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Abstract

In this dissertation, we investigated the gate engineering integration for advanced device
performance and reliability improvement 'including “the comparison of STI-induced local
uniaxial compressive stress in <I10>=and <100>-channel directions, the use of SiN capping
layer on (111) orientation substrate to improve the NMOSFET performance, the reliability
comparisons in negative-bias temperature instability (NBTI) and hot-carrier injection (HCI)
between dual gate oxide PMOSFETs using plasma nitrided oxide (PNO) and thermally
nitrided oxide (TNO) and the positive-bias temperature instability (PBTI)
trapping/de-trapping reliability issues for devices using Hf-based high-k dielectrics.

Active-region layout dependence and STI-induced uniaxial compressive stress impact on
the performance of 65 nm technology PMOSFETs with <110>- and <100>-channel directions

were fully investigated. For 65 nm PMOSFET, <100>-channel show as higher as about 8 ~

111



15% in Id_sat than <110>-channel devices as S/D length increased from 0.21 mto 10 m.
Furthermore, higher immunity to boron diffusion and less sensitivity on STI-induced strain in
both of channel length and width directions for <100>-channel devices were also
demonstrated.

We also investigated NMOSEFT fabricated with local strained channel techniques on a
(111) Si substrate using a SiN capping layer with high mechanical stress and the stack gate of
amorphous silicon (a-Si) and polycrystalline silicon (poly-Si). The on-current and
transconductance (Gp,) increased with increasing SiN capping layer or a-Si layer thickness.
Our experimental results show that.dévices with'a.700 A a-Si layer show a 6.7% on-current
improvement percentage relative to those with-a 200-A a-Si layer, and a corresponding Gy,
improvement percentage of 10.2%.

Besides, we compared the effects of NBTI and HCI on the core and input/output (I/O)
PMOSFET fabricated using the different gate dielectrics of PNO and TNO. The mobility and
constant overdrive current of the PMOSFETs fabricated using PNO as a gate oxide material
are about 30% and 23% higher than those of the devices fabricated using TNO, respectively.
The core PMOSFETs fabricated using PNO show a better NBTI and HCI immunity than
those fabricated using TNO owing to the lower nitrogen concentration at the SiO,/Si-substrate
interface. However, the [/O PMOSFETs fabricated using PNO show a higher HCI-induced

degradation rate because of a higher oxide bulk trap density but a better NBTI than the

v



devices fabricated using TNO at a normal stressed bias due to a low interface trap density.

In the final part, PBTI degradation for HfO, and HfSiON NMOSFETs with the metal

gate electrode has been successfully demonstrated. The generated oxide trap during PBTI

stress will dominate the PBTI characteristics for Hf-based gate dielectrics. The reduction of

threshold voltage degradation and oxide trap generation under PBTI stress indicates that the

HfSiON thin film quality is better than HfO, In addition, as compared to HfO, dielectrics,

the HfS1ON has shallower charge trapping level under PBTI stress.
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Chapter 1

Introduction

1-1 General Background
1-1-1 Mobility enhancement technology

As integrated circuit (IC) technology enters ultra-large-scale integration (ULSI) generation,
geometric scaling of silicon complementary metal-oxide semiconductor (CMOS) transistors
has enabled not only an exponential increase in circuit integration density, but also a
corresponding enhancement in the,transistor petformance itself. For this reason, mobility
enhancement technology has become a very important-research in CMOS fabrication.

Recently, mobility enhancement by stress control technologies is emerging as one of the
key elements in scaling of complementary metal-oxide-semiconductor (CMOS) transistors
since it offers increased drive current without the penalty of additional capacitance and gate
current leakage. There are two main approaches for implementing strain on
metal-oxide-semiconductor field-effect-transistors (MOSFETs). One is the substrate biaxial
stress where stress is introduced across the entire substrate [1-5]. When a thin film with a
larger lattice constant (SiGe) is grown on a substrate with smaller lattice constant (Si), the
film retains the in-plane lattice constant of the substrate and a biaxially compressive strain (or

tensile strain under contrary condition) will be generated [6]. However, biaxial tensile stress



using strained Si on relaxed SiGe face a lot of challenges such as misfit and defects, Ge

up-diffusion [7], high cost and modest hole mobility gain at high field because quantization

effect [8-9]. In contrast, the second approach, process-induced uniaxial strain such as

shallow-trench isolation (STT) [10], silicon nitride capping layer [11], silicidation process [12]

and embedded SiGe source/drain (S/D) [13] can offer similar electron mobility enhancement

compared with biaxial strain, while the hole mobility improvement is more significant at high

field [7]. For this reason, although STI-induced strain in the channel region had generally

considered a problem rather than an opportunity in the past, nowadays, STI-induced

compressive stress in the channel hagibecome a key point as device scaled down.

Another simple way to enhance mobility is ‘using a wafer with a specific channel

orientation which has smaller carrier effective mass. The <100>-channel device on (100),

whose channel direction is rotated by 45 degree from the conventional <110>-channel device,

had been reported that PMOS drive current could be improved, with NMOS performance

maintained [14].

On the other hand, novel three-dimensional (3-D) device structures with a double or

surrounded gate such as fin field-effect transistor (FinFET) [15-17] and vertical

metal-oxide-semiconductor field-effect transistor (MOSFET) [18-20] are widely investigated.

These specific structures enable the device channel to be fabricated on various surface crystal

orientations. Since channel mobility is well known to be strongly dependent on crystal



orientation [21-22], the characteristics of devices with various crystal orientations should be
carefully studied to optimize the performance for ultra large-scale integration (ULSI)
technology applications. It has recently been reported that oxide quality and reliability on a
(111) substrate are slightly better than those on a conventional (100) substrate for ultrathin (<
2 nm) gate oxide [23]. It was also found that for a thin gate oxide of less than 2 nm, the
oxidation rate of a (111) silicon substrate is lower than that of a (100) substrate such that the
oxide uniformity of the (111) substrate is also improved [23-24]. The mobility of pMOSFETs
on a (111) substrate can be improved owing to the low hole effective mass of the substrate;
however, the low-field mobility of a.(111) nMOSEETs is still less than that of (100) substrate.
Therefore, it is very important to determine how to increase electron mobility in the channel

region [25-27] on a (111) substrate.

1-1-2 Reliability issues

For advanced ultra-large-scale integration (ULSI) technology, nitrogen atoms are
incorporated into silicon dioxide to block an undesirable boron penetration from a P*
poly-gate electrode of a p-channel metal-oxide-semiconductor field-effect transistor
(PMOSFET) [28-30]. Even for cutting-edge 65 nm complementary
metal-oxide-semiconductor (CMOS) technology, nitrided oxide is still a key gate dielectric

material for achieving a high device performance for both general and low-power applications



[31-33]. On the other hand, devices feature dual gate oxide (DGO) processes in which thin

oxide is used for core and logic circuits and thick oxide is used for input/output (I/O) and

analog circuits, owing to the decreasing size and increasing number of system-on-chip

applications. Consequently, reliability issues, such as negative-bias temperature instability

(NBTTI) [34-35] and hot-carrier injection (HCI) [36-38], that could induce threshold voltage

shift and performance degradation in DGO PMOSFETs become a serious concern for

realizing highly reliable integrated CMOS devices. Therefore, both the concentration and

distribution of nitrogen in the gate oxide should be optimized since excessive nitrogen at the

interface may induce interface traps,iresulting in reduced channel carrier mobility [39] and a

degraded reliability [40].

Furthermore, it has become necessary to identify alternate high-k gate dielectrics that meet

the stringent requirements for low leakage current and thin equivalent oxide thickness (EOT)

[41-45]. High-k dielectrics are especially advantageous for low-power application and for

thickness uniformity control owing to the thicker physical thickness. Among high-k gate

dielectric materials, Hf-based gate dielectric including HfO, and Hf-silicate are the attractive

materials because it has good device characteristics and is compatible with the conventional

polysilicon gate process [46-49]. However, before Hf-based gate dielectrics being

successfully integrated into future technologies, their reliability characteristics still need to be

better identified. Bias temperature instability (BTI) has been recognized as one of the critical



concern in the reliability of modern CMOS devices. Many of the past BTI researches on the

Si0, dielectric have just focused on the negative BTI (NBTI) on PMOS devices [50-51],

since it impacts more the devices reliability with respect to positive BTI (PBTI) on NMOS

[52]. In conventional SiO, gate oxides, NMOS under PBTI stress shows little threshold

voltage degradation and hence is not a reliability concern while PMOS under NBTI stress has

a continued reliability issue as the gate oxide thickness is scaled thinner.

On the contrary, unlike conventional SiO, gate dielectrics, NMOS positive bias temperature

instability (PBTI) could be a potential scaling limit of CMOS technology with Hf-based gate

dielectrics [53]. Most of the previous studies showed a significant positive threshold voltage

shift for the high-k gate stack under PBTI stressing, which was attributed to the preexisting

traps in the high-k layer or the hole induced 0Xygen vacancy traps [54-58]. In addition, one of

main issues for high-k gate dielectrics is the charge trapping/de-trapping characteristics during

reliability test. Initial observation of instability was studied through capacitance—voltage (CV)

characteristics in Vg, change and current—voltage (IV) in Vg, change. Since electrons can be

trapped and de-trapped in the high-k dielectrics with a minimal residual damage to its atomic

structure, a Vy, instability associated with electron trapping/detrapping in high-k layer can

significantly affect the transistor performance [59]. Nevertheless, it also complicates the

evaluation of the effects of stress-induced defect generation phenomenon on the high-k gate

dielectrics, which typically is not an issue in the case of SiO, dielectrics [60]. In order to



investigate the additional electron trapping effects on top of defect generation, a de-trapping

step has been proposed for studying generation of the electron trapping process and its impact

on high-k device reliability [61]. Recently, the electron de-trapping behavior in the high-k

films has used under specific gate bias conditions identifying charge trapping and relaxation

mechanism [62]. However, the dependence of the dielectric electrical characteristics on the

de-trapping conditions has not been investigated in detail.

1-2 Motivation

1-2-1 STI-induced compressive stress in <110>and <100>-channel direction

Recently, mobility enhancements by stress-control technologies is emerging as one of the

key elements in scaling of CMOS transistors since:it-offers increased drive current without the

penalty of additional capacitance and gate current leakage. Process-induced uniaxial strain

such as shallow-trench isolation (STI), silicon nitride capping layer, silicidation process and

embedded SiGe source/drain (S/D) can offer similar electron mobility enhancement compared

with biaxial strain, while the hole mobility improvement is more significant at high field.

Nowadays, STI-induced compressive stress in the channel has become a key point as device

scaled down. Besides, the <100>-channel device on (100), whose channel direction is rotated

by 45 degree from the conventional <110>-channel device, had been reported that PMOS

drive current could be improved, with NMOS performance maintained.



In this thesis, we have examined the fully study of STI-induced strain impacts on the

performances of small devices with <110>- and <100>-channel orientations.

1-2-2 Tensile strain induced by SiN capping layer and stack of a-Si gate on (111) substrate

It has recently been reported that oxide quality and reliability on a (111) substrate are

slightly better than those on a conventional (100) substrate for ultrathin (< 2 nm) gate oxide. It

was also found that for a thin gate oxide of less than 2 nm, the oxidation rate of a (111) silicon

substrate is lower than that of a (100) substrate such that the oxide uniformity of the (111)

substrate is also improved. The mobility of pMOSFETs on a (111) substrate can be improved

owing to the low hole effective-mass of the substrate; however, the low-field mobility of a

(111) nMOSFETs is still less than that'of (100) substrate. Therefore, it is very important to

determine how to increase electron mobility in the channel region on a (111) substrate.

In this thesis, we proposed the use of local strained channel techniques on a (111) Si

substrate by depositing a SiN capping layer with high mechanical tensile stress and using the

stack gate of amorphous silicon (a-Si) and polycrystalline silicon (poly-Si) to improve the

performance of NMOSFETs with the <110> channel direction on a (111) substrate.

1-2-3 Reliability issues of dual-gate oxide PMOSFET with PNO and TNO

For ULSI generation, nitrogen atoms are incorporated into silicon dioxide to block an



undesirable boron penetration from a P" poly-gate electrode of a p-channel
metal-oxide-semiconductor field-effect transistor (PMOSFET). Even for cutting-edge 65 nm
CMOS technology, nitrided oxide is still a key gate dielectric material for achieving a high
device performance for both general and low-power applications. Consequently, reliability
issues, such as negative-bias temperature instability (NBTI) and hot-carrier injection (HCI),
that could induce threshold voltage shift and performance degradation in DGO PMOSFETs
become a serious concern for realizing highly reliable integrated CMOS devices. Therefore,
both the concentration and distribution of nitrogen in the gate oxide should be optimized since
excessive nitrogen at the interface may induce interface traps, resulting in reduced channel
carrier mobility and a degraded reliability.

In this thesis, the impacts of NBTI and HCI on:core and I/O PMOSFETs between devices
with plasma nitrided oxide (PNO) and devices with thermally nitrided oxide (TNO) were

compared systematically.

1-2-4 De-trapping effects in high-k dielectrics under PBTI stress

As CMOS devices are scaling down aggressively, it has become necessary to identify
alternate high-k gate dielectrics that meet the stringent requirements for low leakage current
and thin equivalent oxide thickness (EOT). However, before Hf-based gate dielectrics being

successfully integrated into future technologies, their reliability characteristics still need to be



better identified. Unlike conventional SiO, gate dielectrics, NMOS positive bias temperature

instability (PBTI) could be a potential scaling limit of CMOS technology with Hf-based gate

dielectrics. In addition, one of main issues for high-k gate dielectrics is the charge

trapping/de-trapping characteristics during reliability test. The electron de-trapping behavior

in the high-k films has used under specific gate bias conditions identifying charge trapping

and relaxation mechanism. However, the dependence of the dielectric electrical characteristics

on the de-trapping conditions has not been investigated in detail.

In this thesis, the comparison of trapping/de-trapping effect of NMOSFET under PBTI

stress test between NMOSFETs with HfO, and Hf-silicates (HfSiON) high-k dielectrics has

been investigated.

1-3 Thesis outline

This dissertation is divided into six chapters as follows:

In chapter 1, a brief general background of gate engineering such as process-induced local

strain, channel direction, substrate orientation and different gate dielectrics for performance

and reliability improvement is introduced. Then we discuss some of the most important issues

of CMOS technology and the motivation of our study. Then the outline throughout this

dissertation is described here.

In chapter 2, the layout dimension dependence of relative performance for 65-nm



MOSFETs is systematically investigated. We have further examined the fully study of

STI-induced strain impacts on the performances of small devices with <110>- and

<100>-channel orientations. Furthermore, higher immunity to boron diffusion and less

sensitivity on STI-induced strain in both of channel length and width directions for

<100>-channel devices were also demonstrated.

In chapter 3, we proposed the use of local strained channel techniques on a (111) Si

substrate by depositing a SiN capping layer with high mechanical tensile stress and using the

stack gate of amorphous silicon (a-Si) and polycrystalline silicon (poly-Si) to improve the

performance of NMOSFETs with the <110> channel direction on a (111) substrate. By using

these techniques, the performance’ improvement of the NMOSFETs in the <110> channel

direction on the (111) substrate was achieved.

In chapter 4, the impacts of NBTI and HCI on core and I/O PMOSFETs between devices

with plasma nitrided oxide (PNO) and devices with thermally nitrided oxide (TNO) were

compared systematically. The mobility of the PMOSFETs fabricated using PNO is higher than

those of the devices fabricated using TNO. The core PMOSFETs with PNO show a better

NBTI and HCI immunity than those fabricated using TNO. However, the /O PMOSFETs

fabricated using PNO show a higher HCI-induced degradation rate but a better NBTI than the

devices fabricated using TNO.

In chapter 5, the comparison of trapping/de-trapping effect under PBTI stress test between
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NMOSFETs with HfO, and Hf-silicates (HfSiON) high-k dielectrics has been investigated.

We just primary focus on NMOS devices PBTI here since it is more significant than PMOS

NBTI in the case of Hf-based dielectrics MOSFETsSs.

In chapter 6, we summary our experimental results and give a brief conclusion.

Recommendations are also given for further study.
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Chapter 2
Systematical Comparisons on Performance Improvement by
STI-Induced Strain between <110>- and <100>-Channel Directions

Sub-65 nm PMOSFETs

2-1 Introduction

Recently, mobility enhancements by stress control technologies is emerging as one of the
key elements in scaling of complementary metal-oxide-semiconductor (CMOS) transistors
since it offers increased drive current without the penalty of additional capacitance and gate
current leakage. There are- two main< approaches for implementing strain on
metal-oxide-semiconductor field-effect-transistors (MOSFETs). One is the substrate biaxial
stress where stress is introduced across the entire substrate [1-5]. When a thin film with a
larger lattice constant (SiGe) is grown on a substrate with smaller lattice constant (Si), the
film retains the in-plane lattice constant of the substrate and a biaxially compressive strain (or
tensile strain under contrary condition) will be generated [6]. However, biaxial tensile stress
using strained Si on relaxed SiGe face a lot of challenges such as misfit and defects, Ge
up-diffusion [7], high cost and modest hole mobility gain at high field because quantization
effect [8-9].

In contrast, the second approach, process-induced uniaxial strain such as shallow-trench
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isolation (STI) [10], silicon nitride capping layer [11], silicidation process [12] and embedded

SiGe source/drain (S/D) [13] can offer similar electron mobility enhancement compared with

biaxial strain, while the hole mobility improvement is more significant at high field [7]. For

this reason, although STI-induced strain in the channel region had generally considered a

problem rather than an opportunity in the past, nowadays, STI-induced compressive stress in

the channel has become a key point as device scaled down. Besides, another simple way to

enhance mobility is using a wafer with a specific channel orientation which has smaller

carrier effective mass. The <100>-channel device on (100), whose channel direction is rotated

by 45 degree from the conventional <110>-channel device, had been reported that PMOS

drive current could be improved, with NMOS performance maintained [14].

In this chapter, active-region‘layout dependence of 65 nm PMOSFET performance with

<110>- and <100>- channel orientations were fully investigated. We have further examined

the fully study of STI-induced strain impacts on the performances of small devices with

<110>- and <100>-channel orientations. For 65 nm PMOSFET, <100>-channel show about

8-15% higher drain current than <110>-channel devices as S/D length increased from 0.21

m to 10  m. Furthermore, higher immunity to boron diffusion and less sensitivity on

STI-induced strain in both of channel length and width directions for <100>-channel devices

were also demonstrated.
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2-2 Experiment

(100) orientation substrate with <110>- and <100>-notch wafers (Fig. 2-1(a), (b),
respectively), where the wafer notched at different directions with 45 degree-off were used for
experiment splits. CMOS devices were fabricated with state-of-the-art 300 mm wafer foundry
technology [15] which includes super steep retrograde (SSR) indium and arsenic channels,
aggressive poly Si gate control, multi-tilted pocket implants, shallow source/drain extensions,
and deep source/drain with low junction leakage. Implants are followed by spike anneal
process to minimize diffusion.

STI was used for isolation followed by retrograde well formation. After channel
implantation, plasma nitrided gate-oxide with-a gate oxide thickness (Tox) of 1.4 nm and
un-doped poly-silicon deposition with N* gate pre=-doping and gate patterning were followed.
After shallow source/drain extensions and pocket implantation, tetraethoxysilane (TEOS)
liner and low-temperature silicon nitride were processed in sequence to form a sidewall spacer.
Modified S/D implants were adopted to improve activation and junction capacitance while
maintaining good SCE. The fabrication of a heavily doped source/drain junction by
implantation was followed by rapid thermal annealing (RTA) and NiSi self-aligned

silicidation. The symbols of layout parameters were also defined in Fig. 2-1(a).
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2-3 Results and Discussions

The drive current (I4 at V; = Vg = -1.2 V) improvement ratio of <100>-channel to

conventional <110>-channel with varied channel length devices as a function of S/D length

(La: length from gate edge to STI edge) are shown in Fig. 2-2 (a), (b) for NMOSFET and

PMOSFET, respectively. It is found that NMOS characteristics won’t be deteriorated by using

<100>-channel. There is little difference of drain current between two kinds of NMOSFET

with <110>- and <100>-channel. The drive current ratio of NMOS devices are all smaller

than 4%, in spite of varied gate length and decreased La. This result indicates that

STI-induced stress have no significant impact on performance of NMOSFET devices for both

of conventional <110>- and <100>-channel. It was also reported that there is a slight

difference of drift velocity even between <110> and <111> direction, but that the difference

of saturated velocity becomes still minute with an increase in electric field [16]. In contrast,

for long channel (L, > 0.24 um) PMOS devices with La = 10 um where the STI-induced

stress doesn’t impact the channel region, the drain current ratio of <100>- to <I110>-channel is

as high as 24 %. The drive current improvement ratio decreases as channel length scales down

to smaller than 0.24 pum due to velocity saturation. Furthermore, although the drive current

ratio of PMOSFET decreases as La shrinks (higher STI-induces compressive stress), it still

shows about 6 % ~ 10 % improvement for devices with shortest La (0.21 um), as shown in

Fig. 2-2 (b). Figure 2-3 shows comparisons the current ratio of <100>-channel to
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<110>-channel between La = 10 um and La = 0.21 um for the devices with varied channel

length for both of NMOSFET and PMOSFET. For NMOSFET devices, there is no significant

difference in current ratio under STI-induced stress as devices length scales down. For

PMOSFET with La = 10 um, <100>-channel devices show a higher drive current than

<110>-channel devices. Although the drive current improvement of <100>-channel to

<110>-channel drops dramatically as channel length scales down, PMOSFET with

<100>-channel still shows about 16% higher than <110>-channel. But if the channel region

was influenced by STI-induced compressive stress, the current ratio of <100>-channel to

<110>-channel will down to smaller than 10%:.This result illustrates that the impact of

STI-induced compressive stress-on PMOSFET with <110>-channel was much higher than

that of <100>-channel. Since there is no significant-dependence of STI-induced compressive

stress for NMOS devices with these two different channel directions, we’ll focus on the

device characteristics of PMOSFET hereafter.

Figures 2-4(a), (b) depict the characteristics of drain current I4 at V4 = -1.2 V and linear

transconductance Gy, at V4 = -0.05 V between <110>-channel and <100>-channel of 65 nm

PMOSFET devices with a La =10 um and 0.21 pum, accordingly. For the case of the La = 10

um which no STI-induced strain in the channel region, <100>-channel shows a 37% higher

than <110>-channel PMOSFET in Gy,. As La shrunk from 10 um to 0.21 pum, the Gy, of

<110>-channel device increases about 11% while <100>-channel devices show the
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La-independent characteristics and this results in that the G, difference between <110>- and

<100>-channel PMOSFET is reduced to only 12%. This means that higher compressive stress

in the channel region from STI edge can enhance hole mobility of <110>-channel PMOSFET

devices. By contract, <100>-channel PMOS is almost free from to the change of STI-induced

local compressive strain in the channel region. Figure 2-5 illustrates the hole band structure

with two different channel directions to explain these different results between <110>- and

<100>-channel PMOSFETs. Figure 2-5(a) depicts the band structure of hole with large La as

no STI-induced strain. Unstrained Si has a lager effective mass of heavy hole in <110> than

<100> direction so that <100>-channel PMOS device has higher hole mobility and so that

higher G, and drive current than'<l10>-channel devices. Figure 2-5(b) shows hole band

structure under uniaxial STI-induced”compressive strain. This strain not only lift the

degeneracy in the valance band [17-18], but also to change the band shape of the heavy hole

to the “light hole like” in <110> directionc so that this STI-induced uniaxial compressive

stress can improve the performance of <110>-channel PMOSFET, while <100>-channel

device is independent of this stress so that <100> direction keeps almost the same shape under

the local strain.

Figure 2-6 (a) shows an I, (Ig at Vg = Vq=-1.2 V) versus L (Igat V=0V and V4 =-1.2

V) characteristics of 65 nm PMOSFET with La = 10 um, it should be noted that I,, of

<100>-channel PMOSFET is approximately 17% larger than that of <110> under the same Iy
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conditions. As La shrunk to 0.21 um, <100>-channel PMOSFET still shows better current

drive than <110>-devices by 8%, although the drive current of <110>-channel devices are

enhanced by STI-induced compressive stress, as shown in Fig. 2-6 (b). The dependence of

L4 sat on Vi sarunder STI-induced compressive stress for <110>- and <100>-channel devices

are plotted in Fig. 2-7 (a) and Fig. 2-7 (b), respectively. For conventional <110>-channel

PMOSFET, I s of the devices with La = 0.21 pm are higher than that of La = 10 um ones by

7% at the same Vi, s condition. In contrast, the Ids of <100>-channel devices are almost

independent of layout dimensions and have higher I s as compared with <110>-channel. In

order to eliminate the effect of ,Vth sat variation on performance comparison in La

dependence between <110>- and <100>-channel deviees, the overdrive current (I4 at the bias

of Vg-Vip = - 0.75 V) of 60 nm PMOSFETS with-varied La are shown in Fig. 2-8. Although

<110>-channel PMOSFETs gain an increase of 7% in overdrive current from La = 10 to 0.21

um, <100>-channel devices still show 11% higher than <110>-channel devices. Furthermore,

for fair comparison on short channel effect, Fig. 2-9 (a), (b) show the 4 s as a function of

drain-induced-barrier-lowering (DIBL) for the devices with <110>- and <100>-channel,

respectively. Compared with <110>-channel PMOSFET, <100>-channel device shows a less

layout dependence of short channel effect owing to its non-sensitive to STI-induced local

stain. In addition, under the same Iy o conditions, <100>-channel device also has smaller

DIBL than <110>-channel PMOSFET, this indicates that <100>-channel has higher immunity
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in short channel effect. To understand the reason of this result, Fig. 2-10 shows the

comparison of drain (or source) to gate overlap capacitance (Cqq) for <110>- and

<100>-channel devices. <100> direction shows a smaller and tighter distribution of Cgqthan

<110>. This is mainly due to the slower boron diffusivity in <100>-channel so that

<100>-channel PMOSFET shows smaller DIBL and better short channel effect.

For comprehending the impact of STI-induced compressive stress from devices width

direction on performance and narrow width effect, Fig. 2-11 (a), (b) show the I s versus

Vin sae for devices with varied channel width for <110>-channel and <100>-channel,

respectively. It is worth to note that here we used the devices with La =10 um to eliminate the

effect of the stress from channel-length direction. It is obviously that Ig s of <110>-channel

devices are reduced approximately 20% as channel width scaled down while <100>-channel

devices show no dependence on channel width direction contrarily. This result demonstrates

that STI-induced uniaxial compressive stress from width direction is unfavorable for

<110>-channel PMOSFET although this compressive stress from channel length direction can

enhance the device performance. However, PMOSFET devices with <100>-channel is

non-sensitive to STI-induced strain not only in channel length direction but also in width

direction.
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2-4 Summary

We have systematically study the STI-induced strain impacts on the performances of 65 nm
technology PMOSFET with <110>- and <100>-channel directions, respectively. Table 2-1
summarizes the impact of STI-induces uniaxial compressive strain on PMOSFET
performance for both of <110> and <100> channel directions. <100>-channel devices have
smaller DIBL and less layout dependence due to lower boron diffusivity and its non-sensitive
to STI-induced stress, accordingly. Furthermore, as Compared to <110>-channel,
<100>-channel devices show not only higher hole mobility, but also keep the advantage of
free from STI stress in both of channel lengthr.and width directions. This offers a very

promising alternative CMOS technélogy and design window for high performance ULSI.
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(a) <110>-channel (b) <100>-channel

Fig. 2-1 (a) scheme of <110>-channel devices and layout parameter definition (b) scheme of
<100>-channel devices. The definition of La is S/D length (the length from gate edge to STI

edge).
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Impact of compressive stress
on PMOSFET performance

"7 | oeraae | oegrae

* Here we assume stress from Z direction is identical for <110> and <100> channel

orientations, and use the result in ref. [1]

Table 2-1 summarized table for compressive stress impacts on PMOSFET performance with

<110> and <100> in 3D directions.
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Chapter 3
Performance Enhancement by Local Strain in <110> Channel
n-channel Metal-Oxide-Semiconductor Field-Effect

Transistors on (111) Substrate

3-1 Introduction
In order to circumvent downsizing limitations and realize high-speed and high-performance
scaled complementary metal-oxide-semiconductor (CMOS) devices, novel three-dimensional
(3-D) device structures with a double or surrounded gate such as fin field-effect transistor
(FinFET) [1-3] and vertical metal-oxide-semiconductor field-effect transistor (MOSFET) [4-6]
are widely investigated. These specific structures enable the device channel to be fabricated
on various surface crystal orientations. Since channel mobility is well known to be strongly
dependent on crystal orientation [7-8], the characteristics of devices with various crystal
orientations should be carefully studied to optimize the performance for ultra large-scale
integration (ULSI) technology applications.
It has recently been reported that oxide quality and reliability on a (111) substrate are
slightly better than those on a conventional (100) substrate for ultrathin (< 2 nm) gate oxide
[9]. It was also found that for a thin gate oxide of less than 2 nm, the oxidation rate of a (111)

silicon substrate is lower than that of a (100) substrate such that the oxide uniformity of the
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(111) substrate is also improved [9-10]. The mobility of PMOSFETs on a (111) substrate can
be improved owing to the low hole effective mass of the substrate; however, the low-field
mobility of a (111) NMOSFETs is still less than that of (100) substrate. Therefore, it is very
important to determine how to increase electron mobility in the channel region [11-13] on a
(111) substrate.

In this chapter, we proposed the use of local strained channel techniques on a (111) Si
substrate by depositing a SiN capping layer with high mechanical tensile stress and using the
stack gate of amorphous silicon (a-Si) and polycrystalline silicon (poly-Si) to improve the
performance of n-channel metal-oxide-semiconductor field-effect transistors (NMOSFETSs)
with the <110> channel direction on a (111) substrate. By using these techniques, the
performance improvement of the NMOSFETs in:the <110> channel direction on the (111)
substrate was achieved. The on-current and transconductance (Gy,) increased with increasing
SiN capping layer or a-Si layer thickness. Our experimental results show that devices with a
700 A a-Si layer show a 6.7% on-current improvement percentage relative to those with a
200 A o-Si layer, and a corresponding G, improvement percentage of 10.2%. In addition,
charge pumping current/interface state density decreased for the samples with a thicker SiN

layer.

3-2 Experiment
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A local strained structure with a stack of a-Si layer and a SiN capping layer was fabricated.
The schematic cross section is shown in Fig. 3-1. After BF; implantation for the p-well region,
the chemical vapor deposition (CVD) of SiO, for oxidation-enhanced diffusion (OED) in the
well drive-in process was executed. Pad oxide and Si;N4 were deposited and active region
alignment was followed. After Si3Ny etching, BF, was implanted for the sake of channel stop.
Then, field oxidation was carried out in high-temperature ambience for local oxidation of
silicon (LOCOS) isolation. Two runs of sacrificial oxide growth followed SisN4 removal to
eliminate the Kooi effect. To adjust the threshold voltage, BF, was implanted (50 keV, 5x10').
After RCA cleaning, a 2 nm gate oxide was growi.in a vertical furnace (800°C, O, ambience).
The stacked gate, o-Si (550°C, 20-70 nm)‘and in-situ-doped n' poly-Si (550°C) were
deposited in the same ambience. The total thickness of the poly gate for all the samples was
200nm. Poly-Si and a-Si were etched following gate alignment. To prevent leakage around
the gate edge, poly-reoxidation was carried out here. After sidewall polymer removal, wafers
underwent n+-source/drain implantation (As, 20 keV, 5x10") followed by alignment.
P"-substrate alignment and implantation (BF,, 50 keV, 2.5x10") were executed and then rapid
thermal annealing was carried out in nitrogen ambience at 1050°C for 10 s. A thermal CVD
SiN layer (at 780°C) with different thicknesses, 100-300 nm, was directly deposited onto the
transistor, followed by tetracthoxysilane (TEOS) deposition (700°C, 350-450 nm). After

contact alignment, contact etching was carried out by etching TEOS and SiN. At first, we
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used dry etching to remove the upper TEOS and then wafer was dipped in a buffer oxide
etchant (BOE) solution in order to confirm that the TEOS was completely removed. After
removing the TEOS, we used another recipe to etch the lower SiN layer. In order to protect
the Si surface from plasma etching damage, the SiN layer was etched using two steps. We
calculated the SiN etching rate. We left a thin SiN layer of about 20 nm after the etching.
Then, we used H3;PO4 solution to etch the thin SiN layer. It is necessary to have an
over-etching step in this wet etching process to ensure that the SiN layer is completely
removed. (Ti/TiN/AITiN) four-level metallization was then carried out in a physical vapor
deposition (PVD) system, and final alignment was followed. After carrying out metal etching,
annealing in a Hy/ N, ambience at 400°C for 30-min was performed in order to mend dangling

bonds and reduce the interface state density at the oxide/Si interface.

3-3 Results and Discussions
3-3-1 Single-poly-Si gate structure with SiN capping layer of different thicknesses

Figure 3-2 shows the electrical drain current and drain voltage (I d-V d) characteristics of the
devices using a single-poly-Si gate with a fixed thickness (2000 A) and various SiN capping
layer thicknesses on a (111) orientation substrate. The improvement in drain current is
proportional to the thickness of the SiN layers. Since the SiN capping layer can provide

tensile strain in the channel region and thus increase the electron mobility of the devices
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fabricated on a conventional (100) orientation substrate [13], this result implies that capping

with SiN has also the same advantage of providing tensile strain in the channel region for

NMOSFETs on the (111) substrate. For the devices on the (100) orientation substrate, this

SiN-capping-layer-induced tensile strain can cause the sixfold degenerate valleys of the

silicon conduction band to split into two degeneracy states: electrons with a longitudinal

effective mass axis perpendicular to the interface in two lowered valleys, and those with a

longitudinal mass axis parallel to the interface in four raised valleys [14-16]. For the

NMOSFETs on the (111) substrate, which also shows sixfold-valley degeneracy [17], this

tensile strain can also induce conduction band splitting and suppress the intervalley transitions

of electrons from lower to upper-valleys, thus-teducing the intervalley scattering. Furthermore,

in the lower valleys, electrons show a smaller effective mass in transport parallel to the

interface. The combination of the reduced intervalley phonon scattering and the small

effective mass increases electron mobility. The dependence of G, on SiN capping layer

thickness is shown in Fig. 3-3. Gy, increased as SiN capping layer thickness increased. This

result illustrates that capping with thicker SiN layers induced higher tensile strain, improving

the mobility of electrons in NMOSFETs in the channel region on the (111) substrate, which is

consistent with the trend of drain current shown in Fig. 3-1. However, at high vertical field

(high Vg), G, shows a little decreased as SiN thickness increases. This maybe due to

hydrogen species from NH3 gas exit at channel interface during SiN-capping layer deposited.
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As vertical field increases, electrons are attracted more closed to oxide/channel interface, and
the surplus hydrogen species at interface will impact the electrons drift from source to drain.
The thicker SiN-capping layer, the more surplus hydrogen species at channel interface. In
order to analyze our measured data more completely, Fig. 3-4 shows two-dimensional (2-D)
simulation results of the SiN-capping-layer-induced stress along the channel length direction
using the SILVACO simulation tool. The mechanical parameter, that is, the intrinsic stress of
this simulation, is assumed to be 1.4x10'° dynes/cm” for a nitride film, as reported by Irene
[18]. The device with the thickest SiN capping layer (3000 A) used in this study showed the
highest tensile stress (negative values for compressive stress and positive values for tensile
stress ) from the corner to the center region of the channel when compared with the samples
with SiN layer thicknesses of 2200 and 1000 A The Stress simulation results demonstrate that
thicker SiN capping layers can induce higher tensile stresses in the channel region, and
therefore improve the performance of the NMOSFETSs fabricated on the (111) substrate.
Figure 3-5 shows the threshold voltages (Vi) of the devices with SiN capping layers of
different thicknesses. For all the devices, except those without a SiN capping layer, the
magnitude of the threshold voltage decreases with increasing thickness of the SiN layers. This
is believed to be due to the effects of band gap narrowing resulting from local strain and the
long processing time for the deposition of thicker SiN films [19]. The charge pumping

currents of the devices with a 0.5 um gate length and SiN layers of different thicknesses are
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shown in Fig. 3-6. The charge pumping currents illustrate the quality of the SiO,/Si interface
after the strain was induced in the channel region. The devices without a SiN capping layer
have the lowest charge pumping current, which indicates that they have the lowest number of
interface traps of all the samples. The capping SiN layer may have also induced more
interface traps at the oxide/Si interface. However, it is interesting that the charge pumping
current decreases when the SiN layer thickness increases above 1000 A. This implies that
although the SiN capping layer may cause some damage and induces interface traps at the
oxide/Si interface, SiN layer deposition may provide some hydrogen species from the NH3
gas that passivate the interface states during the process. Thicker SiN layer capping required
longer processing time; thus, more interface states were passivated.
3-3-2 Stack of  -Si and Poly-Si gate with SiNCapping layer of fixed thickness

The output characteristics of | d-V q and G, for all the devices with a fixed SiN layer
thickness (1500 A) and various o-Si thickneses in gate construction are shown in Figs. 3-7
and 3-8, individually. The drain current and transconductance increase as the thickness of the
a-Si layer increases. The on-current improvement percentage of the devices with a 700 A
a-Si layer is 6.7 % relative to that of the devices with a 200 A a-Si layer, and the
corresponding G, improvement percentage was 10.2 %. This result implies that there is a
strain dependence of electron mobility enhanced by the stack of the a-Si gate structure. It is

observed that the strain effect between the devices with 500 and 700 A o-Si layers is not very
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strong and this suggests that the strain effect saturates at an o-Si layer thickness of 500 A.
Figure 3-9 shows the simulated 2-D stress distribution contour of the NMOSFET with a 700
A o-Si layer on the (111) orientation substrate. The simulation mechanical parameter of
intrinsic stress is assumed to be 1.4x10'" dynes/cm® and 9x10° dynes/cm® for the nitride and
a-Si films, respectively. The simulation result shows that tensile strain is induced in the
channel region owing to the stacking of a-Si for the gate structure. The mechanism of the
stress elevation could be as follows: before the dopant activation, the n'-poly gate is in the
amorphous phase owing to the stacking of a-Si and the high-dose implantation of arsenic.
The recrystallization of the amorphou§ region duting rapid thermal annealing leads to n'-poly
gate expansion and residual compressive stress. Therefore, the compressive stress in the
n'-poly gate provides tensile strain-to the channel region.

Figure 3-10 shows the threshold voltages of the devices with a-Si layers of different
thicknesses. The threshold voltage of the device with a thick a-Si layer is apparently larger
than that of the device with a thin a-Si layer owing to the wider poly depletion region in the
stack gate structure with a thicker a-Si layer. Since the total thicknesses of all the stack gate
structures are the same (2000 A), the in-situ doping dose becomes lower when the
in-situ-doped poly-Si layer becomes thinner. After the annealing, the doping concentration of
the stack gate with a thinner poly-Si layer and a thicker o-Si layer is lower than that of the

other stack gates. A lower doping concentration in the gate causes a wider poly depletion
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region and a decrease in gate capacitance. As a result, the threshold voltage increases when

the stack gate structure a-Si layer thickness increases.

3-4 Summary

Local strained channel techniques for depositing a SiN capping layer and a stack of a-Si
and poly-Si gate structures on a (111) substrate were investigated in this study. We
demonstrated that the use of the strain structures can improve the performance of NMOSFETs
fabricated in the <110> channel direction on a (111) substrate. The device performance is
further enhanced as the SiN cappingilayer and @+Si layer become thicker. The stack of o-Si
gate structures also affects the threshold voltages of-the gate because of its poly depletion
width. In addition, charge pumping current decreases with increasing split SiN layer thickness.
To optimize these strained conditions, advanced CMOS fabricated on a (111) substrate or
novel 3-D device structures will achieve this advantage more completely and become more

suitable for future ULSI applications.
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Fig. 3-1 Schematic cross section of local strained channel NMOSFET on (111) substrate.
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Fig. 3-2 Electrical I d-V ‘ characteristics of devices using fixed single-poly-Si thickness (2000

A) with various SiN capping layer thicknesses on (111) orientation substrate.
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Fig. 3-4 2-D simulation results due to SiN-capping-layer-induced stress in channel region
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Chapter 4
Systematical Study of Reliability Issues in Plasma-Nitrided and
Thermally Nitrided Oxides for Advanced Dual-Gate Oxide

PMOSFETSs

4-1 Introduction

As IC technology enters sub- m dual-gate ultra-large-scale integration (ULSI) generation,
nitrogen atoms are incorporated into silicon dioxide to block an undesirable boron penetration
from a P" poly-gate electrode of a'p-channel metal-oxide-semiconductor field-effect transistor
(PMOSFET) [1-3]. Even for cutting-edge-65 nm complementary metal-oxide-semiconductor
(CMOS) technology, nitrided oxide is still-a key gate dielectric material for achieving a high
device performance for both general and low-power applications [4-6]. On the other hand,
devices feature dual gate oxide (DGO) processes in which thin oxide is used for core and
logic circuits and thick oxide is used for input/output (I/O) and analog circuits, owing to the
decreasing size and increasing number of system-on-chip applications. Consequently,
reliability issues, such as negative-bias temperature instability (NBTI) [7-8, 20-21] and
hot-carrier injection (HCI) [9-11], that could induce threshold voltage shift and performance
degradation in DGO PMOSFETs become a serious concern for realizing highly reliable

integrated CMOS devices. Therefore, both the concentration and distribution of nitrogen in
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the gate oxide should be optimized since excessive nitrogen at the interface may induce
interface traps, resulting in a reduced channel carrier mobility [12] and a degraded reliability
[13].

In this study, the impacts of NBTI and HCI on core and I/O PMOSFETs between devices
with plasma nitrided oxide (PNO) and devices with thermally nitrided oxide (TNO) were
compared systematically. The mobility and constant overdrive current of the PMOSFETs
fabricated using PNO as a gate oxide material are about 30% and 23% higher than those of
the devices fabricated using TNO, respectively. The core PMOSFETs fabricated using PNO
show a better NBTI and HCI immunity than those. fabricated using TNO owing to the lower
nitrogen concentration at the Si0Qy/Si-substrate interface. However, the /O PMOSFETs
fabricated using PNO show a higher HCI-induced degradation rate because of a higher oxide
bulk trap density but a better NBTI than the devices fabricated using TNO at a normal

stressed bias due to a low interface trap density.

4-2 Experiment

PMOS devices were fabricated by state-of-the-art 300 mm wafer foundry technology.
Shallow trench isolation (STI) was performed for devices isolation followed by super-steep
retrograde well formation. After channel implantation, a DGO process was performed with

different gate oxide thicknesses for low-power core and I/O devices. Following the thermal
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base oxide growth, plasma nitridation post annealing and poly-silicon deposition steps were

clustered together. The thermally nitrided oxide fabricated by exposing the oxide films to pure

ammonia (NH3) at an atmospheric pressure and high temperatures was used and compared

with plasma nitrided oxide. After lightly-doped drain (LDD) and pocket implantation,

tetracthoxysilane (TEOS) liner and low-temperature silicon nitride were processed in

sequence to form a sidewall spacer. The fabrication of a heavily doped source/drain junction

by BF, implantation was followed by rapid thermal annealing (RTA) and NiSi self-aligned

silicidation.

Electrical characterizations, whichrincluded high-frequency capacitance-voltage (C-V) and

current-voltage (I-V) curves and teliability tests,” were performed using a Cascade probe

station S-300, HP4156, and HP4284 system. Charge-pumping current measurements were

also performed to extract the generation of interface states. NBTI stress tests were performed

using a temperature-regulated hot chuck at 125°C, whereas HCI stress tests were performed

under various with varied Vg = Vd stress bias conditions at room temperature.

4-3 Result and Discussions

4-3-1 Material analysis and device performance of PNO and TNO PMOSFETs

Figure 4-1 shows a schematic illustration of nitrided oxide formation processes for both

PNO and TNO. After base oxide growth, PNO and TNO were formed using nitrogen plasma
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and NHj gas, respectively. The high-frequency C-V comparison between the TNO and PNO

of core (1 MHz) and I/O (100 kHz) PMOS devices is shown in Fig. 4-2. The capacitance

equivalent thicknesses measured in the inversion region of C-V (Tox_inv) are about 2.8 and

5.5 nm for low-power core and I/O PMOS devices respectively, for both PNO and TNO

devices. The flat-band voltage difference between PNO and TNO I/O PMOSFETs is about

100mV.

Figure 4-3 shows the nitrogen concentration profiles of PNO and TNO for core devices

analyzed by angle-resolved X-ray photoelectron spectroscopy (ARXPS). From the nitrogen

concentration distribution, it is observed that, unlike TNO that incorporates a high amount of

nitrogen into the SiO,/sub-Si interface [14-16]; PNQ increases the concentration of nitrogen

near the polycrystalline silicon (poly-Si)/SiO, interface. The normalized transconductance

(Gm) of core PMOSFET devices as a function of gate overdrive voltage (Vg-Vy) 1s illustrated

in the inset in Fig. 4-3. From the result, one observes that the hole mobility of PNO is always

higher than that of TNO from a low field to a high field. The peak mobility is 31% higher for

PNO devices. The degradation of the carrier mobility of TNO is attributed to the high

interface trap density at the TNO SiO,/sub-Si interface and/or the enhancement of coulomb

scattering caused by a high nitrogen concentration [17-18]. Consequently, PMOSFET devices

with PNO exhibit a higher driving current than those with TNO. The electrical [4-Vq4

characteristics of the PNO and TNO core PMOSFETs are plotted in Fig. 4-4. As a result of the
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low nitrogen incorporation into the oxide interface that induced a high mobility in the channel

region, PNO devices exhibit a 23% higher drive current than TNO devices at V, -V =-1.2 V.

4-3-2 NBTI and HCI comparison between PNO and TNO

To study the effects of interface trap density on the NBTI reliability of TNO and PNO
PMOSFETs, a fixed base level charge pumping current measurement, in which a pulse with a
high state voltage is fixed and a varying pulse low base level voltage is applied to the gate,
was performed [19]. Figure 4-5 shows the charge pumping currents of PNO and TNO core
PMOSFETs measured before and aftera NBTI 4095 s stress at V, =-2.5V at 125°C. Note that
in order to remove the leakage curtent compoenent during the charge pumping measurement,
an incremental frequency charge’-pumping (IFCP) method [20], in which a correct charge
pumping current is calculated by testing two charge pumping curves at different frequencies,
was used. Both TNO and PNO devices show increasing charge-pumping currents after NBTI
stressing, indicating an enhanced interface trap generation, particularly for TNO PMOSFETs.
Compared with the fresh devices, the increases in charge pumping current after 4095 s NBTI
stressing are 2.86 x 107" and 1.99 x 107" A for TNO and PNO, respectively. The calculated
interface traps generation ( ANit) and drain drive current degradation rate obtained by
identical NBTI stress processed are plotted for both core TNO and PNO PMOSFETs, as

depicted in Fig. 4-6. As observed from Fig. 4-6, not only the drain current degradation rate but
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also the time dependence of interface trap generation follows a fractional power-law curve,
which is in agreement with the previous literature [15]. Plasma nitridation suppresses the
NBTI-induced drain current degradation. The amount of generated interface traps is lower for
PNO than that of TNO, which is attributed to the low nitrogen concentration at the oxide
interface. In addition, due to the superior capability of nitrogen plasma nitridation to pile up a
high nitrogen concentration at the poly-Si/SiO, interface, which effectively blocks the
penetration of boron to the SiO,/sub-Si interface, TNO is also more vulnerable to
boron-induced interface trap generation than PNO [21].

Figure 4-7(a) shows the time dependences of. the threshold voltage degradation under
various NBTI stress voltages for-Core TNO and PNO devices. It is apparent that A Vy, obeys a
power-law dependence on stress time, as given by

AVy oc t", (eq. 4-1)

where the exponent value n is found to be 0.25 for both TNO and PNO Core PMOSFETs. A
similar exponent value has been recently reported, generally proving that this time
dependence is due to the diffusion of hydrogen or hydrogen-related species in a
diffusion-controlled electrochemical reaction model [22-23]. For PNO devices, the threshold
voltage degradation by NBTI stress is lower than that for TNO devices under various stress
voltages. To compare with core devices in Fig. 4-7(a), NBTI-induced threshold voltage

degradation as a function of stress time for thick TNO and PNO I/O PMOSFETs are shown in
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Fig. 4-7(b). The threshold voltage degradation for both TNO and PNO I/O devices are similar

to that for thin nitrided oxide, indicating the power-law dependence and the PNO immunity to

NBTI that is higher than the TNO immunity under various stress voltages in the range from

-3.5t0-4.5V.

Although the mean free path of holes in silicon is only about one-half of electrons, the

hot-carrier-induced degradation of PMOSFETs has been critical as that of NMOSFETs.

Figure 4-8(a) illustrates the time dependences of the threshold voltage degradation under

various HCI stress voltages for Core TNO and PNO PMOSFETs at room temperature. Note

that the HCI stress-bias conditions .we used hereafter are all for V, = V4 since the positive

oxide charge generation by hot holes injected into oxide is the most significant mechanism for

deep-submicro-PMOSFETs with “nitrided oxide [10]. The HCI-induced threshold voltage

degradation of TNO and PNO Core PMOSFETs follows the power law dependence [eq. (4-1)],

and in the bias range from -2.2 to -2.5 'V, the threshold voltage degradation of PNO devices is

always lower than that of TNO devices. The time dependences of the threshold voltage

degradation under various HCI stress voltages from V, = V4 =-3.5 to - 4.5 V for I/O devices

are shown in Fig.4- 8(b). Although the initial threshold voltage shift of TNO PMOSFETs is

higher than that of PNO PMOSFETs under the same bias conditions, the PNO PMOSFETs

show a markedly higher degradation rate than the TNO PMOSFETs. At an electric oxide field

higher than those mentioned above such as V, = V4 = -4.5 V, the threshold voltage
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degradation of the PNO devices is higher than that of the TNO devices. We will discuss this

result more detail in next section.

4-3-3 Mechanism

Figure 4-9 shows the schematic illustration of the degradation mechanisms at NBTI and

HCI stresses for core and I/O PMOSFETs with TNO and PNO, respectively. The exponent

value in eq. (4-1) for the NBTI power law dependence is found to be 0.25 for both TNO and

PNO core devices. This implies that the initial degraded value is strongly dependent on the

number of interface traps for the NBTI of core thin.nitrided oxide. On the other hand, for core

PMOSFETs, TNO [Fig. 4-9(a)]-shows a higher initial NBTI-induced degradation than PNO

[Fig. 4-9(b)]. This can be attributed to ‘the higher interface trap generation due to the higher

nitrogen concentration at the SiO,/sub-Si interface. In addition, for thick I/O oxide, the

location where the interface traps and fixed positive oxide charges generated at NBTI “static”

stress is relatively near the SiO,/Sub-Si interface; therefore, for the NBTI reliability issue, the

oxide interface quality is markedly more important for thick I/O oxide. This is the reason that

the NBTI-induced degradation of I/O PNO devices [Fig. 4-9(d)] is always lower than that of

I/O TNO devices [Fig. 4-9(c)] under the stress bias conditions in this study.

The degradation mechanism of HCI is different from NBTI. For HCI stress at V, = Vg,

holes exhibit a high energy owing to impact ionization and are injected into gate oxide
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directly. In addition to the interface traps, the oxide bulk traps (Ny) are also an important

factor of HCI-induced degradation. However, for thin oxide whose thickness is smaller than 3

nm, the effect of the oxide bulk traps is insignificant and the interface traps are a predominant

factor. For this reason, the core PMOSFETs with TNO show a higher initial degraded value

than the core PMOSFETs with PNO owing to a higher nitrogen concentration at the oxide

interface, but the exponent values for the degradation rate at HCI stress are similar for the

TNO and PNO Core devices. In contrast, for I/O devices with Tox inv of 5.5 nm, the

plasma-induced oxide traps in the oxide bulk of PNO, when hot holes are injected into oxide,

have a higher probability to be captured, forming charged oxide defects, than those in the

oxide bulk of TNO. Although the initial degraded value of PNO at HCI stress is smaller than

that of TNO owing to the lower number'of interface traps, PNO 1/O devices show a markedly

higher degradation rate (higher exponent value of power law dependence) owing to a higher

number of oxide traps, which are induced by plasma implantation.

To prove this mechanism, the charge trapping characteristics were measured and are shown

in Fig. 4-10. The normalized gate current density during Fowler-Nordheim (FN) stress at an

electric field of about 10 MV/cm is plotted versus stress time for large-area PMOS capacitors

with core and I/O TNO and PNO, respectively. The normalized gate current density is defined

as (Jg — Jo0) / Jo0, where Jg is the initial gate current density of the devices and J, is the gate

current density after FN stress. As observed, for 5.5-nm-thick I/O oxide, the normalized gate
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leakage current density increases with stress time for both TNO and PNO PMOS devices,

whereas PNO shows a higher rate of J, increase than TNO. This result indicates that for thick

I/O nitride oxide, there are more oxide defect traps in the oxide bulk of PNO, causing a higher

number of holes trapped than in that of TNO. For the thin oxide of core devices, the J,

increases at constant voltage stress are lower than 1% and are negligible for both TNO and

PNO capacitors. These should be due to the elimination of oxide traps and direct tunneling

being the dominate mechanism for thin oxide. Furthermore, Figure 4-11 shows the electrical

stress-induced leakage current (SILC) phenomena before and after a constant gate bias stress

of 5.5V as functions of positive gatervoltages of the TNO and PNO I/O capacitors. From the

evolution of the J, characteristics during stress, it is' observed that PNO exhibits a larger SILC

increase than TNO. Since the SILCC has'been explained to be due to a trap-assisted tunneling

mechanism occurring in bulk oxide defects [24], the larger SILC of PNO indicates a higher

oxide trap defect density, which is consistent to the proposed mechanism in Fig. 4-9.

The results of this work are summarized in Table 4-1. Owing to a lower interface trap

density, PNO shows higher immunities to HCI and NBTI for core devices and a higher NBTI

immunity for I/O devices when compared with TNO. However, due to the higher oxide trap

density in thick I/O devices for PNO, PNO shows a higher HCI-induced degradation rate than

TNO.
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4-4 Summary

In this study, we have performed a systematical investigation of reliability issues, such as
NBTI and HCI, for core and I/O PMOSFETs with TNO and PNO. As a result, the devices
with TNO exhibit a lower NBTI immunity owing to the higher nitrogen concentration at the
Si0O,/sub-Si interface than those with PNO, generating more interface traps during NBTI
stress. In contrast, for HCI under the stress conditions of hot-hole injection, bulk oxide traps
are an important factor for device degradation. For thick I/O devices, plasma induces more
oxide traps in the bulk oxide of PNOsand HCT induced a higher degradation rate than those for
TNO devices. However, for an oxide thickness smaller than 3 nm in core devices, the effects
of the oxide traps are negligible and interface traps are a predominant factor. This makes Core

PMOSFETs with PNO have a higher immunity to HCI than those with TNO.
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core I/O

Result PNO > TNO PNO > TNO
NBTI

Interface trap (Nit) and
fixed oxide charge (Nf) Due to Less Nit for PNO Less Nit for PNO
generations

Result PNO > TNO TNO > PNO
HCI at Vg=Vvd
High-energy hole injected
from drain side into oxide Dueto Less Nitfor PNO More Not for PNO

--> |ocalized Nit and Not

Impact of oxide trap | Plasmainduced more
Comment (Not) was eliminated oxide traps (Not)
for Tox <3 nm in oxide bulk for PNO

Table 4-1 Summary of effect and mechanisms of NBTI and HCI on core and I/O PMOSFETs

with PNO and TNO oxides.
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Chapter 5
The Comparisons of Trapping and De-trapping effects
in Positive Bias Temperature Instability Stress

between HfO, and HfSiION Gate Dielectrics

5-1 Introduction

As CMOS devices are scaling down aggressively, it has become necessary to identify
alternate high-k gate dielectrics that meet the stringent requirements for low leakage current
and thin equivalent oxide thickness (EOT) [1-5]. High-k dielectrics are especially
advantageous for low-power application and for thickness uniformity control owing to the
thicker physical thickness. Among high-k“gate-dielectric materials, Hf-based gate dielectric
including HfO, and Hf-silicate are‘the attractive materials because it has good device
characteristics and is compatible with the conventional polysilicon gate process [6-9].
However, before Hf-based gate dielectrics being successfully integrated into future
technologies, their reliability characteristics still need to be better identified. Bias temperature
instability (BTI) has been recognized as one of the critical concern in the reliability of modern
CMOS devices. Many of the past BTI researches on the SiO, dielectric have just focused on
the negative BTI (NBTI) on PMOS devices [10-11], since it impacts more the devices
reliability with respect to positive BTI (PBTI) on NMOS [12]. In conventional SiO, gate

oxides, NMOS under PBTI stress shows little threshold voltage degradation and hence is not
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a reliability concern while PMOS under NBTI stress has a continued reliability issue as the

gate oxide thickness is scaled thinner.

On the contrary, unlike conventional SiO, gate dielectrics, NMOS positive bias temperature

instability (PBTI) could be a potential scaling limit of CMOS technology with Hf-based gate

dielectrics [13]. Most of the previous studies showed a significant positive threshold voltage

shift for the high-k gate stack under PBTI stressing, which was attributed to the preexisting

traps in the high-k layer or the hole induced oxygen vacancy traps [14-18]. In addition, one of

main issues for high-k gate dielectrics is the charge trapping/de-trapping characteristics during

reliability test. Initial observation of.instability was. studied through capacitance—voltage (CV)

characteristics in Vg, change and current—voltage (IV) in Vg, change. Since electrons can be

trapped and de-trapped in the high-k dielectrics with-a minimal residual damage to its atomic

structure, a Vy, instability associated with electron trapping/detrapping in high-k layer can

significantly affect the transistor performance [19]. Nevertheless, it also complicates the

evaluation of the effects of stress-induced defect generation phenomenon on the high-k gate

dielectrics, which typically is not an issue in the case of SiO, dielectrics [20]. In order to

investigate the additional electron trapping effects on top of defect generation, a de-trapping

step has been proposed for studying generation of the electron trapping process and its impact

on high-k device reliability [21]. Recently, the electron de-trapping behavior in the high-k

films has used under specific gate bias conditions identifying charge trapping and relaxation
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mechanism [22]. However, the dependence of the dielectric electrical characteristics on the
de-trapping conditions has not been investigated in detail.

In this work, the comparison of trapping/de-trapping effect under PBTI stress test between
NMOSFETs with HfO, and Hf-silicates (HfSiON) high-k dielectrics has been investigated.
We just primary focus on NMOS devices PBTI here since it is more significant than PMOS

NBTI in the case of Hf-based dielectrics MOSFETsSs.

5-2 Experiment

NMOS devices were fabricated .by state-of-the-art 300 mm wafer foundry technology.
Shallow trench isolation (STI) was performed for devices isolation followed by super-steep
retrograde well formation. The“high-K dielectric including HfO, and Hf-silicate were
deposited by atomic-layer deposition (ALD). Chemical oxide was used as the interfacial layer
unless it is specifically mentioned. The nitridation of HfSiO with Hf/(Hf+Si) ratio of 50% was
carried by NHj3 annealing in the ambient. After shallow source/drain extensions and pocket
implantation, tetraethoxysilane (TEOS) liner and low-temperature silicon nitride were
processed in sequence to form a sidewall spacer. Modified S/D implants were adopted to
improve activation and junction capacitance while maintaining good SCE. The fabrication of
a heavily doped source/drain junction by implantation was followed by a rapid thermal

annealing (RTA) of 1000 °C for 5s for S/D activation and thermal stability of HfSiON.

- 100 -



5-3 Results and Discussion

5-3-1 Device performance

Figure 5-1 shows the high-frequency C-V characteristics at 100 kHz for HfO, and HfSiON

gate dielectrics, respectively. The well C-V characteristics under accumulation, depletion and

inversion regions can be observed in this work for both HfO, and HfSiON gate dielectrics.

The effective oxide thickness was also extracted from these C-V curves under accumulation

without considering quantum effects. Since the EOT were almost the same (1.3 nm) for HfO,

and HfSiON gate dielectrics as shown in Fig. 5-1, therefore, the reliability test can be

analyzed by biasing the same gateivoltage m this work. The effective electron mobility

measured on HfO, and HfSiON-gate dielectrics using-split CV method is shown in Fig. 5-2.

The effective mobility was almost.the same for both-HfO, and HfSiON gate dielectrics at low

electric field as shown in this figure. However, at a higher field (>1 MV/cm), the mobility of

HfSiON gate dielectrics was large than HfO, gate dielectrics, we speculate that the Si-O and

Si-N bodings were formed for the HfSiON gate dielectrics resulting in annihilation of oxygen

vacancies to offer mobility enhancement at high electric field. This result indicates that the

HfSiON gate dielectrics can be suitable for high performance application. Besides, the

effective mobility can meet the universal curve well at a higher field for both HfO, and

HfSiON gate dielectrics as shown in inset of Fig. 5-2.
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5-3-2 PBTI degradation for HfO, and HfSION gate dielectrics

To understand the mechanism of PBTI in our high-k dielectrics, Fig. 5-3 shows the
threshold voltage degradation (AVy, ) of HfO, and HfSiON gate dielectrics under the same
PBTI stress (Vg = +2.5 V) at room temperature. It is worth to note that the HfSiON dielectric
leads to an obvious reduction in AVrty under PBTI stress. Figure 5-4 shows the charge
pumping current (Icp) before and after PBTI stressing at +2.5V for HfO, and HfSiON.
Contrast to AVy, , the HfO, gate dielectrics had better HfO,/Si interface due to its less initial
Icp. However, although HfSiON dielectrics had larger initial Icp than HfO,, the increase in Icp
during PBTI stress was almost the same for HfOs.and HfSiON gate dielectrics, as shown in
Fig. 5-5. Furthermore, from the equation of charge pumping current as followed [23]:

lep =x Nigx f (eq. 5-1)

where ( is electron charge, and f is measurement frequency. We can extract the number of
interface trap generated during PBTI stress. Figure 5-6 shows the extracted result of Nit
generation for both of HfO2 and HfSiON dielectrics, which is consist with Fig. 5-5. It should
be noted that the Nj; increase for both HfO, and HfSiON dielectrics is quite low (< 2x10°
cm™) in this work.
Furthermore, if we assume that the threshold voltage shift during PBTI stress is only
contributed by generated interface trap ANj; and generated oxide bulk trap ANy, the equation

can by expressed as followed [24]:
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AV,, :%x(AN“ +AN,) (eq. 5-2)

where ( is electron charge, and C; is inversion capacitance. As eq. 5-2 and the results from
Fig 5-3 to Fig. 5-6, the generated oxide trap (Not) during PBTI stress can be easily extracted in
this work. Figure 5-7 shows the Ny increase for both of HfO, and HfSiON dielectrics during
PBTI stress, respectively. The HfSiON dielectric leads to an obvious reduction in ANy during
PBTI stress as compared to HfO,. The ANy is larger than 4x 10" ¢cm? after 6000s PBTI stress
for HfO, dielectrics while the ANy of HfSiON is smaller than 4x10"% ¢cm™. This result
demonstrates that the HfSiON thin film quality is better than HfO,. As mentioned previous,
the HfSiON gate dielectrics had the extra Si-O and Si-N bodings resulting in annihilation of
oxygen vacancies, resulting in PBTI reduction for HfSiON dielectrics. On the other hand, it is
worth to note that all these results. show the ANg is about 2~3 orders larger than ANj,
indicating that the generated oxide trap will dominate the PBTI degradation characteristics for
Hf-based gate dielectrics. Thus, the charge trapping model for Hf-based gate dielectrics under
PBTI stress was illustrated in Fig. 5-8. At first, a little electron named as Iinerface Trap Will
immediately trap in HfO,/Si interface while the positive bias was applied in device. Then, the
most of electrons Ipyik trap Will tunnel from Si substrate through the interfacial layer and are

trapped at the bulk oxide, as shown in the schematic energy band diagram. However, there are

still some electrons, which directly through the gate dielectrics named as liynnel-
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5-3-3 Temperature-dependent de-trapping characteristics for HfO, and HfSION gate

dielectrics

In this section, the temperature-dependent trapping and de-trapping characteristics for both

of HfO, and HfSiON were compared. After each biasing stress and sensing cycle, the stress

bias was removed and held up for 0 and100 seconds respectively to examine the electron

de-trapping characteristics.

In Fig. 5-9, we compare the HfO, and HfSiON gate dielectrics under PBTI stress (Vg =

+2.5 V) with no hold time at different temperatures, including 25, 75 and 100 °C. The AVry

in PBTI stress increasing with increasing measuring temperature for both HfO, and HfSiON

gate dielectrics. The difference of threshold voltage degradation under PBTI stress between

HfO2 and HfSiON dielectrics is not quite apparent expect for 100 °C. On the other hand, the

obvious improvement in PBTI characteristics was observed for HfSiON gate dielectrics while

the hold time is 100 seconds as indicated in Fig. 5-10. The electron de-trap will result in AVty

reduction in PBTI stress due to less electron being trapped in high-k thin films. This result

indicates that the electron de-trapping will easily happen in HfSiON gate dielectrics. In

generally, the electron will be trapped in gate dielectric of device while positive bias is

applied, and de-trapped while remove the applied bias is removed. In addition, we assume that

the charge de-trapping phenomenon results from some shallow trap in high-k gate dielectrics.

It means that the extra Si-O and Si-N bodings effectively removed the dielectric vacancies to
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have a lower trapping cross section and a lower concentration of generated traps, and reduce
some trapping levels. This implies that some deep electron traps were effectively eliminated
for HfSiON gate dielectrics, resulting in the characteristics as shown in Fig. 5-9 and 5-10.

The different hold time (0 & 100 s) under PBTI stress (Vg = +2.5 V) at different
temperatures, including 25, 75 and 100 °C for HfO, gate dielectrics were shown in Fig. 5-11.
There is almost no difference for AVry in PBTI stress at 25 and 75 °C between 0 and 100 s
hold time as indicated in this figure. However, the AVyy in PBTI stress is quite different at
100 °C for HfO, gate dielectric. The AVty with 0 s hold time is larger than AVty with 100 s
hold time at the high temperature of.: 100 °C, indicating that the HfO, gate dielectric generated
deeper charge trap during PBTL stress and trapped electrons need higher thermal energy to
de-trap from HfO, film. On the other *hand, the HfSiON gate dielectric shows the obvious
dependence between AVyyand measuring hold time as illustrated in Fig. 5-12. The AVry in
PBTI stress with 0 s hold time is larger than AVry with 100 s hold time at different
temperatures. As we mentioned above, some deep electron traps were effectively eliminated
for HfSiON gate dielectrics, resulting in the characteristics in Fig. 5-12. Figure 5-13 (a), (b)
illustrated the charge trapping/de-trapping models for HfO, and HfSiON gate dielectrics
under PBTI stress respectively. As compared to HfO, dielectrics, the HfSiON has deep charge

trapping level under PBTI stress as illustrated in Fig. 5-13(b).

- 105 -



5-4 Summary

In this chapter, the PBTI degradation for HfO, and HfSiION NMOSFETs with the metal
gate electrode has been successfully demonstrated. The generated oxide trap during PBTI
stress will dominate the PBTI characteristics for Hf-based gate dielectrics. In addition, the
reduction of threshold voltage degradation and oxide trap generation under PBTI stress
indicates that the HfSiON thin film quality is better than HfO, attributed to HfSiON gate
dielectrics had the extra Si-O and Si-N bodings resulting in annihilation of oxygen vacancies.
On the other hand, the electron trapping/de-trapping effect has been investigated in both HfO,
and HfSiON NMOSFETs correlated with constant voltage stress. As compared to HfO,
dielectrics, the HfSiON has shallower charge trapping level under PBTI stress due to

elimination of deep dielectric vacangies:
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Fig. 5-1 High-frequency C-V characteristics at 100 kHz for NMOSFET with HfO2 and

HfSiON gate dielectrics, respectively.
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Fig. 5-2 The effective electron mobility measured on HfO, and HfSiON gate dielectrics using

split CV method.
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Fig. 5-3 Threshold voltage degradation (AVy, ) of HfO, and HfSiON gate dielectrics under the

same PBTI stress (Vg =+2.5 V) at room temperature.
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Fig. 5-4 Charge pumping current (Icp) before and after PBTI stressing at +2.5V for HfO, and

HfSiON dielectrics, respectively.
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Fig. 5-5 Charging pumping increase (Alcp) of HfO, and HfSiON gate dielectrics during the

same PBTI stress bias (Vg = +2.5 V) at room temperature.
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Fig. 5-6 Interface trap increase (ANj;) which extracted from Alcp of HfO, and HfSiON gate

dielectrics during the same PBTI stress bias (Vg = +2.5 V) at room temperature.
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Fig. 5-7 Generated oxide trap (ANy) in the bulk of higk-k film during PBTI stress for both of

HfO, and HfSiON dielectrics, respectively.
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Fig. 5-8 Illustration of electron trapping model for Hf-based gate dielectrics under PBTI stress

- 118 -



340
320 —— HfD‘2 25°C PBTI @ vg - +25V
300 |- & HO,75C WL =10/0.5 (um)
Holdtime 0 sec.

280 —h— HfO, 100°C

260 [ ——HfSiON 25°C
—— HfSIiON 75°C
240 ! :
—— HfSiON 100°C
220

200
180
160
140
120

(mV)

AV

10 100 1000
Stress time (s)

Fig. 5-9 Threshold voltage degradation of HfO, and HfSiON gate dielectrics during PBTI

stress (Vg = +2.5 V) with no hold time at different temperatures, including 25, 75 and 100 °C.
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Fig. 5-10 Threshold voltage degradation of HfO, and HfSiON gate dielectrics during PBTI

stress (Vg = +2.5 V) with hold time 100 s at different temperatures, including 25, 75 and 100

°C.
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Fig. 5-11 Comparison of different hold time (0 & 100 s) under PBTI stress (Vg = +2.5 V) at

different temperatures, including 25, 75 and 100 °C for HfO, gate dielectrics.
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Fig. 5-12 Comparison of different hold time (0 & 100 s) under PBTI stress (Vg = +2.5 V) at

different temperatures, including 25, 75 and 100 °C for HfSiON gate dielectrics.
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Chapter 6

Conclusions and Recommendations for Future Study

6-1 Conclusions

In this dissertation, we investigated the gate engineering integration for advanced device
performance and reliability improvement including the comparison of STI-induced local
uniaxial compressive stress in <110>- and <100>-channel directions, the use of SiN capping
layer on (111) orientation substrate to improve the NMOSFET performance, the reliability
comparisons in NBTI and HCI betwgen dual gate oxide PMOSFETs using PNO and TNO and
the PBTI trapping/de-trapping reliability issues for'devices using Hf-based high-k dielectrics.
Several important results are obtained and summarized as follows:

1. We have systematically study the STI-induced strain impacts on the performances of 65
nm technology PMOSFET with <110>- and <100>-channel directions, respectively.
<100>-channel devices have smaller DIBL and less layout dependence due to lower boron
diffusivity and its non-sensitive to STI-induced stress, accordingly. Furthermore, as
Compared to <110>-channel, <100>-channel devices show not only higher hole mobility, but
also keep the advantage of free from STI stress in both of channel length and width directions.

2. Local strained channel techniques for depositing a SiN capping layer and a stack of a-Si

and poly-Si gate structures on a (111) substrate were investigated in this study. We
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demonstrated that the use of the strain structures can improve the performance of NMOSFETs

fabricated in the <110> channel direction on a (111) substrate. The device performance is

further enhanced as the SiN capping layer and a-Si layer become thicker. The stack of a-Si

gate structures also affects the threshold voltages of the gate because of its poly depletion

width. In addition, charge pumping current decreases with increasing split SiN layer

thickness.

3. We have performed a systematical investigation of reliability issues, such as NBTI and

HCI, for core and I/O PMOSFETs with TNO and PNO. As a result, the devices with TNO

exhibit a lower NBTI immunity owing to the higher nitrogen concentration at the SiO,/sub-Si

interface than those with PNO, generating more intérface traps during NBTI stress. In contrast,

for HCI under the stress conditions of*hot-hol¢ injection, bulk oxide traps are an important

factor for device degradation. For thick I/O devices, plasma induces more oxide traps in the

bulk oxide of PNO and HCI induced a higher degradation rate than those for TNO devices.

However, for an oxide thickness smaller than 3 nm in core devices, the effects of the oxide

traps are negligible and interface traps are a predominant factor. This makes Core PMOSFETs

with PNO have a higher immunity to HCI than those with TNO.

4. PBTI degradation for HfO, and HfSiON NMOSFETs with the metal gate electrode has

been successfully demonstrated. The generated oxide trap during PBTI stress will dominate

the PBTI characteristics for Hf-based gate dielectrics. In addition, the reduction of threshold
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voltage degradation and oxide trap generation under PBTI stress indicates that the HfSION
thin film quality is better than HfO, attributed to HfSiON gate dielectrics had the extra Si-O
and Si-N bodings resulting in annihilation of oxygen vacancies. On the other hand, the
electron trapping/de-trapping effect has been investigated in both HfO, and HfSiON
NMOSFETs correlated with constant voltage stress. As compared to HfO, dielectrics, the
HfSiON has shallower charge trapping level under PBTI stress due to elimination of deep
dielectric vacancies.

To optimize and integrate these gate engineering conditions, advanced research and
develop for modern CMOS generation will achieve more complete and become more suitable

for future ULSI applications.

6-2 Suggestions for future work

For the complete research on the topics of advanced CMOS devices gate engineering

integration, some feasible study for our future work are proposed as follows:

1. Investigating the impacts of the other strain including process-induced uniaxial strain and
substrate engineering induced biaxial strain on different channel direction for both
NMOS and PMOS devices.

2. Studying the quantum effects in small-dimension device to verify the real effects of

strain on device performance and reliability.
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. Integrating the other kinds of strain for the NMOSFET fabricated on (111) substrate to

achieve higher mobility improvement.

. Developing an accurate formula to fit and verify the dependence of oxide thickness in

NBTI and HCI for PNO and TNO.

. Discussing the impacts of different Hf-silicate nitridation methods such as plasma

nitridation or thermal nitridation on the HfSiON quality, device performance and

reliability.

. Investigating the trapping/de-trapping effects and temperature dependence under other

reliability tests such as HCI and NBTI between HfO2 and HfSiON to complete the

Hf-based high-k dielectrics reliability study.
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