obtain the relative shift in 
te delay,  
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bstituting ∆VT from (6) and (8) in the form of Atn, the time 
pendence of delay can be written as 

( ) ( )log log log
G T

An t
V V

αττ
⎛ ⎞

∆ = ⋅ + ⎜ ⎟−⎝ ⎠
,            (13) 

here second term on the right side of (13) can be treated as a 
nstant over the lifetime of the MOSFET since (ατA) << (VG 
VT). Hence, ∆τ follows ∆VT with the same time slope in 
BTI and by monitoring the degradation in VT, the delay 
gradation can be estimated accurately. 
 
Another important aspect of the delay degradation is that, 
rcentage-wise, it is always significantly smaller than the 
ange in VT because of the rightmost term in (13). This 
plies improved lifetime for the circuits if delay or speed is 

e criterion, compared to projection from device-level 
periments where ∆VT limits the reliability.  
 
The performance of degradation of any circuit (based on the 
tivities of individual MOSFETs) can be estimated as 
llows. The delay of a circuit (τckt) is the sum of all individual 
te delays (τgate) in a critical path, and using (13), the 
rformance degradation of a circuit having N gates is 
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where λji corresponds to the input edge j and output edge i of 
gate i, αi represents the signal arrival time at edge i, wi stands 
for the channel width for gate i, s is the number of primary 
inputs, m=n+s+1, Di is the delay associated with gate i 
considering the temporal performance degradation based on 
its switching activity and A0 is the delay constraint. This 
formulation optimizes the gate sizes and it is not a path-based 
algorithm. Additionally, A0 is on the circuit delay and not on 
any specific path. Optimizing Lλ provides the minimum size of 
a circuit while ensuring the performance for a desired period 
of time under NBTI stress. 

C. Simulation results 
First, the device-level NBTI model is calibrated with 

experimental data and methodology presented in [2]. Notice 
that NBTI does not depend on gate length and is primarily 
affected by oxide thickness for a particular technology. The 
calibration is projected to the ISCAS benchmark circuits used 
in the simulations to estimate their temporal performance 
degradation due to NBTI. We considered two cases: (i) VT 
degradation of all PMOSFETs are the same (worst case 
condition), (ii) VT degradation of PMOSFETs are different 
depending on their ON-time (VGS=-VDD) which is calculated 
from their switching activity, Si. The activity factors were 
computed by assuming 50% signal switching probability at 
the primary inputs. The circuit delay is calculated through 
conventional static timing analysis [21]. Fig. 5 shows the 
temporal performance degradation of ISCAS C432 benchmark 
circuit using 70-nm Berkeley Predictive Technology Model 
(BPTM) [22]. As expected, the ∆τckt and ∆VT are parallel over 
time for both cases considered. This behavior was observed 
experimentally for a ring oscillator in [6]. Additionally, the 
delay degradation is much less compared to ∆VT confirming 
(13). Furthermore, despite the wide variation in ∆VT (not 
shown), the performance degradation is almost comparable to 
the worst case degradation. Therefore, estimating performance 
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degradation with the worst-case assumption will not result in a 
significant overestimation [23]. We further considered the 
degradation   of   the same circuit with low (10%) and high 
(100%) signal switching probabilities at the inputs [24]. It was 
observed that the signal probability affects the degradation 
weakly due to the topology of the CMOS circuitry. When the 
ON-time of a particular transistor increases, that of another 
MOSFET likely decreases, so the overall degradation reflects 
an average behavior. The delay degradation results of several 
ISCAS benchmark circuits under NBTI stress with worst-case 
(Si=1) and activity-dependent (Si<1) conditions were also 
studied. The average delay degradation expected for the 
circuits is about 9.2% in 10 years (i.e., practical lifetime of the 
circuit), approximately four times less compared to 35% of 
∆VT. The delay constraint for the sizing algorithm is obtained 
from the characteristic area-delay relationship. The nominal 
delay and area for a particular circuit is chosen at the point 
where the increase in relative area equals the drop in relative 
delay. The percentage area overhead is calculated using the 
sizing algorithm to ensure NBTI reliability for 10 years. It was 
observed that with an average overhead of 8.7%, the temporal 
degradation of these digital circuits in 70-nm-technology can 

be completely avoided. For large circuits, the area overhead is 
generally lesser. Lastly, we compare the impact of NBTI on 
different BPTM technology generations as shown in Fig. 6. 
The ∆VT increases with technology scaling, as expected from 
(13), however the corresponding circuit delay degradation and 
area overhead are comparable. Although, at the device level, 
∆VT is predicted to be about 40% in 10 years for these 
technologies, the circuit delay degradation is much smaller 
and the desired performance can be maintained with an 
acceptable increase in the area [25].  

 
Fig. 5.  Worst case and switching-activity dependent degradation for ISCAS 
C432 benchmark circuit. The delay of this circuit degrades with the same 
time-exponent. Worst case condition does not exceed the switching-activity 
dependent shift significantly. Si is calculated over a period of time and shows 
negligible change. 

CONCLUSION 
We propose a straight-forward modeling to evaluate the 

NBTI degradation in circuits. Simulations show that the 
impact of NBTI on circuit delay is less than the threshold 
voltage shift at the PMOSFET level. Sizing the circuits at the 
initial design stage can alleviate the effects of NBTI with 
small area overhead. The sizing solution seems to be 
applicable to upcoming technology generations and can 
ensure NBTI-reliable circuits. 
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