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1.- INTRODUCTION 
 

The reliability of classical SOI transistors is well established. Otherwise, 
the development of entire line of products such as the AMD 64-bit processors, 
the Cell processor family used in many entertainment products (XBOX 360, 
Playstation III, etc.), and robust high-temperature integrated circuits (Cissoid 
and Honeywell products) wouldn’t have been possible. The reliability (hot-
carrier effects, soft errors, ESD protections, etc.) of classical SOI transistors is 
assessed in many publications and textbooks such as [1,2,3]. SOI devices from 
the new generation, which includes multigate FETs (MuGFETs) and FinFETs, 
are departing from the traditional planar architecture. They are inherently three-
dimensional devices with corners and a small volume of silicon in the active 
area. This may have a big impact on reliability.  Several studies regarding the 
reliability of these advanced SOI devices have recently been made public and 
are described in this report. 
 
 
2.- RELIABILITY ISSUES IN MUGFETs 

 
Reliability of multigate FETs (MuGFETs) is still pretty much unknown. A 

recent study [4] assesses the reliability of MuGFET nanodevices with different 
gate stacks, including polycrystalline-Si/SiON as well as deposited metal 
gate/high-k stacks. That study shows how one can get information on the 
interface quality of the sidewall and top interface of the devices by using an 
adapted charge pumping technique on gated diode structures. Then the Time-
Dependent Dielectric Breakdown (TDDB) behavior of MuGFET and planar 
devices are compared and it is shown that if adequate processing is used, the 
triple-gate architecture does not alter the behavior of the time-dependent 
dielectric breakdown for different gate voltages and temperatures. The Bias 
Temperature Instability (BTI) behavior of MuGFET CMOS devices is also 
discussed. Novel interface passivation techniques as well as the impact of 
different dielectric nitridation techniques on BTI are discussed, showing similar 
BTI dependence on Nitrogen incorporated in MuGFET dielectrics as in planar 
devices. The ESD performance of MuGFET devices is analysed as well. The 
study shows that reasonable intrinsic ESD performance can be obtained, but 
achieving this desired ESD robustness is found to be critically dependent on 
various design and process parameters. As a result the design of ESD 
protection for FinFET technology appears to be a challenging task for the future. 

 
The devices used in this study are triple-gate nMOSFETs processed on 

SOI substrate with either poly-Si or a poly-Si capped metal gate (TiN or TaN). 
The gate dielectric is either SiON or Hf-based high-k dielectric deposited on an 
interfacial SiO2 layer. EOT is ranging between 1.4 nm and 2nm. In most cases 
a sacrificial oxidation followed by hydrogen anneal was used to smoothen the 
fin surface. The devices have fin heights between 30 and 85nm. Using a 
dedicated set of MuGFET structures combined with the charge pumping 
technique, information can be obtained on the interface quality of both top and 
sidewall interfaces. Although the sidewall interface trap density is higher than 
the top surface, its quality is still acceptable for good transistor performance. It 
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was also shown that, in order to have a good TDDB performances, adequate 
corner rounding techniques of the fins have to be carried out. At least for the 
investigated geometries, there are no serious TDDB-problems in multiple gate 
nFET’s when comparing them to planar nFET’s.  

 
Concerning BTI problems it was found that MuGFET devices exhibit 

worse BTI than planar devices on wafers with standard orientation, due to the 
higher availability of Si bonds at the (110) oriented fin sidewalls. This can be 
alleviated both by using 45o rotated structures and by applying appropriate 
interface passivation. The use of Fluorine was proposed and was found to be 
beneficial for both NBTI and PBTI in MuGFET and planar SOI devices. The 
MuGFET devices show similar BTI dependence on Nitrogen concentration as 
planar devices. When isotropic thermal NH3 nitridation is used, the Nitrogen 
reaches the Si interfaces uniformly at all sides of the fins. This leads to an 
improvement in the PBTI of NMOS devices and a slight degradation in the NBTI 
of PMOS devices. Directional DPN results in N close to the top interface only 
and even distribution in the bulk dielectric leading to a PBTI improvement and 
almost no NBTI degradation. Finally the ESD performance of MuGFET devices 
was also investigated, and found that they can have a reasonable good intrinsic 
ESD robustness, but achieving it is critically dependent on various design and 
process parameters. Although the optimization is complex, it is believed that 
ESD sensitivity will not be a showstopper for the nanometer technologies, 
provided that ESD aspects are taken into account from the beginning of the 
technology development. 

 
The current density of planar and multi-fin devices with corner rounding 

has been investigated in [5]. Good area scaling is observed, with very similar 
leakage currents for MuGFET and planar devices, in contrast to devices without 
corner rounding which showed higher leakage for the case of MuGFET than for 
planar devices. The spread of leakage current observed for MuGFET devices 
without corner rounding is absent when corner rounding is applied. A systematic 
and comprehensive study of the impact of process-induced strain on NBTI 
reliability was performed, including devices with different gate stacks as well as 
different strain introduction techniques. Gate stacks studied included poly-
Si/SiON, TiN/HfO2/SiO2 and Ni FUSI/HfSiON/SiO2. Strain introduction 
techniques included compressive stressor layers and SiGe S/D. Interrupted 
NBTI measurements were complemented in this study with charge pumping 
and noise measurements in order to obtain a more complete view of defects 
present and their generation under stress. In contrast to previous studies, the 
effects of additional processing steps required to introduce strain were 
addressed and showed that their effects need to be considered in order to make 
a valid NBTI comparison ensuring that the compared devices are stressed at 
the same Eox. Under this condition, similar VTH shifts, lifetime extrapolations 
(vs. Eox), VTH shift vs. LG, charge pumping, Arrhenius behaviour and low-
frequency noise measurements were demonstrated for devices with and without 
process-induced strain. The results show consistently that intrinsic NBTI 
behaviour is not degraded by post-oxide-growth process-induced strain. In 
conclusion of this work, MuGFET devices on wafers with standard orientation 
exhibit worse BTI than planar devices due to the higher availability of Si bonds 
at the (110) oriented fin sidewalls. This can be alleviated both by using 45º-
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rotated structures and by applying appropriate interface passivation. The 
“corner-effect” can be successfully resolved by appropriate H2 corner rounding. 
 
 
3.- IMPACT OF GATE-INDUCED STRAIN ON MuGFET RELIABILITY 
 

In another study, hot carrier injection (HCI) reliability and Negative Bias 
Temperature Instability (NBTI) of multiple-gate field-effect transistors 
(MuGFETs) with highly tensile metal gate electrodes were investigated. The 
results were compared with those from control devices with poly-Si gate 
electrodes. It was found that gate strain boosts performance without any 
detrimental effect on either HCI or NBTI reliability, indicating MuGFET 
compatibility with strained silicon technology. The impact of fin width (Wfin) 
scaling was also investigated. HCI reliability improves with Wfin scaling, 
whereas NBTI reliability degrades with Wfin scaling. The same Wfin scaling 
trends were observed in both strained and unstrained devices [6]. 

 
The two primary mechanisms for device degradation under operation are 

hot carrier injection (HCI) and negative bias temperature instability (NBTI). HCI 
comes about when a high electric field near the drain generates carriers of high 
energy through impact ionization, causing the creation of interface states or 
carrier trapping within the gate oxide, or both. Currently, the mechanism for 
NBTI is still largely debated. It has been proposed that negative bias applied to 
the gate triggers Si–H bond breaking at the Si/SiO2 interface, generating 
interface states. HCI is the primary reliability concern for NMOS devices, 
whereas NBTI is the main concern for PMOS devices. Both phenomena lead to 
threshold voltage (VTH) variation over time, which is a major reliability concern in 
both analog and digital circuits. A highly tensile gate electrode is beneficial for 
enhancing MuGFET performance with no detrimental effect on HCI or NBTI 
reliability. Hence, strained-Si technology will be a viable performance booster 
for many CMOS technology nodes to come. Independent of strain, MuGFETs 
with narrower fins show better HCI reliability, but worse NBTI reliability. 

 
It is also found that devices with narrower fins have worse NBTI than 

those with wider fins, consistent with previous reports. During NBTI stress, 
electrons accumulate in the substrate due to band-to-band tunneling, electron 
tunneling from the gate, and impact ionization in the substrate. The SOI 
substrate prevents electrons from escaping and forces them to gather at the 
center of the fin, resulting in steep energy band bending and high hole densities 
at the interfaces. The bend bending is even greater for narrower Wfin. Since 
interface trap generation depends on hole density [18], NBTI is expected to 
worsen with Wfin scaling. This trend is in agreement with prediction based on 
the multidimensional reaction–diffusion model: As Wfin is scaled down, the 
corner regions (where hydrogen diffusion is accelerated) constitute a larger 
fraction of the total surface area, leading to worse NBTI. It should be noted that 
significant electron tunneling occurs only when |VG| is very high. Thus, the 
effect of Wfin scaling on NBTI seen in this work may be much larger than that 
which would be seen for typical circuit operating conditions. The trends with 
Wfin scaling were observed regardless of channel strain. While a narrower fin 
width is beneficial for suppressing short-channel effects and enhancing HCI 



EUROSOI+ D4.16 FOCUSED REPORTS GA-216373 

 6 

immunity, increased susceptibility to NBTI degradation will dictate an optimal 
value for Wfin. This is particularly true for ultrascaled MuGFETs for which NBTI 
will be the limiting factor for reliability.  
 
 
4.- COMPARISON OF GATE OXIDE RELIABILITY BETWEEN FINFETS AND 
MOSFETs 
 

Silicon-on-insulator technology looks more attractive when higher current 
drive capability and better short channel characteristics are needed. In these 
technologies, MOS devices are evolving towards three dimensional devices 
with multiple gates and the FinFET is a clear candidate to replace the standard 
MOSFET for sub-10nm technology. Reliability of these new devices must be 
addressed before the substitution effectively takes place. In particular, the gate 
oxide failure can be a critical issue. Gate oxide reliability has been widely 
studied over the last years on standard CMOS technology, concluding that, 
apart from the additional gate current, other device parameters are affected by 
the gate oxide breakdown (BD) and that in some cases the circuits can still work 
after oxide breakdown. However, few works have been carried out on FinFETs. 
The behavior of electrically stressed FinFETs and MOSFETs has been 
compared in a recent paper. The results show that both devices show a 
reduction on IDSAT and gm and increase of VTH during the first stages of the 
wear out process. The parameters are only slightly affected by the soft 
breakdown (SBD) of the devices. However, the variations are larger for the 
FinFETs, which point out that these devices are less robust to oxide 
degradation and BD than MOSFETs. The evolution of IDmax (VG=1.5V, 
VD=1.5V) and maxima transconductance (gmmax) has been compared in both 
devices in terms of the compliance limit fixed during the stress, which can be 
also considered as a measure of the oxide damage level. FinFET devices show 
the largest IDmax reduction, which takes place during the wear out process 
(normalized compliance limit lower than 2). After that, although a SBD event 
occurred, the ID current remains almost constant until the devices are totally 
destroyed by a HBD (hard breakdown) event (when IGCompliance/ IGfresh > 
200); a similar effect is also observed for gmmax. On the other hand, MOSFET 
seem to be more robust to the wear out process (larger IDmax and gmmax are 
measured for IGCompliance/ IGfresh <3). However, a decrease of the current 
and gm is measured when a BD event is observed for a IGCompliance/ IGfresh 
ratio around 3. After that, the evolution almost does not show any change until a 
second BD is produced (for IGCompliance/ IGfresh around 1000). Finally, BD 
IDSAT and gmmax decrease as IG compliance increases, (i. e. as the BD 
becomes harder).  

 
The impact of advanced gate stacks on MugFET reliability are analysed 

in a paper by Infineon and Texas Instruments [7]. The devices investigated 
during this study were double and triple gate vertical field effect transistors 
(FET) on standard {100}-SOI substrates, double gate vertical FET on 45°-
rotated {100}- SOI-substrates, and planar reference FET on standard {100}-
substrate. The gate dielectrics were in-situ steam generated (ISSG) SiO2 (EOT 
= 17-20 Ang) and HfSiON (EOT = 10.5 Ang) with 20% silicon content, 7-8% 
nitrogen content and a bottom SiO2 interface layer of about 0.8 nm. Atomic 
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layer deposition was used to process HfSiO, which was nitrided by post-
deposition annealing at 700°C in NH3. Time-dependent dielectric breakdown 
(TDDB) was investigated by constant voltage tests at 140°C and biased in 
inversion mode. The first breakdown event, either soft or hard was detected by 
using a criterion of about 20% relative increase in gate leakage. In the case of 
triple gate the FETs for TDDB test had 20 silicon fins and a gate length of 220 
nm. A complete picture of gate dielectric reliability was obtained by the 
investigation of time to breakdown, voltage acceleration, Weibull slope, 
temperature acceleration, gate leakage homogeneity, and the influence of the 
crystal orientation of the side walls of the vertical silicon fin. For this purpose 
CMOS hardware with double and triple gate, SiO2 gate dielectric, and poly-
silicon gate were used. Same thermal gate oxide process results in comparable 
statistical distributions of gate leakage current for planar, triple gate, and double 
gate NMOS devices. This study shows that state-of-the-art gate dielectric 
reliability can be achieved for CMOS processes using vertical multi-gate 
architectures. Therefore, the reliability trend along the roadmap of CMOS 
scaling will be dominated by metal gates and high-k dielectrics. The use of 
metal gate increases gate leakage current density and reduces SiO2 reliability 
margin for PFET devices compared to poly-Si/SiO2. For NFET in inversion 
biasing mode the extrapolation of reliability of HfSiON from test to use 
conditions needs to consider the strong dependence of gate leakage on gate 
voltage. For PFET in inversion biasing mode the reliability of HfSiON meets the 
level of a standard poly-Si/SiO2 gate stack of same EOT. 
 
 
5.- ESD PROTECTION FOR Sub-45nm MuGFET TECHNOLOGY 

 
Impact of novel device architectures and new process options on ESD 

robustness has to be considered in early development stage. For instance, in 
MugFET technologies, the available silicon volume for the heat dissipation from 
the applied ESD stress is similar or less than that in an SOI technology, yet with 
additional three-dimensional topology. Implementation of new materials in the 
gate stack on its own, on the other hand, brings still more challenging concerns 
from the overall device reliability point of view. Therefore, assessing the ESD 
robustness of sub-45nm technology which combines the new gate stacks and 
MugFET device architectures simultaneously is important. These issues are 
addressed in a recent publication [8]. 

ESD robustness diodes, gate stacks and grounded gate NMOS and 
PMOS devices were evaluated and presented in that paper. The results show 
that the gate-stack and gated diodes are not degraded by the new gate stack 
options and/or the MugFET 3D architecture/geometry. Shorter gate length 
diodes are more robust and scale with width when compared to large gate 
length diodes. The ESD performance of the planar-like diodes realized in a 
FinFET technology shows similar ESD performance when compared to the 
diodes in an SOI technology. Further, metal-gate-electrode option plays an 
important role in reducing the diode leakage. The feasibility of implementing and 
operate grounded gate NMOS and PMOS devices with ~4-8mA/um of fin width 
for ESD protection is demonstrated. The performance of these MOS devices 
scales rather linearly with number of fins. The results presented in this paper 
show that although the standard protection elements such as diode and 
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grounded gate NMOS/PMOS devices can be implemented and provide non-
zero ESD robustness, detailed analysis, including the involved device physics, 
on the impact of layout and process options on the ESD performance is yet to 
be done. Currently, these are being investigated. It must be noted that unlike 
‘planar’ diodes, grounded gate NMOS and PMOS devices in fin configuration 
require large area to achieve reasonable ESD protection. Therefore, the best 
strategy to use these devices could be in the form of self protecting I/O devices. 
 
 
6.- RELIABILITY IN A RADIATIVE ENVIRONMENT 

 
N-channel trigate SOI MOSFETs have been irradiated with 60Co gamma 

rays at doses up to 6 Mrad (SiO2) [9]. The threshold voltage shift at 6 Mrad is 
less than 10mV in transistors with a gate length of 0.3µm. At 6 Mrad (SiO2), the 
current drive reduction in the same devices is 10% if VG=0V during irradiation 
and 20% if VG=1V during the irradiation. The generation of positive charges in 
the BOX increases the electron concentration at the bottom interface of the 
silicon fins. Inversion electrons at the bottom interface have a higher mobility 
than the electrons at the (110)-oriented fin sidewalls. As a result, an increase of 
transconductance with dose is observed at moderate doses (<1Mrad (SiO2)). At 
higher doses, the usual mobility degradation caused by interface trap 
generation is observed. The very small degradation and the absence of 
degradation of the subthreshold slope and leakage current indicates that 
MugFETs are very reliable in an irradiative environment, more so than classical 
planar SOI devices. 
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