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Abstract 

 

OFF-State Stress had not been received much attention in the 

past. Hot carrier stress(HCS) or bias temperature instability(BTI) were 

main reliability issues. However, as the devices have been scaled down, 

there occurred some problems such as DIBL and off leakage current due 

to extremely thin oxide or short channel length. Correspondingly, gate-

all-around field-effect transistors(GAA FETs) have been suggested for 

sub-7 nm technology node candidates due to strong gate controllability 

and operation characteristics. This advantage of good gate controllability 

of GAA FETs, however, has caused a strong horizontal electric field. It 

can consequently cause off state leakage more severely. In this study, the 

mechanism and degradation / recovery characteristics of OFF-state 

stress(OSS) in 3-nm NPFET had been investigated. The degradation is 

mainly from interface trap(Nit) generation which is due to hot hole 

injection-induced Si-O bond dissociation and hole trapped charges in 

HfO2 defect band, consequently causing negative threshold voltage(VT) 

shift, deterioration of subthreshold swing(SS) and off current(IOFF) not 

to mention gm. Comparison in three types of technology node had been 
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carried out using technology computer-aided design(TCAD). The 

degradation is the worst in 3 nm-node NPFET than other node 

transistors, and it can bring out degradation in input/output (I/O) 

circuits like complementary metal-oxide-semiconductor(CMOS) 

inverter as well as high power(HP) devices. Analysis in various stress bias 

and temperature dependency and recovery characteristics also had been 

carried out at different drain recovery conditions  

 

Keyword: Nanoplate FET(NPFET), OFF-State Stress (OSS), Reliability, 

Technology Computer-Aided Design(TCAD), Hot hole injection(HHI), 

Interface traps, Oxide degradation 
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1. Introduction 
  

  

Reliability issues usually have been a limitation for scaling into ultra-

scaled nano devices. Although semiconductor devices have been aggressively 

scaled toward Moore’s law standard, there occurred some problems such as 

drain induced barrier lowering(DIBL) and off leakage current due to 

extremely thin oxide or short channel length. Correspondingly, gate-all-

around field-effect transistors (GAA FETs) have been suggested for sub-7 nm 

technology node candidates due to strong gate controllability and fine 

operation characteristics. This advantage of good gate controllability of GAA 

FETs, however, has caused a strong horizontal electric field. It can 

consequently bring about field-induced degradation such as hot carrier 

stress(HCS), bias temperature instability(BTI) or off-state stress(OSS). 

Although the first two cases of degradation in nanoplate FETs(NPFETs) have 

been actively studied, still there is not enough investigation of the overall 

deterioration characteristics of OSS not to mention degradation mechanism 

in GAA devices. However, it is necessary to investigate OSS in sub 5 nm 

technology node because higher carrier energy without scattering due to 

ballistic transportation in such small devices can cause severe off state 
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degradation than in case of larger devices. In this study, stress and recovery 

characteristics of OSS like trap distribution change over stress and relaxation 

time had been investigated as well as Id-Vg properties like threshold voltage 

(VT) shift or subthreshold swing(SS) degradation of the device. 

First, mechanism of OSS and OSS recovery in NPFET is suggested in this 

paper. Then, implementation methods in 3-D TCAD are described. 

Calibration of the OSS simulation results such as VT shift, SS, gm and IOFF 

versus time in 65 nm-node FET were carried out to the reference experimental 

data[1]. 3 nm-node NPFET structure for the stress simulation and simulation 

parameters are also suggested. Before implementing it into NPFET, ballistic 

transport was also considered using Monte Carlo(MC) simulation. Idsat and 

Idlin of Drift-Diffusion(DD) model simulation were finely calibrated to those 

of MC. After these two calibration steps mentioned above, OSS simulation 

were performed with NPFET and degradation characteristics were analyzed 

at several stress conditions. At the last, recovery properties such as VT or SS 

in various recovery bias are also described. 
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2.  Mechanism of OSS in NPFET  
 

 

 

2. 1 Introduction 

 

The OFF-State Stress is known for having different degradation 

characteristics other than HCS and BTI-induced degradation. First of all, 

OSS is the degradation when occurs at the OFF condition(i.e., Vg = 0 V 

and Vd = VSTRESS) like the illustration of OSS state in inverter circuit like  

Fig 1. (a). In this state, there occurs strong electric field near the gate-

drain overlap region, both vertically and laterally. As in Fig. 2, due to the 

impacts of both high fields, impact ionization appears and hot hole and  

 

 

Figure 1. (a) Illustration of OSS and OSS recovery(PBTI) states in 

inverter circuit. (b) Schematic of two phases. 

(a) (b) 
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electrons are generated. Along the vertical field direction, hot holes are 

accumulated to Si-SiO2 interface, causing several degradation in gate 

oxides. On the contrary, at positive bias temperature instability(PBTI) 

condition as a recovery of OSS, trapped holes get out from HfO2 defect 

band promtly, while electrons accumulating and trapping at the defects. 

Figure 2. (a) Energy band diagram of 3-nm NPFET in Z-Z’ direction at 

OSS condition. (b) Energy band diagram of 3-nm NPFET in Z-Z’ 

direction at PBTI condition. (c) Impact ionization due to lateral electric 

field near the gate-drain overlap region. (d) lateral energy band diagram 

(c) 

(a) (b) 

(d) 
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Concrete recovery characteristics will be mentioned again in last chapter.  

In this work, overall mechanism of OSS was suggested in terms of 

hot hole injection(HHI)-induced interface traps generation and hole 

trapped charges at HfO2 bulk using related equations.  

2. 2 Hot hole injection-induced interface trap 

generation 

 

It is well known that interface trap generation properties are different 

according to the stress bias because reacting carrier type varies for bias 

range[2].  For example, with high gate bias state, mainly hot electrons are 

activated for interface trap generation. In contrast, with low gate bias, hot 

holes are responsible for interface trap generation, breaking Si-O bond. These 

interface traps which are originated from Si-O bond depassivation are known 

for lack of recovery at the relaxation phase unlike Si-H bond dissociation-

induced interface trap[3]. In addition, time exponent(n) for ΔNit has higher 

value(0.72-0.88) than that of Si-H induced traps(0.25-0.5) due to hot holes 

induce Si-O bond catalyzing and activation energy lowering [4]. Thus, 

because hot holes are generated and accumulated to the Si-SiO2 interface at 
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the OSS condition, HHI induced un-recoverable interface traps are generated. 

The traps in TCAD simulation can be described mainly by two models. The 

first is single particle(SP) process which is related to the hot carrier density, 

and the field-enhanced thermal degradation(FETD) process which is related 

to the hot hole induced Si-O bond catalyzing effect. In this research, multi 

particle(MP) process which occurs at lower electric field condition were 

hardly considered because the degradation mainly occurs at the position 

where the high field exists. Interface trap concentration along the time and 

collision frequency(k) which is related to the interface trap generation is 

described as formula below. Parameter a is an activation energy lowering 

factor determined from the surface state, which is set to be 7.85eÅ[4]. 

 

N𝑖𝑡(t, 𝐸𝑆𝑃) = 𝑃𝑆𝑃𝑁0[1 − e−k(𝐸𝑆𝑃)𝑡]          (1) 

N𝑖𝑡(t, 𝐸𝑇𝐻) = 𝑃𝑇𝐻𝑁0[1 − e−k(𝐸𝑇𝐻)𝑡]         (2) 

 k(𝐸𝑇𝐻) ≥ ν
0

exp [−

∆𝐸𝑇𝐻0
 

2
− 𝑎 ∙ 𝐸𝑜𝑥

𝑘𝐵𝑇
]       (3) 
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2. 3 Hole trapping in HfO2 defect band 

 

Along the direction of vertical electric field, holes are headed to the gate 

oxide. Due to the existence of defect band mostly in HfO2, majority of holes 

are trapped to the defect band of HfO2 than of SiO2 bulk. Corresponding 

defect energy level is described in Fig. 3[5]. Consequently, trapped holes 

cause negative VT shift, OFF current increase and oxide degradation resulting 

in SS and gm deterioration. Trap degradation(TD) model which is field 

dependent model was used to describe hole trapping mechanism and the 

formula are below. ν means reaction constant which is related to hole trapping 

Figure 3. Defect energy diagram for oxygen vacancy in the HfO2[5] 
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frequency. kFN, kHC and kSHE are the fitting parameters related to Fowler-

Nordheim(FN) tunneling, hot carrier injection and the SHE distribution 

enhancement factor, respectively.  

ν =  ν0 exp (
𝜀𝐴

𝑘𝑇
−

𝜀𝐴 + 𝛥𝜀𝐴

𝜀𝑇

) 𝑘𝐹𝑁𝑘𝐻𝐶𝑘𝑆𝐻𝐸     (4) 

𝑁𝑏𝑜𝑛𝑑 =  
𝑁𝑏𝑜𝑛𝑑

0

1 + (𝜈𝑡)𝛼
                        (5) 

 

2. 4 Conclusion 

 

In this chapter, overall mechanism of OSS was described mainly in two 

ways, one is HHI-induced Si-O bond depassivation and interface trap 

generation and another is HfO2 defect band hole trapping. As impacts of both 

HHI-induced interface trap generation and hole trapped charge in HfO2 bulk, 

nano devices can suffer from severe change of properties such as negative VT 

shift, IOFF increase, SS and gm degradation. Thus, analysis and investigation 

of the phenomenon is of importance for predicting and optimization of device 

characteristics. Next chapter, 3 nm-node NPFET and simulation methodology 

are suggested.  
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3.  Device and Methodology 

 

3. 1 Device structure  

 

Fig. 4 shows the 3-D structure of 3 nm-node NPFET. Design 

specifications were determined according to international technology 

roadmap for semiconductor (ITRS) 2015[6]. Gate length(Lg) was set to be 10 

nm. Channel width(Tw) and channel thickness(Tch) is 16 nm and 5 nm, 

respectively. Contact gate pitch(CGP) which is distance from middle of the 

source to that of the drain was set to be 23.5 nm. Effective oxide 

thickness(EOT) was set to be 0.68 nm (Tox = 0.43 nm, Thk = 1.4 nm), ensuring 

the gate controllability and inversion layer thickness. Doping at source and 

drain were set to be 1016 cm-3 of phosphorus and at channel to be 1021 cm-3 of 

Figure 4. 3 nm-node NPFET structure 
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boron. Contact resistance was set to be 3x10-9 Ω/cm2 considering latest 

process technology. VT was controlled by gate work function in TCAD 

simulation, value with IOFF = 100 nA/μm. 

3. 2 Simulation condition 

 

For implementation of OSS degradation in 3 nm-node NPFETs in 

Synopsys TCAD, a 3-D hydrodynamic simulation was performed. Fig. 5 

shows the calibration and implementation flow of OSS degradation. Hot hole-

induced hot carrier stress degradation (hHCSDegradation) model mentioned 

above was used to Nit generation mechanism. This model uses spherical 

Figure 5. Flow chart of OSS calibration and simulation in 

3 nm-node NPFET 
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Table 1. Device and simulation parameters. 
 

harmonics expansion(SHE) method that calculates the microscopic 

carrier energy distribution function by solving the SHE of the Boltzmann 

transport equation(BTE). It is known for economic substitute for MC 

simulation because it takes much less time than MC[7]. However, this model 

describes mainly broken Si-H bond-induced interface traps generation and 

not enough description of Si-O bond dissociation-induced interface traps. 

Thus, lattice collision frequency (νth) parameter which is interface bond 

collision frequency that controls interface trap generation time exponent. 

Effective dipole moment(p) which can be changed by electric field and 

surface state was adjusted because time exponent(n) value and surface state 
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for Si-O bond dissociation-induced interface traps generation are not similar 

with that of Si-H bond dissociation. The value of p was set to be 7.85 eÅ 

according to the oxide effective field and surface state[8]. We had adjusted 

this value for implementation of accurate interface trap generation 

characteristics of OSS. In addition, trap degradation(TD) model had been 

applied for HfO2 hole trapping mechanism, resulting in OSS-induced 

(a) 

) 
(b) 

(c) 

 
(d) 

 
Figure 6.  Calibration of OSS characteristics in 65 nm-node 

planar MOSFET[1]. (a) Id-Vg curve after 2000sec stress at Vg = 0 

V, Vd = 2.75 V, 125 ˚C. (b) SS at different temperature condition. 

(c) VT shift at different stress bias condition. (d) IOFF at different 

stress bias condition. 
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negative VT shift. The model is driven by an electric field and nonlocal 

tunneling was used to link two materials where carriers can move between. 

Rather than applying it directly into the NP device, first we applied it to 65 

nm-node planar MOSFET and calibrated with experimental data of [1]. VT 

shift, SS and IOFF properties as stress time passes at different stress bias or 

temperature condition had been calibrated. In Fig. 6, the larger the bias and 

temperature, the severe degradation had occurred. The reason is that it is the 

phenomenon due to the high field and HHI. As stress bias get larger, the 

devices can get more affected by higher oxide field. Besides, carrier energy 

distribution function is changed at higher temperature so that holes with 

higher energy get increased as temperature become higher, causing more 

(a) (b) 

Figure 7. Id-Vg curve calibration with MC simulation in (a) Linear region 

(b) Saturation region 
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interface trap generation and hole trapping. For 3 nm-node NPFET, MC 

simulation had been carried out because ballistic transport should be 

considered in sub-5 nm node MOSFETs. Ballistic parameters and saturation 

velocity(vsat0) of drift-diffusion(DD) model simulation were finely calibrated 

with MC simulation results. In this simulation, electron saturation velocity 

was matched to be 1.7x107 cm/s with error rate below 2.5 %, as shown in 

Fig .7. Parameters of structure and simulation are listed on the Table 1 with 

degradation model formula. After these several calibration steps, transient 

OSS simulation model was performed on 3 nm-node NPFET. To investigate 

OSS degradation characteristics in 3 nm-node NPFET, Vg = 0 V, Vd = 1.5 V 

bias was applied for 100 seconds in 125 ˚C condition. Study was carried out 

in various stress condition such as different node NPFETs, bias and 

temperature for degradation comparison. Id-Vg characteristics like VT, IOFF 

and SS as well as interface traps and hole HfO2 defect band trapped charges 

distribution versus time was also analyzed. 
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4. OSS Degradation characteristics in 

NPFET 
 

 

4. 1 Overall degradation characteristics in NPFET 

 

 OSS degradation is due to the HHI-induced interface trap generation 

and hole trapping in HfO2 defect band. Thus, both have influences on 

degradation characteristics. It is usually known that transconductance gm 

shifts according to charge types like interface traps or oxide bulk traps. For 

example, reduction of gm,max means generation of interface states while lateral 

shift of gm is due to the charge injection into the oxide bulk defect bands[9]. 

In Fig. 8 (a), as stress time passes, both lateral and vertical shifts of gm are 

Figure 8. (a) gm curve after 100 s stress  

    (b) Id-Vg curve after 100 s stress  

(a) (b) 
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observed, presenting both interface traps generation and hole trapping in 

HfO2 bulk defect band occurred as OSS time. In addition, due to the impacts 

of both, negative VT shift and SS, IOFF increase are observed as OSS time like 

in Fig. 8 (b). The degradation of the device gets more severe as stress time 

increases.  

 While, generated traps or trapped charges were obeserved to be 

distributed througout the channel but were most concentrated in the gate-

dratin overlap region where maximum electric field occurred. Corner and top-

down regions of the channel cross section were also the region where many 

charges existed. Corresponding electric field and charge distribution are 

showed in Fig. 9.  

 

(a) 

Figure 9. Charge distribution and electric field (a) Channel cross section 

view near gate-drain overlap region (b) Interface traps distribution of 

channel top view and electric field at X-Z cross sectional view 

(b) 
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4. 2 Gate oxide thickness under same EOT condition 

 Investigation of gate oxide composition dependency was also carried 

out. Generally, the thicker high-κ layer is preferred to prevent direct tunneling 

caused by extremely thin oxide thickness through thickening physical 

thickness of gate oxide layer. However, as in Fig. 10 (a), OSS degradation 

(a) 

(b) (c) 

Figure 10. Degradation characteristics in different Tox/Thk and same EOT 

condition after 100 s stress (a) Id-Vg curve  

(b) Hole trapped charge (c) Interface trap distribution  
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were more severe in thicker HfO2 layer condition. It is due to that hole 

trapping is dominant in HfO2 so that if thickness of HfO2 get thicker, hole trap 

region become larger so that more holes are trapped in defect region as in Fig. 

10 (b). On the contrary, the effect of TSiO2 on Nit was negligible, showing only 

slight change of Nit as shown in Fig. 10 (c). Thus, contrary to the notion of 

taking large Thk to prevent direct tunneling, it is better get small Thk while in 

same EOT condition in terms of OSS. 

 

4. 3 Comparison of various nodes of MOSFETs  

 

Fig. 11 shows overall degradation characteristics in 65 nm-node 

MOSFET and 3/5/7 nm-node NPFETs versus stress time. Same overdrive 

voltage(VOV = 1.41 V) was used in inter-node simulation and same maximum 

electric field condition was applied in 3 nm and 65 nm-node MOSFET. 

Table 2. Device specification of 7/5/3 nm node NPFETs  
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Entirely, 3 nm-node NPFET showed the most serious degradation among 

them. Design specification of each node FET is described in Table. 2. First of 

all, comparing 3 nm- node FET and HKMG 65 nm-node FET in same 

maximum electric field condition, more degradation occurred in 3 nm-node 

FET than planar one as shown in Fig. 10 Because NPFET is surrounded by 

gate, channel and the gate dielectrics can get affected by the stress condition 

and traps. Thus, effective degradation region of NPFET is larger and get suffer 

from OSS more severely. Comparing with 5 and 7 nm-node NPFET, with 

Figure 11. Degradation characteristics in 65 nm-node planar 

FET, 3/5/7 nm-node NPFET at 125 ˚C. (a) Δ VT (b) Δ SS (c) Δ gm 

(d) Δ IOFF  

 

(a) (b) 

(c) (d) 
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same VOV condition, the oxide field at the gate-drain overlap region is much 

higher in 3-nm node NPFET. Besides, in sub 5 nm-node FET, ballistic 

transport is applied in terms of carrier transport mode. Then scattering rates 

can get lower and consequently, the density of carriers which moves without 

losing energy becomes higher, causing more degradation from the HHI[10]. 

Thus, we confirmed that in GAAFETs, and as devices get scaled down, they 

suffer from OSS degradation more severely in terms of overall device 

properties. 

 

4. 4 Conclusion 

 

 In this chapter, overall degradation properties of OSS were studied. 

First of all, due to the impacts of both HHI-induced interface trap and hole 

trapping in HfO2 defect band region, several degradations occurred in the 3 

nm-node NPFET. For example, negative VT shift and off current increased 

and SS and gm also showed deterioration. Besides, it showed worst 

degradation in 3 nm node-NPFET than other node FET when stress was 

applied due to structural reason. Trap and charge distribution were throughout 
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the region, but showed most at the gate-drain overlap region, top-down and 

corner of oxide region where maximum electric field exists and hot hole 

injection occurs. Z-Z’ direction has more charge distribution as electric field 

across the shorter direction is higher due to the width difference between Y-

Y’ and Z-Z’ direction. In addition, as mentioned in fig. 1, there occurs high 

field at gate-drain overlap region so that charge distribution is concentrated 

near the drain position.    
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5. Dependence on OSS degradation of 

temperature and stress bias condition  

 

 

5. 1 Bias dependency of OSS degradation 

  

 Degradation characteristics at different stress bias also were studied. 

To examine the OSS degradation property at various drain bias, NPFET was 

investigated at Vg = 0 V, Vd = 1.25 / 1.5 / 1.75 V, respectively. Fig. 12 (a) 

shows the VT shift over stress time. At the largest stress bias condition (Vd = 

1.75 V), the device suffered more VT shift due to additional hole trapped 

charge in HfO2 at larger stress bias, as expected. In terms of interface trap 

generation ΔNit, generated interface trap concentration was higher in large 

Figure 12. (a) ΔVT by stress time at different stress bias (b) ΔNit and n 

by stress time at different stress bias 

 
 

(a) (b) 
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drain stress condition. On the other hand, time exponent value n was much 

higher at the Vd = 1.25 V condition as in Fig. 12 (b). It is due to rapid 

saturation of trap generation in larger off state drain bias condition. When trap 

formation reaches a certain point, saturation of interface trap generation 

occurs. That is, trap formation occurs continuously under conditions that do 

not reach the saturation point, keeping high value of n 

 

5. 2 Temperature dependency of OSS degradation 

 

 As hot carriers are involved in the OSS degradation, it can be affected 

by stress temperature as well. As is well known, when temperature increases, 

carrier energy distribution spreads, lowering distribution of lower energy 

Figure 13. (a) Hole energy distribution function at different stress 

temperature condition (b) Energy band diagram of channel lateral 

direction at different temperature condition 

 

(a) (b) 
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distribution while increasing of higher one. As expected, in Fig. 13 (a), hole 

energy distribution function changes as increase of temperature. At higher 

temperature, hole distribution of lower energy decreases and increases of 

higher energy, oppositely. In addition, silicon bandgap decreases about 2.7 % 

as device temperature gets higher as presented in Fig. 13 (b). Due to the 

influence of this change of the energy distribution and bandgap, impact 

ionization rate increases at high temperature condition as shown in Fig. 14, 

causing more hot hole generation and severe degradation of the device as in 

Fig. 15. As a result, both VT shift and ΔION/IOFF got severe degradation in high 

temperature due to considerable generation of interface trap and hole trapping 

Figure 14. Impact ionization rate at different temperature condition  
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in HfO2. In terms of interface trap and time exponent, Fig. 16 shows that total 

generated interface trap concentration is higher at 125 ˚C but n has larger 

value at lower temperature. It means that at higher temperature, initial trap 

Figure 15. (a) Δ|VT| at different temperature condition 

(b) ΔION/IOFF as stress time passes at different temperature 

(a) 

(b) 



 

 26 

generation frequency was faster than at lower one because of difference in 

initial hot carrier density between at high/low temperature condition. 

Consequently, in 125 ˚C, the traps reach the saturation point earlier than in 

the lower temperature condition, with comparably low n value of 0.72.  

5. 3 Conclusion  

 

 Dependency of OSS according to temperature condition was 

analyzed. As temperature become higher, hole energy distribution which 

affects impact ionization and interface trap generation, got spread so that 

energy distribution of higher one increased. Thus, overall degradation was 

severe in high temperature condition. On the other hand, in terms of interface 

Figure 16. ΔNit over time at different temperature 
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trap generation, time exponent value was higher in lower temperature 

although total generated interface trap concentration was much more in 125 

˚C condition. It is because at high temperature, while carriers react faster 

initially, reaching the saturation point early than at 25 ˚C condition. Thus, n 

had lower value at higher temperature condition. 
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6. Recovery characteristics  

 

6. 1 Introduction  

 

 As described in the first chapter, OSS recovery is enacted in PBTI 

state. That is, in Vg = Vdd, Vd = 0 V condition. Thus, before investigate OSS 

recovery properties in 3 nm-node NPFETs, it is of importance to understand 

PBTI mechanism first. 

 PBTI refers to the positive bias temperature instability, which is 

different from OSS in terms of degradation mechanism. Unlike OSS, in PBTI, 

electrons are accumulated to the SiO2-HfO2 interface and injected to the 

interface or HfO2 bulk defect, causing Si-H bond depassivation-induced 

Figure 17. Trap generation mechanism under PBTI stress in an HKMG 

NMOS [25] 
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interface trap generation and electron to be trapped in oxide bulk as described 

in Fig. 17[25]. Consequently, devices suffer from another degradation such 

as SS degradation, positive VT shift.   

6. 2 Method  

 PBTI-OSS recovery was simulated as in Fig. 1 in other node with 

different physics from OSS because PBTI degradation has another 

mechanism. To implement OSS recovery, similar with OSS case, two types 

of TD model were applied to describe electron interface traps and electron 

oxide trapped charges. HfO2 electron defect band energy level was set to be 

1.26 eV, which is described in PBTI two-state model[11]. Recovery phase 

was simulated separately with OSS. To investigate OSS recovery properties 

in 3 nm-node NPFETs, three different drain recovery biases with case of 1) 

Vg = 0.8 V, Vd = 0 V 2) Vg = 1 V, Vd = 0 V 3) Vg = 1.2 V, Vd = 0 V were applied 

to the device simulation. Recovery PBTI time was set to be100 seconds. 

 

6. 3 Results and discussion  

Analysis of PBTI as OSS recovery was carried out. Unlike OSS, at 

PBTI state where is the recovery phase of OSS, Si-H bond depassivation 
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induced interface trap generation at interfacial layer and high-κ layer(IL-HK) 

interface is dominant. Thus, as seen in Fig. 17, interface trap at the Si-IL 

interface had not reduced rather negligible change at the PBTI state while the  

Figure 18. Interface trap for Si-IL interface and IL-HK interface over 

recovery time 

Figure 19. VT recovery over time as recovery bias 
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trap at IL-HK interface increased at recovery phase, showing total increase of 

interface traps. In the case of VT relaxation, comparing three other recovery 

bias over recovery time was investigated as in Fig. 18. As in the figure, fast 

recovery due to hole detrapping and electron-induced hole neutralize was 

shown. While after certain recovery time, more positive VT shift occurred due 

to the electron accumulation at higher recovery bias. On the contrary, Fig. 19 

shows lack of recovery in terms of SS degradation compared to the VT 

recovery property. It is easily confirmed because interface trap generation 

from OSS cannot be re-passivated because it is induced from Si-O bond 

depassivation which is hard to be relaxed if once the bond break. Besides, 

Figure 20. SS degradation over recovery time 
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mentioned above, interface traps near IL-HK interface rather increase 

resulting in total interface trap increase at the PBTI state, also having an effect 

on lack of SS recovery.  

 

6. 4 Conclusion 

In this chapter, PBTI as recovery of OSS degradation was 

investigated in various type of recovery bias. In the PBTI state, holes which 

were trapped in HfO2 bulk detrapped and electrons are trapped in defect so 

that negative VT shift was recovered. However, unlike other reliability issues 

such as HCI or BTI, perfect recovery of OSS was impossible in terms of 

generated interface traps and SS because of lack of recovery of interface trap 

which is induced from Si-O bond dissociation and additional interface trap 

generation at recovery phase. Thus, it is necessary to prevent and minimize 

the degradation from OSS by structural or process optimization. 
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- 

7. Conclusion  

 In this paper, overall analysis of OSS in 3 nm-node NPFET was 

investigated. First of all, mechanism of OSS in GAAFET was described and 

the simulation methodology was introduced, considering ballistic transport 

which is necessary in sub-5 nm technology node. Due to OSS, devices have 

been confirmed to be suffered from both interface trap generation and hole 

trapped charges, inducing negative VT shift, SS degradation and OFF current 

increase. It could also be found in gm shift tendency as OSS time passes.  

 In addition, gate oxide thickness with same EOT condition and 

various node dependency were studied. In terms of OSS, increasing of high-

κ layer has caused more OSS degradation due to the larger charge trapping 

region. With structural simulation using same over drive voltage condition, 3 

nm-node NPFET showed the most severe degradation due to the stronger 

electric field or structural reason of GAA which can be affected by field, as 

compared to the planar MOSFET.   

 Stress bias and temperature dependency of OSS were also 

investigated. It was interesting in terms of interface trap generation tendency. 
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At the larger stress bias condition, overall property change was more severe 

than at the lower one but interface trap time exponent was higher at the lower 

bias condition, about value of 0.79. OSS analysis in the different temperature 

condition, as well as the bias condition, was also considered because interface 

trap generation or dielectric layer quality can be changed at lower or higher 

temperature condition. It is known that in Si/HfO2 system, leakage current 

increase at higher temperature[24]. At 125 ˚C, as predicted, both interface 

trap and hole trapped charge increased than the 25 ˚C condition, inducing 

more overall degradation of the device. On the other hand, interface trap 

generation time exponent value was higher at 25 ˚C due to the trap generation 

speed and saturation point difference with the different temperature condition. 

 Lastly, OSS recovery was analyzed. Relaxation simulation was 

carried out at PBTI state, inducing VT recovery by hole detrapping or 

electron-induced hole neutralizing. On the contrary, SS showed lack of 

recovery because the generated interface trap which was due to Si-O bond 

depassivation could not be relaxed with recovery condition unlike Si-H bond 

dissociation-induced interface trap. Besides, ironically, degradation was 

showed at PBTI state, which was OSS relaxation phase by IL/HK interface 
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trap generation or electron trapping at HfO2.   

 Thus, according to these overall degradation characteristics or 

recovery properties, OSS has been confirmed to have a different physics other 

than HCI or BTI. It can cause severe degradation as devices get aggressively 

scaled down so that comprehensive analysis of three reliability issues-HCI, 

BTI and OSS- should be considered for prediction and optimization of nano-

scaled devices. 
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초 록 

 

 

OFF-State Stress(OSS)는 과거 다른 신뢰성 이슈에 비해 

많은 관심을 가지지는 못하였다. Hot carrier stress(HCS) 나 Bias 

temperature instability(BTI) 가 주요 신뢰성 이슈로 다뤄져 왔다. 

그러 소자가 점점 스케일링 되면서 급격히 얇은 oxide 두께나 

짧아진 채널 길이의 영향으로 DIBL이나 OFF 상태에서의 누설 

전류 같은 문제가 발생하게 되었다. 그에 따라서 gate-all-around 

field-effect transistors(GAA FET) 가 강한 게이트 제어성과 훌륭한 

동작 특성을 보이며 7 nm 이하 기술 노드에서 대안으로 제시되었다. 

그러나 좋은 게이트 제어성을 가진다는 것은 강한 수평 전계를 

야기하였고 이는 오프 상태의 누설 전류를 더욱 심화시키게 되었다. 

이 연구에서는 3 nm 노드 나노플레이트 소자에서 OSS에 대한 

메커니즘에 대해 다루며, 열화와 회복 특성에 대해 분석하였다. 

OSS에 의한 열화는 주로 강한 수직 및 수평 전계에서 비롯된 hot 
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hole injection(HHI)으로 인한 계면 트랩 형성 및 HfO2 defect 

band에서 발생하는 hole trapping 의 영향으로 인한다. Hole 

trapping으로 인해 Negative VT shift가 발생하며, 계면 트랩의 

형성으로 인해 SS 와 IOFF 및 gm의 열화가 나타나게 된다. 계면 

트랩의 경우 HHI로 인해 주로 Si-O bond를 깨뜨리며 발생하며, Si-H 

depassivation 에서 비롯된 계면 트랩과는 다르게 회복 단계에서 

다시 passivation이 되지 않는다는 특징을 가진다. 결과적으로 이 

회복 불능의 특징은 OSS가 신뢰성 이슈에서 필수적인 요소이며 

이를 제할 수 없음을 의미한다. Technology computer-aided 

design(TCAD)를 활용하여 OSS 를 구현 후 참고 논문 상의 특성에 

calibration을 진행 하였다. 이후 ballistic transport 를 고려하기 위해 

Monte Carlo(MC) 시뮬레이션에서의 포화 속도와 ballistic coefficient 

등의 시뮬레이션 변수들을 조정하여 IDSAT, IDLIN의 calibration 또한 

진행 되었다.  이후 나노플레이트 소자에 OSS physics를 적용하여 

세 가지 노드의 나노플레이트 및 참고 논문의 구조와의 특성 

열화가 비교되었다. 열화는 GAA 구조상의 이유 및 최대 전계 
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차이로 인해 3 nm-node NPFET에서 가장 심하게 나타났으며, 이는 

high power(HP) device 뿐만 아니라 nano 단위의 complementary 

metal-oxide-semiconductor(CMOS) 인버터 회로와 같은 

input/output(I/O) 회로에서 심각한 특성 열화를 불러올 수 있게 

된다. 따라서 NP device에서의 OSS에 대한 분석이 필요하며, 전압 

및 온도 등의 다양한 스트레스 조건에서의 특성 분석이 진행되었다. 

또한 recovery의 경우 positive bias temperature instability(PBTI) 

state에서 진행 되는데 이때의 state 조건에 따른 OSS의 회복 

특성에 대해서도 분석하였다.  

 

주요어 :  나노플레이트(NPFET), OFF-State Stress(OSS), 신뢰성, 

Technology Computer-Aided Design(TCAD), Hot hole injection(HHI), 

계면 트랩, 절연체 열화 
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