
Solid-State Electronics 202 (2023) 108573

Available online 13 December 2022
0038-1101/© 2022 Elsevier Ltd. All rights reserved.

A physics-based TCAD framework for NBTI 

Ravi Tiwari a, Meng Duan b, Mohit Bajaj c, Denis Dolgos d, Lee Smith e, Hiu Yung Wong f, 
Souvik Mahapatra a,* 

a Department of Electrical Engineering, Indian Institute of Technology Bombay, Mumbai 400076, India 
b Synopsys Northern Europe Ltd, Glasgow, UK 
c Synopsys India Private Limited, Bangalore, India 
d Synopsys Switzerland LLC, Zurich, Switzerland 
e Synopsys Inc., Mountain View, CA, USA 
f San Jose State University, San Jose, CA 95192, USA   

A R T I C L E  I N F O   

The review of this paper was arranged by 
“Francisco Gamiz”  

Keywords: 
NBTI 
RD model 
ABDWT model 
RDD model 
Threshold voltage shift 
MOSFETs 
TCAD modeling 
Hydrogen diffusion 
Interface trap generation 
Hole trapping 
Bulk trap generation 

A B S T R A C T   

A physics-based framework is incorporated in TCAD to model the primary mechanisms responsible for Negative 
Bias Temperature Instability (NBTI) in P channel High-K Metal Gate (HKMG) MOSFETs. Three underlying 
mechanisms are treated including interface trap generation-passivation via a Reaction-Diffusion (RD) model and 
its charge occupancy via an Activated Barrier Double Well Thermionic (ABDWT) model, hole trapping and de- 
trapping in pre-existing defects in the gate stack are modeled via an ABDWT model, and bulk trap generation- 
passivation is modeled via a Reaction-Diffusion-Drift (RDD) model. The framework is used to model measured 
NBTI time-kinetics for DC stress-recovery and various mixed DC-AC gate pulse segments for planar devices. 
Furthermore, the same framework is also used to test NBTI behavior in 3D FinFETs.   

1. Introduction 

The threshold voltage shift (ΔVT) due to Negative Bias Temperature 
Instability (BTI) is an important issue in P channel HKMG MOSFETs [1]. 
The NBTI mechanism is controversial and various models are proposed 
[2–4]. The threshold voltage degradation (ΔVT) is due to primary NBTI 
mechanisms, i.e., interface trap generation-passivation (giving rise to an 
interface trap charge density ΔNIT) at or near the channel/interlayer (IL) 
interface and its charge occupancy (ΔVIT), trap generation and passiv
ation in the interlayer (giving rise to ΔVOT), and charge trapping in pre- 
existing defects in the interlayer (giving rise to ΔVHT) [5,7]. Previous 
NBTI modeling work in the 1D BTI Analysis Tool (BAT) is successfully 
applied to 2D/3D TCAD with the focus on trap generation and passiv
ation (ΔNIT) using an RD model [10,12] (using Synopsys tools [14,15]). 
In this work, we extend our NBTI framework in TCAD to improve the 
modeling of interface trap occupancy (ΔVIT), charge trapping in the 

interlayer (ΔVHT), and trap generation and passivation and its occu
pancy in the interlayer (ΔVOT) (Fig. 1). The advantages of modeling 
NBTI in TCAD are capturing quantum effects, source/drain induced 
mechanical strain impact in the channel which are essential for scaled 
devices [10]. The framework (Fig. 1) is validated by modeling the 
measured data for pMOSFETs in 2D devices (Figs. 4–10). Furthermore, 
the framework is used to examine the reliability behavior briefly in 3D 
FinFETs (Fig. 10). 

2. NBTI models 

The inversion layer hole tunnels to Hydrogen (H) passivated defects 
at the channel/interlayer interface during NBTI stress, reacts with H 
passivated defects, breaks, generates interface states, and releases H 
(Fig. 2a). The released H diffuses and reacts with another H passivated 
defect inside the interlayer to form H2, which diffuses away. This is 
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called the Reaction-Diffusion (RD) model. An anode hole injection (AHI) 
-related process triggered by a hole generates the trap in the interlayer 
and releases H, which further diffuses, reacts with another H-passivated 
defect inside the interlayer, and generates defect states and H-species 
(H-molecule, H-ion). The generated H-molecule and H-ion diffuses to
wards the gate. This is called the Reaction-Diffusion-Drift (RDD) model 
for the traps generated in the interlayer [9] (Fig. 2b). The ABDWT model 
is used for charge trapping in pre-existing defects in the interlayer 
(Fig. 3). 

3. TCAD framework 

The device structure is generated in 2D (Fig. 4a) and 3D (Fig. 10a). In 
the device simulation [15], the defect dissociation by holes during BTI 
stress utilizes the Capture-Emission De-passivation (CED) model [15]. A 
multi-state configuration (MSC) is defined for H-passivated defects at 
channel/interlayer and interlayer/HfO2 interfaces. The MSC-hydrogen 
transport degradation model is accounted for the reaction between 
mobile hydrogen species and localized states (H-passivated defects) 

Fig. 1. Schematic of TCAD framework for NBTI during stress and recovery for 
High-K Metal-Gate devices. The ΔVT model subcomponents and corresponding 
models are shown. 

Fig. 2. Multi-State Configuration (MSC)-hydrogen transport degradation model 
[15], utilizing Capture Emission De-passivation model [15] for defect dissoci
ation used in (a) the RD model for interface traps generation-passivation, and 
(b) the RDD model for bulk trap generation-passivation in TCAD. H’: Hydro
genSpeciesA, H2

+: Hydrogen Ion, H: Hydrogen Atom, H2: Hydrogen Molecule, 
h+: hole. 

Fig. 3. Schematic of the ABDWT model in TCAD to capture hole trapping de- 
trapping in pre-existing defects, showing thermally activated barrier EB, with 
forward and backward transition rates [8]. 

Fig. 4. Device showing gate stack for (a) 2D pMOSFET, and diffusion of 
different hydrogen species for (b) Hydrogen-Ion (c) Hydrogen SpeciesA (d) 
Hydrogen Molecule in 2D MOSFET used in RD model and RDD model after 1Ks 
stress time. 
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together with the hydrogen transport [15]. The charge associated with 
each localized state is shown (Fig. 2a). This is the RD model for interface 
traps in TCAD (Fig. 2a). The key modeling parameters of the RD model 
are the forward reaction pre-factor at the channel/IL interface (CPre
Factor, time kinetics and magnitude of trap generation), field accelera
tion factor (γ, bias dependence of trap generation), and thermal 
activation (Wf, temperature dependence of trap generation) [15]. The 
RD model is combined with the ABDWT model for charge occupancy of 
generated traps (ΔVIT), which previously has been done empirically via 
a Transient Trap Occupancy Model (TTOM) [10]. The RDD model uti
lizes a similar framework as the RD model (Fig. 2b). Newly incorporated 
Hydrogen species (HydrogenSpeciesA/B/C, HydrogenIon) are utilized 
to isolate the AHI-related process triggered by holes for bulk trap gen
eration in the interlayer (Fig. 4b-d), which leads to the formation and 
diffusion of HydrogenSpeciesA, Hydrogen molecule (H2), and Hydrogen 
Ion (H2

+) (Fig. 2b). HydrogenSpeciesA/B/C are treated as hydrogen 
atoms. For charge trapping in interlayer bulk, the ABDWT model con
siders a trap with two states E1 (uncharged) and E2 (charged) connected 
through a thermally activated energy barrier EB which is lowered by the 
applied bias (Fig. 3). The initial defect density in the interlayer bulk (for 
the magnitude of ΔVHT) and the barrier energy EB (for the time kinetics 
behavior of ΔVHT) are the important modeling parameters for charge 

trapping. In the real scenario, traps are located inside the interlayer 
where carriers can be captured and emitted additionally through 
tunneling processes. The ABDWT model is effective, connecting both the 
processes in an effective manner by fit factors and distributions for EB 
and E2 [15]. The backend of 1 μm is used to allow H2 diffusion (Fig. 4a). 

4. Device and measurement details 

Gate First (GF) N/P HKMG MOSFETs having ultra-thin thermal IL 

Fig. 5. TCAD modeling of DCIV measured (a) time kinetics of ΔNIT, (b) field 
dependence of ΔNIT at different temperatures after fixed stress time of 1Ks for 
the D1 device. Line: TCAD simulation, symbol: measured data. 

Fig. 6. TCAD modeling of UF-MSM measured ΔVT of the D1 device during (a) 
stress, and (b) recovery time kinetics. ΔVT subcomponents are also shown. Line: 
simulation, symbol: measured data. 

Fig. 7. TCAD modeling of UF-MSM measured ΔVT of the D1 device during (a) 
stress time kinetics at mixed stress voltage/temperature (VG-STR/T), (b) VG-STR 
dependence of fixed time ΔVT at different T. Line: simulation, symbol: 
measured data. 

Fig. 8. TCAD modeling of UF-MSM measured ΔVT of the D1 device showing (a) 
recovery at 0 V recovery bias, (b) recovery bias dependence, (c) stress-time 
dependence, and (d) recovery bias dependence after short stress time of 100 
ms. Line: TCAD simulation, symbol: measured data. 

Fig. 9. TCAD modeling of measured ΔVT of the D2 device (a) (b) DC segments 
with varying VG-STR/VG-REC, (c) (d) mixed DC-low frequency (f) AC, and (e) (f) 
low f AC cycle with variable PDC. Black Line: TCAD simulation, symbol: 
measured data. 
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and HfO2 HK are used [1]. IL scaling is done using thermal process tweak 
for D1 (3 Å) with lower N%, and N based IL, D2 (1.5 Å), EOT of HK is 4.6 
Å. DCIV data (Fig. 5) are with delay correction [11]. The ΔVT 
(Figs. 7–10) is measured with a 10 μs delay [5,6]. 

5. TCAD modeling 

The modeling of DCIV measured ΔNIT kinetics at different gate bias 
(VG) and temperatures (T) are shown for the D1 device using the RD 
model (Fig. 5). The calibrated RD model (time slope n ~ 1/6, field ac
celeration factor γ) from DCIV modeling of ΔNIT is utilized in the overall 
ΔVT framework for the interface trap generation sub-component of ΔVT. 
The measured ΔVT time kinetics is modeled with its subcomponents at 
fixed VG/T during stress (Fig. 6a) and recovery (Fig. 6b). TCAD simu
lated trap densities and charge-trapping time-kinetics data are con
verted to ΔVT model sub-components by multiplying with a capacitance 
factor (e.g., ΔVIT = K*ΔNIT) for both devices [13]. 

The overall ΔVT time kinetics modeling is shown for mixed VG/T 
during stress (Fig. 7a) and bias dependence of fixed time ΔVT at the end 
of 1Ks stress at different temperatures (Fig. 7b). The modeling of ΔVT 
recovery at various measurement conditions, i.e., the recovery after 
different stress conditions (VG-STR and T) at recovery bias (VG-REC) of 0 V 
(Fig. 8a), the VG-REC dependence after longer (1Ks). 

stress time (Fig. 8b), the stress time-dependent recovery behavior 
(Fig. 8c), and the VG-REC dependence after shorter stress time of 100 ms 
(Fig. 8d) is also achieved. It is appreciable that TCAD can mimic the re- 
stressing during recovery after a short stress time (100 ms). The three 
model subcomponents (Fig. 1), i.e., ΔVIT, ΔVHT and ΔVOT are used to 
model the D1 device measured data (Figs. 6–8). The model framework 
shows good agreement with experimental data. 

for the D2 device (Fig. 9a–f) showing DC stress-recovery bias varia
tion, DC-AC-DC, AC-DC-AC, and pure AC gate pulses having variable 
pulse duty cycle (PDC). The ΔVT model subcomponents for the D2 de
vice measured data are ΔVIT and ΔVHT (Fig. 9a-f). The framework is 
extended to 3D FinFETs (Fig. 10a). The simulated trap profile and charge 
trapping are shown (Fig. 10b-e). Time kinetics of the generated traps 
and trapped charges in the FinFET show similar behavior as in 2D TCAD 
simulations for planar devices, indicating the 3D capability of the 
framework (Fig. 10f-g). 

6. Conclusion 

A fully physical TCAD framework to model NBTI is validated with 
measured data of differently processed MOSFETs by incorporating the 
RD model with the ABDWT model (as TTOM), the RDD model, and the 
ABDWT model for the interface traps, bulk traps, and charge trapping, 
respectively. TCAD framework validation in 3D with measured data for 
a FinFET and GAA-FET is in progress. 
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