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ABSTRACT 
 

In ultra low-power applications, operations in the 

transistor’s sub-threshold regime are critically important for 

meeting the system’s stringent power requirements. 

However, due to the aggressive downscaling of CMOS 

transistors, the stress-induced NBTI has emerged as a 

reliability threat even in low-power systems. In this work, 

the characterization of NBTI in this simulation-based study 

is demonstrated during sub-threshold operation application. 

The two-stage model was implemented to simulate the 

positively charged E’centers, interface trap generation and 

the resulting threshold voltage shift. The observed threshold 

voltage shift was found to exhibit power-law time 

dependence of n ~ 0.1, suggesting a hole-trapping 

mechanism. Moreover, the generation of switching oxide 

trap and interface trap in sub-threshold regime shows 

similar characteristics to that of super-threshold operation, 

hence, the sub-threshold NBTI is just as critical to the 

system’s reliability.  
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1 INTRODUCTION 
 

In ultralow-power applications, operations in a 

transistor’s sub-threshold regime are critically important for 

meeting a system’s stringent power requirements. However, 

considering the aggressive downscaling of complementary 

metal-oxide-semiconductor (CMOS) transistors, stress-

induced NBTI has emerged as a reliability threat even in 

low-power systems. As a result of scaled oxide thickness in 

sub-nanometer regime devices, the increased electric field 

further enhanced the NBTI degradation effects. Many 

studies that used circuit-level simulation used the R-D 

model to investigate the effects of NBTI degradation on a 

circuit’s performance [1], [2]. However, as the oxide 

trapping/de-trapping effect mechanism affect device 

performance considerably [3], [4], a device-level analysis 

of the effect of NBTI, which involves both oxide and 

interface traps under sub-threshold operation regime, is 

necessary. From the device-level perspective, operation in 

sub-threshold regime for UT-EOT devices is contributed by 

the minority carrier and holes under the gate, which 

diffuses due to the application of VDS. However, different 

mechanisms occurred given the very thin EOT. Direct 

tunnelling of holes from substrate to bulk oxide will be 

trapped in E’center defect precursor, which further degrades 

device performance [5]. Our earlier research, which was 

based on a simulation study [6]–[9], used the R-D model to 

analyse the NBTI effect on devices. Thus, the oxide trap 

effect has no contribution in the NBTI degradation 

assessment. In this paper, we used two-stage NBTI model 

to model the NBTI degradation effects caused by the 

minority carrier, holes, and tunnel in bulk oxide and trapped 

in the defect precursor in HKMG PMOSFET devices.  

 

2 SIMULATION SETTINGS 
 

The simulated testbed PMOSFET devices with high-

k/SiO2 gate stacks used in this work are based on the gate-

first scheme of the foundry-standard 32 nm CMOS process 

[10], [11]. The device process had incorporated shallow 

trench isolation with intrinsic stress, deposition of high-k 

dielectrics with metal gate, with incorporated stress 

engineering where epi-SiGe pockets is used for 

PMOSFETs, silicidation and dual stress liner.  

In the simulation, the Two Stage NBTI model is 

activated at interface region using the NBTI command by 

specifying the density of the precursor N0, where, the N0 = 

5.0E12 cm
-2 

[9]. The interface charge density is determined 

based on equation (1) [10] and the relationship of threshold 

voltage shift with trap concentrations and interfacial charge 

is highlighted as in equation (2) [12][13].   

              〈     〉     〈     
 〉  (1)                                                                       

     

    ( )       ( )      ( )            (2)   

   The threshold voltage shift, ∆Vth, in this work is 

determined by the commonly used On-The-Fly (OTF) 

technique [14]–[16]. The pre-stress voltage applied in this 

simulation is to ensure all states are filled at the early phase 

of stress period by equilibrate the occupancy of different 

states [17]. The stress time in this simulation is increased up 

to 1000 s to ensure time-zero delay in OTF technique which 

introduces an artefact can be reduced [15]. The artefact for 

the measured ∆Vth will not give BTI power-law (∆Vth = 

A.t
n
). In order to investigate the degradation kinetics in sub-

threshold operation regime, the stress time (and relaxation 

time) in this simulation is increased up to 10
9
s to fully 

monitor the degradation kinetics. 
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3 RESULTS AND DISCUSSION 
 

3.1  Sub-threshold operation in the 

perspective of Two-stage NBTI model 
 

The degradation in the both sub-threshold and super 

threshold operating regime in the perspective of Two-Stage 

model is validated by the observed the power law time 

dependence of the resulting ∆Vth shown in Figure 1(a). For 

thin and thick EOT devices, both shows a relatively small 

exponent within the range of n ~ 0.1 which attributed to 

hole trapping effect as in agreement with ultrafast switching 

measurement in [3]. The hole trapping occurred at pre-

existing oxide traps which fully explained by the Two-stage 

NBTI model where E’centers acted as switching trap thus 

support the intrinsic limitation of reaction-diffusion (R-D) 

model as commonly experimental in most NBTI studies 

[12].  

To further investigate the kinetics of NBTI degradation 

under sub-threshold operation, the concentrations of 

positively charged E’centers, S2, and interface traps, S4, are 

extracted in this work. Figure 1(b) shows the kinetics of S2 

and S4 as the stress time increased for sub-threshold 

operating regime. The generation of S2 is explained by the 

mechanism of hole captured at the E’ center precursor. 

From the graph, the S2 is shown to be higher than S4 for 

both sub-threshold voltages implies that the bulk defect is 

dominant contribution in NBTI degradation which in 

agreement with standard charge pumping measurement 

work in [13]. The kinetics of S2 and S4 were observed in 

dynamic NBTI experimental works where the level of Vth 

degradation reflects the switching hole-trap mechanism 

[18], [19]. As the application of stress bias is below 

threshold voltage, the holes are believed to be the minority 

carriers in the substrate which present under the gate.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1(a) Time exponent, n (b) Simulated S2 and S4 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2 Simulated ∆Vth trends for different operating 

temperatures at (a) a wide range of Vg-Vtho (Solid: -0.5V, 

Open: -0.1V) (b) a sub-threshold voltages Vg-Vtho (Solid: -

0.1V, Open: -0.2V) 

 

Figure 2 (a) shows the ∆Vth trends for different 

operating temperatures at sub-threshold and super-threshold 

stress voltages. A very weak temperature-dependence is 

observed for the sub-threshold stress voltage as in 

agreement with [20]. However, the ∆Vth of sub-threshold 

stress voltage is shown to be temperature dependence as 

shown in Figure 2 (b) when plotted is shown for sub-

threshold voltage regime only. The smaller values of both 

sub-threshold voltage and stress temperature show smaller 

∆Vth as in agreement with most NBTI studies [19]. This 

proves that the NBTI which is a temperature- activated 

mechanism also happen in sub-threshold operation regime 

where the level of degradation is smaller as compared to su 

per-threshold regime.  

 

3.2 Recoverable component under sub-

threshold operation regime 
 

In the Two-stage NBTI model, the recovery of E’center 

defects is delayed when hydrogen moves to the E’center 

due to the hydrogen is locks in the positive charge. This 

mechanism is as explained in Section 3.1 which can reduce 

the recovery effect thus producing the power- law time 

exponent, n ~ 0.1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.  (a) Evolution of ∆Vth and defination of recovery 

component, R = |∆Vt|
eos

 - |∆Vt|
eor

 in a typical dynamic 

NBTI cycle (b) R as a function of sub-threshold and super-

threshold voltage 

Solid: Thick 
Open: Thin  

a 

|∆Vt|
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To further relates the NBTI degradation effect under sub-

threshold operation regime, the recoverable component is 

extracted from graph as shown in Figure 3 (a) and plotted in 

Figure 3 (b). Figure 3 (a) shows the evolution of dynamic 

NBTI as a result from a simulated stress and relax cycle. 

The recoverable component, R or |∆Vt| recovered per cycle 

is defined as eq. (3) according to [21] 

 

R = |∆Vt|
eor

 - |∆Vt|
eos                                        

                               (3)
                                                                                                      

 

 

where |∆Vt|
eor

 is |∆Vt| at the end of relaxation cycle and 

|∆Vt|
eos

 is |∆Vt| at the end of stress cycle. The value for 

|∆Vt|
eor

 represents the permanent part of |∆Vt| that is not 

recovered at the end of relaxation phase [21]. Figure 3 (b) 

shows the recoverable component for sub-threshold and 

super-threshold operation regime. Larger R is observed for 

super-threshold operation regime as more hole trapping 

during stress for higher voltage [21]. However, the R still 

can be significant in number for sub-threshold operation 

regime which the minority carriers also contribute to the 

hole trapping during stress. More R is observed for the 

higher sub-threshold voltage.          

 

3.3 Physical interpretation of NBTI 

degradation based on energy distribution 

of switching oxide trap and interface trap   
 

In this work, we investigate the relationship between energy 

depths of ∆φs, at the interface below Ef with applied stress 

voltage under sub and super-threshold regime. We defined 

the energy depth of ∆φs as shown in Figure 4 (a) where ∆φs 

= Ef (Si/SiO2 interface) – Ev (Si/SiO2 interface).  The 

energy depth of ∆φs is used in the experimental work as to 

probe the energy distribution charges in gate dielectric [4]. 

The larger ∆φs is found under sub-threshold voltage regime 

as compared to super-threshold voltage regime as shown in 

insert.  This indicates that the energy band diagram almost 

not bend up in the oxide region whereby the larger  ∆φs 

reflects the charges associated in the degradation is due to 

natural precursor charge which energy levels below the 

silicon valence band [4]. Hence, as discussed in the 

previous section, the small degradation may be associated 

with the pre-existing defect within the dielectric.          

To further investigate the mechanism behind the 

minor degradation, we probe the energy distribution of each 

traps at three different location consists of near to Source, 

[A],  in the middle of the channel, [B], and near to Drain, 

[C]. By following the earlier work [17], [22] where similar 

range of energy level is used, Figure 5 (a) – (d) shows the 

energy distribution of the switching oxide trap and interface 

trap during sub and super-threshold operation within the 

specified locations. First impression on the energy 

distribution of switching oxide trap, S2 and interface trap, 

S4 based in different locations, tell us that they are 

randomly distributed within the specified energy levels. 

However, closer observation indicates that there is 

interesting information on the energy distribution rhythm 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.  Energy band diagram showing the energy depth 

of ∆φs. Insert is extracted ∆φs with respect to sub and 

super-threshold regime 

 

for a different location. Middle of the channel, [B] gives 

significantly different amount of switching oxide trap and 

interface trap in the specific energy levels during sub and 

super-threshold regime. In contrast, [A] and [C] region give 

almost similar amount of switching oxide trap and interface 

trap during sub and super-threshold regime respectively. 

The higher amount of switching oxide trap and interface 

which the traps are located in the middle of the channel is in 

agreement with relative random telegraph signal (RTS) 

[30]. Graph in Fig. 6 shows that the number of precursor is 

reduced when biased in super-threshold as compared to 

sub-threshold at the middle of the channel. This indicates 

that the precursor has been transformed into a positively 

charged switching oxide trap hence fewer precursors exist. 

More switching oxide trap is perceived as compared to 

interface trap within the specified energy range which is 

similar to what has been witnessed in previous discussion. 

This supports that the bulk defect is dominant contribution 

in NBTI degradation [13].    

 

4 CONCLUSION 
 

The effects of sub-threshold operation regime in NBTI 

degradation was investigated for HKMG PMOSFET 

devices which have less than 2 nm EOT. This sub-threshold 

operation regime is suitable for ULP applications which 

require very small supply voltage. The smaller value of VDD 

(Vg-Vtho < 0) shows smaller ∆Vth. However the mechanism 

of the degradation is similar to super-threshold operation 

regime where the generation of switching oxide trap and 

interface trap significantly contributed to the device 

degradation. More switching oxide trap is observed within 

the specified energy profile as compared to interface trap.   
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Fig. 5. The energy distribution of the switching oxide trap during (a) sub (b) super-threshold operation and interface during (c) 

sub (d) super-threshold  within the specified locations. Sub: Vg-Vtho = -0.2V and Super: Vg-Vtho = -0.2V 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6. The energy distribution of the precursor, 

switching oxide traps and interface traps at the middle of 

the channel 

 

ACKNOWLEDGEMENT 

The authors are grateful for the financial support 

provided by the Ministry of Science, Technology and 

Innovation (MOSTI) for e-Science: 06-01-03-SF0793 and 

the High-Impact Research Grant of the University of 

Malaya (UM/MOHE HIRGA D000019-16001). In specific, 

H. Hussin would like to acknowledge her Ph.D scholarship 

from the Ministry of Education and Universiti Teknologi 

MARA. 

 

REFERENCES 
[1] W. Wang, S. Yang, S. Bhardwaj, S. Vrudhula, F. 

Liu, and Y. Cao, IEEE Trans. Very Large Scale 

Integr. Sytems, 18, 173–183, 2010. 

[2] J.-S. Yuan, W.-K. Yeh, S. Chen, and C.-W. Hsu, 

Microelectron. Reliab., 51, , pp. 914–918, 2011. 

[3] D. S. Ang, S. Member, Z. Q. Teo, T. J. J. Ho, and 

C. M. Ng, “IEEE Trans. Device Mater. Reliab., 11, 

19–34, 2011. 

[4] S. W. M. Hatta, Z. Ji, J. F. Zhang, M. Duan, W. D. 

Zhang, N. Soin, B. Kaczer, S. De Gendt, and G. 

Groeseneken, IEEE Trans. Electron Devices, vol. 

60, 1745–1753, 2013. 

[5] M. Cho, J.-D. Lee, M. Aoulaiche, B. Kaczer, P. 

Roussel, T. Kauerauf, R. Degraeve, J. Franco, L.-Å. 

Ragnarsson, and G. Groeseneken, IEEE Trans. 

Electron Devices, 59, 2042–2048, 2012. 

[6] H. Hussin, N. Soin, M. F. Bukhori, Y. Abdul 

Wahab,  J. Electron. Mater., 2014. 

[7] S. F. W. M. Hatta, N. Soin, D. A. Hadi, and J. F. 

Zhang, Microelectron. Reliab., 50,. 1283–1289, 

2010. 

[8] H. Hussin, N. Soin, N. M. Karim, and S. F. W. 

Muhamad, Phys. B Phys. Condens. Matter, vol. 

407, 3031–3033, 2012. 

[9] H. Hussin, N. Soin IEEE Proc., 2011, pp. 614–619. 

[10] “Sentaurus TCAD Suite.” p. Version F–2011.09/10, 

2011. 

[11] N. Yasutake, T. Ishida, K. Ohuchi, N. Aoki, N. 

Kusunoki, S. Mori, I. Mizushima, T. Morooka, K. 

Yahashi, S. Kawanaka, K. Ishimaru, and H. 

Ishiuchi, IEEE Proc., 2006, pp. 77–80. 

[12] T. Grasser, B. Kaczer, W. Goes, T. Aichinger, P. 

Hehenberger, and M. Nelhiebel, 33–44, 2009. 

[13] M. Denais, V. Huard, C. Parthasarathy, G. Ribes, F. 

Perrier, N. Revil, and a. Bravaix, IEEE Trans. 

Device Mater. Reliab., 4, 715–722, 2004. 

[14] S. Mahapatra, S. Member, and M. A. Alam, “IEEE 

Trans. Device Mater. Reliab., 8, 2008. 

[15] A. E. Islam, E. N. Kumar, H. Das, S. Purawat, V. 

Maheta, H. Aono, E. Murakami, S. Mahapatra, and 

M. A. Alam, in IEDM 2007, 805–808. 

[16] M. Denais, A. Bravaix, V. Huard, C. Partha, G. 

Ribes, F. Perrie, and N. Revil, in IEDM, 4–7. 

[17] S. Gupta, B. Jose, K. Joshi, A. Jain, M. A. Alam, 

and S. Mahapatra, IEEE Proc., 2012, 1–6. 

[18] Z. Q. Teo, D. S. Ang, S. Member, and C. M. Ng, 

IEEE Electron Device Lett., 31, 269–271, 2010. 

[19] Y. Gao, A. A. Boo, Z. Q. Teo, and D. S. Ang, IRPS, 

XT.8.1–XT.8.6, 2011. 

[20] J. Franco, S. Graziano, B. Kaczer, F. Crupi, L.-Å. 

Ragnarsson, T. Grasser, and G. Groeseneken, 

Microelectron. Reliab., 52, 1932–1935, Sep. 2012. 

[21] A. A. Boo, D. S. Ang, Z. Q. Teo, and K. C. Leong, 

IEEE Electron Device Lett., 33, 486–488, Apr. 

2012. 

[22] W. Goes, T. Grasser, M. Karner, and B. Kaczer, 

IEEE Proc., 2009, 42, pp. 1 – 4.  
 

0

2

4

6

8

-1.5 -1 -0.5 0 0.5 1

 S
1

 , 
S 2

 &
 S

4 
 [

x 
1

0
1

2  
cm

-2
e

V
-1

] 

Energy (eV) 

S1 S2 S4

Open: 0.5V 
Solid: -0.2V 

0

0.5

1

1.5

2

2.5

-1.2 -0.2 0.8

S4
 [

x 
1

0
1

2  
 c

m
-2

e
V

-1
] 

Energy (eV) 

0

0.5

1

1.5

2

2.5

-1.2 0.8

S4
 [

x 
1

0
1

2
  c

m
-2

e
V

-1
] 

Energy (eV) 

(c) (d) 

0

0.5

1

1.5

2

2.5

3

3.5

4

-1.2 0.8

S2
 [

x 
1

0
1

2  
cm

-2 e
V

-1
] 

Energy (eV) 

0

0.5

1

1.5

2

2.5

3

3.5

4

-1.2

 S
2

 [
x 

1
0

1
2

 c
m

-2
e

V
-1

] 

Energy (eV) 

(a) (b) 

-0.2V -0.5V -0.2V -0.5V 

NSTI-Nanotech 2014, www.nsti.org, ISBN 978-1-4822-5827-1 Vol. 2, 2014466




