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Introduction: Negative Bias Temperature Instability (NBTI) is 

now a well-known p-MOSFET reliability issue that threatens 

both digital and analog CMOS circuits [1, 2]. Past studies have 

focused on establishing (i) strong gate insulator process impact 

on NBTI [3,4]; (ii) new characterization methods for delay-free 

measurements [5,6]; and (iii) physical mechanisms governing 

time (t), temperature (T), stress bias (VG), AC frequency and 

duty cycle dependence of NBTI [7-10]. Till date, most efforts 

focused on modeling threshold voltage shift (VT), while fewer 

attempts were made to model mobility degradation (Δµ) [11- 

13] and drain current degradation (ID) [15] due to NBTI. The 

expressions used in [11-13] to model Δµ are suitable only for 

large gate overdrive (beyond VDD) and not in the range of in-

terest (VG up to VDD), and therefore are not suitable for SPICE 

applications. The physics-based Δµ models [11,14] suitable for 

TCAD applications needs validation against wide range of ex-

perimental data. Note, accurate modeling of Δµ is essential for 

developing accurate ID models in both TCAD and SPICE 

framework respectively for device and circuit analysis. In this 

work, a compact mobility model suitable for SPICE applica-

tions is proposed, which can predict temporal transconductance 

(gm) and ID degradation due to NBTI stress, for a wide range of 

VG from sub-threshold to strong inversion. The model is a sim-

ple extension to standard BSIM expression and is validated by 

predicting experimental data for varied stress conditions on 

devices having wide range of Nitrogen content (N%) and Ef-

fective Oxide Thickness (EOT). Further, the physics based µ 

degradation model suitable for TCAD applications is also veri-

fied against such wide range of experimental data. Robustness 

of extracted model parameters across devices are demonstrated. 
 

Experimental: SiON p-MOSFETs (W/L=15/0.16 m) used in 

this study have wide range of N% and EOT (Table I). Impact of 

stress on degradation of ID-VG (and hence gm-VG) curves are 

obtained using the Measure-Stress-Measure (MSM) method. 

All experiments are done at T=125
o
C, and ID-VG measurements 

were taken at low drain voltage (|VDS|=0.1V) to avoid any ve-

locity saturation effects.  
 

Physical Model: Note, effective channel mobility (eff) is de-

termined by three scattering mechanisms; coulomb scattering 

(µC), phonon scattering (µPH) and surface roughness scattering 

(SR) [11,14], while Mathiessen's rule is employed to calculate 

µeff (1/µeff = 1/µC +1/µPH+1/µSR) (Table-II). As shown, the im-

pact of NBTI is accounted for by the term NT (=COX/q.VT, net 

generated charges at the interface) in C. Fig.1 shows measured 

and predicted eff - Eeff data before and after stress on devices 

having very different N% and EOT. Effective vertical field is 

estimated as Eeff =1/εsi (Qdep+Qinv/3); Qdep and Qinv are respec-

tively the depletion and inversion charge densities [11,14], and 

µeff is extracted from measured ID data using standard BSIM 

expression [16,17]. NT at a given stress time is computed using 

measured VT. Note, appreciable µeff degradation (µeff) is 

observed, and larger µeff is seen for device having larger N%. 

The physics-based model can predict mobility degradation for 

different stress time, stress biases, and on devices having dif-

ferent N% and EOT values (not explicitly shown) with param-

eters listed in Table-III. Only 2 parameters (1, ) show EOT 

dependence as shown (Fig.2). This calibrated physical model 

(with extracted parameters) is readily implementable in TCAD.    

      

Empirical Model: Although the above analysis is good to ob-

tain physical insight into µeff degradation due to NBTI, a closed 

form mobility expression is necessary for SPICE simulations. 

Fig.3 shows measured gm-VG data and model prediction using 

first order mobility model µeff=µ0/(1+θ(Vgs-Vth)
η
) [11]. A match 

is observed only at high VG overdrive and hence this popular 

expression cannot be used for device operating regime. In this 

work, BSIM3v3 model [16,17] is used (without loss of gener-

ality) for predicting ID before and after stress (Table-IV), where 

the mobility model is suitably modified by including "DR3" 

term to incorporate the effect of stress generated NT. Figs.4(a 

and b) show measured gm-VG data and prediction using the 

proposed model for devices having wide range of N% and EOT. 

Unlike standard expression, the proposed model can predict gm 

before and after stress for the entire range of VG. Measured 

time evolution of gm at 2 different sense VG's for both these 

devices and model prediction are shown in Fig.5. Although gm 

degrades at |VG|=0.5V, an improvement in gm is observed at 

|VG|=1.2V, in spite of eff degradation for the entire Eeff range 

(Fig.1). The gm degradation at |VG|=0.5V is ascribed to domi-

nant columbic scattering from NT. The gm improvement at 

|VG|=1.2V can be attributed to decrease in |VG-VT| with time 

and hence decrease in vertical field [18]. The corresponding 

measured and predicted ID-VG data before and after stress are 

shown in Figs.6 (a and b). The capability of the proposed mod-

el to predict ID before and after stress in linear and subthreshold 

regimes can be readily seen. Measured time evolution of ID at 

2 different sense VG's for both these devices and model predic-

tion are shown in Fig.7. The empirical model can predict gm 

and ID degradation for different stress time, stress biases, and 

on devices having different N% and EOT values (not explicitly 

shown) with parameters listed in Table-V. Only 1 parameter 

() show N% dependence as shown (Fig.8). This calibrated 

empirical model (with extracted parameters) is readily imple-

mentable in SPICE.  
 

Conclusions: It is shown that NBTI exhibits significant mobil-

ity degradation that has to be modeled for accurate device and 

circuit simulations. The physics-based mobility model involv-

ing multiple scattering mechanisms is validated against exper-

imental data from a wide range of devices and stress conditions.  

The robustness of extracted parameters is demonstrated, which 

makes the proposed model readily implementable in TCAD.   

An empirical mobility degradation model is proposed based on 

BSIM implementation for SPICE simulations, and is also vali-

dated against experimental data from a wide range of devices 

and stress conditions. The model has only 1 device dependent 

parameter and can predict temporal gm and ID degradation for 

below and above threshold regimes. The model predictability 

and robustness of extracted parameters makes the proposed 

model readily implementable in SPICE. 
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Table I: Device Details

Device# N2 Dose[%] Txps [Å] EOT [Å]

1 16.67 28.13 23.50

2 19.46 22.34 17.70

3 22.64 18.48 13.98

4 34.58 23.16 15.55

5 35.92 28.85 19.90

6 41.27 21.12 12.25

7 42.48 24.37 14.60

8 49.19 23.89 11.88

1. Coulombic Scattering Term

2. Phonon Scattering Term      

3. Surface Roughness Term
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Table II: Physical Model Expressions

a (2.81 0.365)x105

µ1a 264.9

µ1b 0.4

µ3 126.16 10.71

α2 -0.35

α3 -1.5

γ 1.5

Table III: Physical Model Parameters

VOFF -0.132 0.005

µ0 44.96 2.95

UA 2.2x10-8

UB (3.92 1.11)x10-15

Abulk 0.65

MINV 1.04 0.067

α 0.5

Table V: Empirical Model Parameters
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Fig1 . µeff degradation for devices with very 

different N% and EOT.

Fig2. α1 and β dependence on EOT.
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Fig3 . Simple first order mobility model can 

predict ID and gm accurately only at high VG.

Table IV: Empirical Model Expressions
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Fig4 .(a) and (b) gm-VG for two devices with different EOT and N% accurately predicted 

by the proposed model.
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Fig5 . Time evolution of Δgm for two different 

sense voltages. 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
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Fig6 . (a) and (b) ID-VG for pre and post stress accurately predicted by the proposed model.

10
1

10
2

10
3

10
4

10
-2

10
-1

 Device# 1

 Device# 6

 Device# 1

 Device# 6

(b)

(a)|VG| = 0.5V

|VG| = 1.2V


I D

/I
D

0

time (s)

10
-1

10
0

 

 

Fig7 . Time evolution of ΔID for two different sense 

voltages..
Fig8. β1 dependence on N%
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