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Abstract

With the complementary MOS transistor device size scaling, the development of
lithography process encountered bottlenecks lead to difficulties in scaling , so in
recent years developed a strained silicon technology to enhance the drive current. But
the strained silicon technology has also suffered the effects of hot carrier injection
(HCI) and the increase in gate leakage current problem.

In the 193-nm immersion lithography technology developed, the component size
to continue scaling, but it is found in very thin silicon dioxide dielectric layer will

suffer too much leakage current physical limitations, leading to device reliability



problems. In recent years the use of high dielectric material to replace traditional

silicon dioxide gate dielectric layer as has been studied extensively. Compared to

silicon dioxide, because under the same equivalent thickness , high dielectric material

has the thicker actual thickness , it can withstand large leakage current caused by

quantum tunneling effect. However, high dielectric materials as gate dielectric layer

will rise to other problems. For example: relative to silicon dioxide in the same

operation voltage, high-dielectric material has a more higher interface states and

charge trapping , this has serious implications for the device operation threshold

voltage drift.

This article discusses the local strain-si-technology for hafnium oxide gate stack

MOS transistor performance, and-also make the existing process with a high degree of

compatibility of the fluorine plasma processing technology, use this technique to

form fluoride of silicon glass (FSG) as the n-type MOS transistor of the first layer of

passivation layer, and later deposited silicon nitride passivation layer as the second

layer to construct the local strain, at the final sintering process, the heat giving energy

make fluorine atoms effectively diffuse into bulk and high-k dielectrics interface

channel, the results appear that the FSG fluorine atoms in the interface repair damage

to improved drive current and lower subthreshold swing and gate leakage current.

We also analyzed the degree of reliability degradation, the reliability
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characteristics of the constant voltage stress (CVS) and the hot carrier stress (HCS)

has been improved, experimental results show that under the stress of destruction,

FSG sample have a smaller threshold voltage shift that there is less bulk electron

trapping and interface state density changes, and because the fluorine atoms that

diffused into high-k gate layer and the interface not only can reduce the interface

dangling bond and the interface state trap generation, and further reduce the electrons

caputured by high k gate, these decvices have improved electrical properties and high

reliability of the present.
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Chapter 1

Introduction

1.1 Background

Recnetly, CMOS devices have been aggressively scaled into sub-45 nm regime
in order to enhance the device’s performance and increase the integrated circuit
functionally, scaling down of the channel length is essential in ULSI fabrication
technologies [1-2]. With this scaling.down; the gate oxide thickness of MOSFETSs
must be reduced. The main scalling issues in the advanced CMOS devices in the
sub-100 nm regime is the thinning of gate oxide that is required for higher drive
current and to improve the gate control over the channel, which reduces the short
channel effects [3-4]. According to the ITRS (International Technology Roadmap for
Semiconductor) roadmap (Table 1-1) [5], the SiO, gate dielectric film thickness
should be scaled down to 1.0nm for 45nm node technology. Such an ultra-thin SiO,
thin film consists of only a few atomic layers will cause an intolerable large gate
leakage current because of direct tunneling effect, and this will result in huge power
dissipation and heat which let the integrated device can not work regularly.

As gate oxide is scaled down further, gate leakage current and subthreshold



leakage current will exponentially increase, Figure. 1-1 demonstrated the measured
and simulated l4-Vy characteristics under inversion region for nMOSFET [6]. We can
see that the gate leakage current will exceed the limit of 1 A/cm? set by the allowable
power dissipation Pjeakage=lieakage™ Vdd (lleakage=lgatetlas_suntleTET) While the gate oxide
thickness scaled down to 2 nm. We need a new materials such as high-k materials to
reduce the tunneling leakage current (i.e suppressing gate oxide leakage and
subthreshold leakage current) [7-8]. And when the using of high-k materials, metal
electrodes are needed due to their better comparability with high-k dielectrics and
absence of the depletion effect. According to the ITRS and the future trends, replacing
polysilicon by metal gates is critical.

According to the first order-current-voltage relation in Equation (1-1) and (1-2),

the driving current of a MOSFET can be given as:

1 w
Ipsat = 3 Cgs Hn Q (Ves — Vth)2 (1-1)
kepA
Cos = T, (1-2)

Where Vgs is the applied voltage from gate to source, L is the effective
channel length, W is the channel width, Vy, is the threshold voltage, pn is the mobility
for electrons, Cgs is the gate capacitance, k is the dielectric constant, €q is the
permittivity of free space and Ti,, is the electrical film thickness. In an attempt to

improve the current drivability of a MOSFET, all parameters contained in the above



formula can be appropriatly adjusted. With reduced threshold voltage, smaller
effective channel length, and increased gate capacitance as well as gate-to-source
voltage, we can achieve better current drivability and higher device density, which
means better performance and much more transistors on the chip, respectively.
However, some approaches will bring about serious drawbacks, for instance, a large
Ves Will degrade the reliability while too small a Vi, will result in statistical
fluctuation in thermal energy at a typical operation circumstance of up to 100°C.

So bigger Cys, pn and shorter Le Will be needed to maintain device performance. In
the front-end process area, there:remain many technological challenges to be
overcome to achieve further scaling and growth of the industry [9]:

® New gate stack processes and Materials

® Surfaces and interfaces control

® CMOS integration of new memory materials and processes

® Critical dimension and effective channel length control

® Scaled MOSFET dopant introduction and control

1.2 Motivation

SiO; gate dielectric and polysilicon gate have been used as perfect materials

throught MOSFET history until now. However, as the device dimension scaled into



deep sub-micron regime, SiO, used as gate oxide is facing serious challenges which

seem to be almost impossible to overcome such as leakage current problem proposed

by previous section. In addition, reliability issues and process stability become a

serious concern for such a thin SiO, thickness only 10~15A. It points out that SiO,

thickness uniformity across a 12 inch wafer imposes even more crucial difficulty in

the growth of such a thin film, since even a mono-layer difference in thickness

represents a large percentage difference and thus can result in the variation of

electrical characteristics such as threshold voltage (Vi) across the whole wafer. To

circumvent these problems, high-k dielectrics have been investigated extensively as

possible replacement to the SiO; film as gate insulators. Using gate dielectrics with

higher dielectric, electrically equivalent oxide thickness (EOT) in order to maintain

the same gate capacitance can be obtained with a thicker physical thickness.

Therefore, the quantum direct tunneling gate leakage current can be significantly

reduced (shown in Fig. 1-2).

Nevertheless, there are still various problems to be solved for high-k gate

dielectrics before their use in IC technology. First, the poor interface with Si is

commonly observed [10]. The high-k oxides are deposited on the surface of Si and

thus do not passivate its interface. This results in a large number of interface traps and

charges which is detrimental to metal-oxide-semiconductor (MOS) device



performance such as flat band voltage shift and mobility degradation [11-12].
Originally we used new high-k materials to make capacitance Cgs increases which
enhance driving current, but degrade the mobility p,, results in the enhanced degree
is not as high as we think before. In order to further enhance the driving current, we
investigate the effect of adding locally strain technology on high-k gate stack

NMOSFETSs.

1.3 Recent locally strain technology

In recent years, the method of device size-scaling to enhance the MOS
transistor performance characteristics seems to encounter bottlenecks in lithography
process technology such as high-cost‘and other factors. People began to seek other
ways, and one method used to improve device driving current has been concerned,
that is strain-Si technology. Development so far, excluding the impact of high-k
materials, uniaxial-process-induced stress strain-Si technology is the key feature to
enhance 90-, 65-, and 45-nm [13-20].

The origin of strained-Si technology to improve CMOS devices can be traced to
thin Si/SiGe substrates at 1980s [21-22]. The thin Si layer takes the larger lattice
constant of the SiGe and creates biaxial tensile stress. Then wafer-based substrate

strain was experimentally and theoretically studied by a large number of researchers



for two decades [23]. In the 1990s, two other strained-Si technologies based on

process-induced strain were developed. First, high-stress capping layers deposited on

MOSFETs were investigated as a technique to introduce stress into the channel

[24-25]. Second, Gannavaram et al. [26] proposed SiGe in the source and drain area

for higher boron activation and reduced external resistance. It was later attributed to

uniaxial compressive channel stress [27]. Still, neither biaxial nor uniaxial stress was

immediately adopted in CMOS logic technologies for several reasons. Biaxial stress

suffers from defects and performance loss at high vertical electric fields [28].

Process-induced stress requires different stress types (compressive and tensile for n-

and p-channel, respectively) to simultaneously improve both n- and p-channel devices.

However, in the industry, strain was becoming recognized as offering the best

potential to enhance performance in sub-100-nm process technologies (significantly

larger performance gain than high-k gates, fully depleted silicon-on-insulator (SOI),

or multi-gate devices). The only debate was on the best path to take [29] (biaxial

substrate versus uniaxial-process-induced stress).

Careful analysis of the 1990’s biaxial and uniaxial strained-Si experimental data

suggested that the industry adopt process induced uniaxial strain. The key

observations are as follows. First, uniaxial (versus biaxial) stress provides

significantly larger hole mobility enhancement at both low strain and high vertical



electric field due to differences in the warping of the valence band under strain [30].

Large mobility enhancement at low strain is important since yield loss via dislocations

occurs at high strain. Second, uniaxial (versus biaxial) stress enhanced mobility

provides larger drive current improvement for nanoscale short-channel devices. This

results since the uniaxial stress-enhanced electron and hole mobility arises mostly

from reduced conductivity effective mass (versus reduced scattering for biaxial stress),

since uniaxial shear stress provides significant valence and some conduction band

warping.

With these advantages for process-induced uniaxial strain understood. Two

process flows were developed-that independently target the stress magnitude and

direction on n- and p-channel transistors. The first involved embedded and raised

SiGe in the p-channel source and drain and a tensile capping layer on the n-channel

device. The second uses dual stress liners: compressive and tensile Silicon Nitride

(SiN) for p- and n-channel devices, respectively. Since both techniques provide large

product level benefits at low cost, process-induced stress is present in nearly all

high-performance logic technologies at the 90-, 65-, and 45-nm technology nodes for

both microprocessor and consumer products. The industry is now looking at

combining various process stressors, such as compressive SiN layers, embedded SiGe,

and tensile stress shallow-trench isolation [31]. Performance gains from the various



uniaxial stressors are expected to be mostly additive.

1.4 Enhancing Robustness by Fluorine

Traditionally we use silicon oxide as the insulator of CMOS because of its
excellent stablility , but it normally has few defects. At Si/SiO2 interfaces, the defect
density is further lowered by hydrogenation during process , with any Si dangling
bonds P, centers converted to Si—-H bonds. Historically the appropriately
incorporation of the fluorine into gate dielectric is known as an effective way to
passivate the interface traps in the conventional SiO2 gate dielectric and can improve
device reliability because it was known that fluorine incorporation in the SiO2 gate
dielectrics replaces Si—H bonds ‘with Si—F bonds, Si-F bonds are rather strong than
Si-H bonds. But the high-k oxides itself exist more much bulk trap charges than
silicon oxide and suffer from a high density of charge traps. This phenomenom causes
temporary instability of the gate threshold voltage, carrier coulombic scattering in the
Si channel, and possible reliability problems. Recent work indicates that the main
charge trap is the oxygen vacancy Vo [32]. The high-k oxides differ from Si-H bonds
or Si-O bonds , they all have ionic bonding. As a result of implanted fluorine that was
found to have a large beneficial effect on charge trapping [33-35], F was found to

substitute at the Vo site and passivates it. And F is one of the best passivate element



for defects in an ionic oxide because it is the only element that is more electronegative

than oxygen and its bond length is similar. It can improve both the device

performance and reliability by passivated vacancies by F in ionic oxides such as HfO,

because vacancies are more likely to be charged. However, an excess amount of F

incorporation increases oxide thickness and could weaken the isolation of capacitance

oxide of nMOSFET. It is known that excessive F replaces Si—-O bonds with Si—F

bonds when annealing, which generates reactive oxygen atoms and probably diffuse

into channel. The oxygen atoms which react with silicon substrate, will form thicker

interfacial SiOx layer. Moreover, another drawback after an excess amount of

fluorination is a net negative charge which affect the drifting of electrons existed at

the high-k oxide and interfacial layer , they also increasing the leakage current density

[35]. The impurities exists in isolation oxide layer will possibly make barrier height

lowering or become Frenkel-Poole transport sites for electron transport through the

high-k oxide stacks result in higher leakage current, this will lose the original purpose

of using high-k dielectrics. Previous work studies suggest an insight into this problem.

It was observed that the concentration of interstitial F ions was reduced by two orders

of magnitude after a 400 °C FGA. Hydrogen annealings seem to be able to remove

excess F ions which are not strongly bonded in the bulk region of the HfO2 films

[35].



It is beyond doubt that appropiately concerntration adding fluorine will enhance
electrical performance and reliability, adding the F element at the HfO2/SiO2
interface may be an essential aspect of such a defect passivation scheme. When we
use strain-Si technology for enhancing driving current, leakage current and defect
density increases too, adding fluorine will be the most effective candidate to eliminate
these phenomenons even if its disadvantages. At the following experiment, we try to

prove the application of fluorine.

1.5 Organization of This Thesis

In this thesis. We bring up the new process to- enhance the strain engineering.
We discuss the effects of fluorine incorporation into the passivation of strained-si
HfO,/SION gate stack n-MOSFETs, evaluated in terms of reliability and
performances. In this chapter, we introduce the reason of the high-k dielectrics and
the strain engineering on CMOS technology and discuss the effects of fluorine
incorporating on MOSFETSs with strained-Si high-k gate dielectric stacks, this thesis
is organized as follows:
In chapter 02, we discuss the theoretical characteristics of strained-Si
technology. Besides, hot carrier reliability is also discussed.

In chapter 03 we describe the experimental process flow for fabricating

-10-



HfO,/SION gate stack nMOSFETSs test devices with different passivation. Then, show
basic electrical performance, i.e. I-V characteristics, and presents the effects of FSG
passivation dielectric on strained-Si HfO, n-MOSFET reliability.

In chapter 04, we bring up conclusions for these experimental results above .

Some advices for the possible future researches are suggested in this area.

-11-
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Year of Production

2009

2010 2011 2012 2013

2014

2015

Equivalent physical oxide thickness for bulk
MPC/ASIC Tox for 1.5E20-doped poly-Si
(nm)

0.9

Equivalent physical oxide thickness for bulk
MPC/ASIC Tox for metal gate
(nm)

0.95 0.88

Gate leakage current at 100°C bulk high
performance (A/cm?)

650

830 900 1000

Table 1- 1 2009 ITRS roadmap for high performance devices

Year of Production 2009 2010 2011 2012 2013 2014 2015

Equivalent physical oxide thickness for bulk 1.0 0.9 0.8
low operation Tox for 1.5E20-doped poly-Si

(nm)
Equivalent physical oxide thickness for bulk 1.1 1 0.9
low operation Tox for metal gate

(nm)
Gate leakage current at 100°C bulk LOP 86 95 100 110 140

(A/cm?)
Table 1- 2 2009 ITRS roadmap for low.operating power device
Year of Production 2009 2010 2011 2012 2013 2014 2015

Equivalent physical oxide thickness for bulk low 1.2 1 0.9 0.8 0.7
standby power Tox for 1.5E20-doped poly-Si

(nm)
Equivalent physical oxide thickness for bulk low 1.3 1.2 1
standby power Tox for metal gate

(nm)
Gate leakage current at 100°C bulk LSTP 9.4E-2 0.11 0.12 0.13

(A/cm?)
Table 1- 3 2009 ITRS roadmap for low standby power devices
Manufacturable solutions exists, and are being opitimized
Manufacturable solutions are known
Interim solutions are known

Manufacturable solutions are NOT known
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Chapter 2

Local strained-Si on HfFO,/SION nMOSFETSs

2.1 Mobility degradation by high-k materials

In the future, High-K insulators will be utilized as gate dielectric films for
advanced CMOS devices. But one of main problems of the high-K MOSFETS is
reduced carrier mobility compared with that of thermally grown pure SiO2 MOSFETSs
because of the uncompleteness on high-k film itself (see Fig. 2-1). The research reveal
that the electron mobility degradation for-HfSION MOSFETs [36] (see Fig. 2-2) and
find that two sources of the mability degradation: one is Coulomb scattering caused
by fixed charges in High-k films and the other is phonon scattering by interfacial thin

oxynitrided (SiON) layer.

2.2 Mobility enhanced by local strained-si

In order to improve the degradation mobility caused by High-k gate stacks,
strained-Si are required to improve drive current. When deciding on a strained-Si
process flow, it is first necessary to comprehend the potential magnitude for electron
versus hole mobility enhancement and whether the mobility enhancement results from

reduced conductivity effective mass or scattering. Since the valence-band dispersion
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relationship for semiconductors depends on nearest neighbor atomic spacing, certain

stress (in particular shear stress) warps the valence bands (although less so for

conduction band but some warping for shear stress) [38]. The warping of the valence

band provides dramatic changes to the constant-energy surfaces in k space and can

lead to large hole mobility enhancement via reduced conductivity mass in the channel

direction. Mobility enhancement via reduced mass (as opposed to reduced scattering)

is key in nanoscale MOSFETSs and often not appreciated. Only mobility enhancement

from reduced mass (unlike reduced scattering) is maintained at the very short

15-20-nm channel lengths (35-nm:gate length) devices currently in production. A

strained-Si flow, which is scalable'for multiple technology nodes, thus, needs to focus

on reducing the hole conductivity mass with the goal of improving the n/p ratio from

~2 to ~1. Therefore, we first focus on strain-enhanced hole mobility from reduced

conductivity mass. As a starting point, it is helpful to visualize the effect of strain on

the valence-band constant-energy surfaces in k space for bulk Si. Fig. 2-3 [37] shows

the surfaces obtained using six band k ¢ p and band parameters in [39]. The

strain-altered surfaces for the top two bands are shown at 1 GPa for the common

stresses of interest: longitudinal compression on (001) and (110) hybrid wafer

orientation and biaxial tensile stress. Note from the constant-energy surfaces in Fig.

2-3, the heavy and light hole bands lose their meaning and we label the bands (first,
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second, etc.) in this paper. Some important differences in the band structure under the

various stresses at 500 MPa are summarized in Fig. 2-4 [37] for the in-plane and

out-of-plane conductivity effective masses and density of states at the band edge.

Before covering strain-altered hole mobility calculations, we will briefly cover a

qualitative model for strained-enhanced electron mobility since the concepts are

similar for electrons and holes. The electron mobility in bulk strained- Si along <110>

direction is determined by occupation and scattering in the A, and A4 valleys and can

be expressed as:

— 3 *
m; m;

(TAQ a2 + TA4 na4 )

i (nas + nay)

where g, n, , and m are the electron-charge, concentration, relaxation time, and
conductivity mass in the MOSFET channel direction, respectively. Strain improves
the mobility by increasing the electron concentration in the A, valley. The
repopulation improves the average in-plane conductivity mass (unstressed: m; =
0.19mg versus m; = 0.98mg) and some further improvement is possible for stresses that
warp the conduction valleys and lower m; [38]. Reduced intervalley scattering by the
strain-induced splitting between A, and A4 plays some role (enhances long channel
mobility) when the splitting becomes comparable or larger than the optical phonon

energy. In addition to a low in-plane mass, a high out-of-plane mass for the A, valley

electron is equally important since carrier motion perpendicular to the SiO; interface
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(taken as the z-direction in this paper) is quantized. This quantization in addition to
strain alters the position of the energy levels. The quantization leads to bands
becoming subbands since only discrete wave vectors k, are allowed. Including
quantization, the total inversion-layer electron energy is given by discrete values of
energy (En) added to the electron energy in the x- and y-directions (in the plane of the
MOSFET) [40]

hkz | Ik

2my  2my

E:En+

Each step in energy is called a subband with E, the energy of the bottom of the

subband. As an example, self-consistent solution of Schrodinger and Poisson equation

for 500 MPa of uniaxial tenstle stress-and an inversion-layer vertical field of 1

MV/cm gives the energy levels, as shown in Fig. 2-5 [37]. Since the subband

separation is greater than kT, nearly all the electrons in most cases occupy the bottom

two subbands [ground state n = 0 typically called E, (from A;) and E, ’(from Ay)]. The

ground state energy is significantly lower for the A, valleys because of the higher

quantization mass (Az: m; = 0.98mg versus A4 m; = 0.19mg) which leads to increased

splitting between the bottom two subbands and confinement and strain splitting being

additive (for the common biaxial and uniaxial tensile stress). The strong confinement

in an MOSFET shifts the energy levels more than the moderate 500-MPa stress

typically used in present-day production logic technologies. Thus, a high out-of-plane
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mass in the bottom subband (top subband for holes) is an important requirement for
the strainaltered band structure. Lastly, in addition to a low in-plane and high
out-of-plane effective mass, a high in-plane mass perpendicular to the channel
direction is also important. The density of states per unit area for the quantized system
is (2/(2m)*)({/mymy/m,)dkydky, which results in the density-of-states mass
approximated by mZR = m Though strain does not significantly alter the
electron subband density of states, as discussed next, a high m3ds will be shown to
be important for maintaining a hole concentration in the top subband. Similar to
strained-enhanced electron mobility, hole ‘mability in an inversion layer can
qualitatively be described as resulting from occupation and scattering in the top two

bands

) i b Pand
Tiopnt . o 12ndyps. =

top,110 2nd,110

(Ptop + P2nd)

However, hole transport is more complicated since strain significantly warps the
valence band (as seen in Fig. 2-3) altering both the in- and out-of-plane mass and
m3Qs. Further, the mass changes with stress and is not constant in k space. After the
previous discussion on strain-enhanced electron transport, an advantageous strain for
holes needs to warp the valence band to create both a low in-plane and high

out-of-plane mass and, if possible, a large mass in the plane of the MOSFET
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perpendicular to the channel direction (creates a large m3R).

2.3 Local strained-si induced Serious hot carrier injection

phenomenon

We had discussed that strain-si can enhance the device mobility described as
above, but it will create serious hot carrier injection. Fig 2-6 demonstrated that after
added strain-si technology, enhance si-channel mobility and enhance the electron
velocity near drain site, then give electron more energy, and will induce high
probability to impact ionize (see Fig:2-7), results:in serious hot carrier injection.

At chapter one, we had discussed that incorporating fluorine can give resistence
to hot carrier (see Fig 2-8), so now we design a new experiment that we can enhance
mobility and reduce the serious HCI effect by incorporated fluorine into strained-Si

High-k gate stack devices.
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Fig. 2- 1 Schematic represen_‘tz;it’-i‘_'o’h'q ;faéfér's;contributing to carrier
mobility degradation in a high-k oxide layer. -
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Fig. 2- 2 Measured effective electron mobility for HfSION MISFETs and
pure SiO2 MOSFETs as a function of effective field at 300-423K.

Substrate concentration N, is 3 x 10* cm™,
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Relaxed Si Biaxial (001) Uniaxial (001) Uniaxial (110)
(b) Top Band (c) (d)

Second Band

w0
Fig. 2- 3 Hole constant-energy band surfaces for the top band obtained from six-band
k < p calculations for common types of 1-GPa stresses: (a) unstressed, (b) biaxial
tension, (c) longitudinal compression on (001) wafer, and (d) longitudinal
compression on (110) wafer (note significant differences in stress induced band
warping altering the effective mass).

m*,,o/Mg m’,/m; MPpos /My

Stress wafer
top / 2 nd Top/ 2 nd Top/2nd
Coljn";f:;as'ion (001) [0.13/056 |0.28/0.22 | 0.34/030
<001>

Uniaxial
Comn;:;zion (110) 0.13/0.56 0,891 f18.16 0.19/0.35
=<1-1U>

Biaxial Tension (001) 028/022 10187029 | 0.28/0.22

<001>
Channel : _
; direction | Lsio,
de |
% _ 32 2D 1/2
m*=h /dkz m""pos =(mm,)

Fig. 2- 4 Summary of key valence-band parameters for top and second
band for bulk Si under 500-MPa stress. The conductivity and density of
states effective mass is listed at gamma point. Uniaxial compression is
longitudinal along <110> channel direction (note significant differences
for in-plane, out-of-plane, and density-of-states masses).
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Fig. 2- 6 Simulated electron velocity along the channel of 0.1 um
NMOSFET.
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Fig. 2- 8 Fluorine repair the defect in gate and channel, and give the
resistance to stress because of its strong binding energy.
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Chapter 3

Experimetal Result and discussion of Local
strained-Si HFO2/SION nMOSFETSs with FSG

passivation layer

3.1 Experiment

This experiment construct simple HfO,/SIiON gate stack nMOSFETs with SiO,
passivation layer deposited by TEOS source liquid for control, and with Nitride
passivation layer for local strained-Si effect, and Nitride passivation layer with added
FSG passivation layer on underside for Fluorine incorporated effect.

Fig.3-1 shows the experimental process flow of the nMOSFET with
HfO2/SiON gate dielectric. The NMOSFETSs were fabricated on 6-inch p-type (100)
Czochralski (CZ) silicon (Si) wafer utilizing a conventional self-align process,
followed by the standard RCA cleaning with a hydrofluoric (HF) acid-last process.
Prior to the HfO2 gate dielectric deposition, less than 1 nm interfacial SION was
grown by rapid thermal processing in the nitrous oxide (N,O) ambient at 800°C for 30
s. The 3 nm HfO2 gate dielectric was subsequently deposited by the AIXTRON metal
organic chemical vapor deposition system at 500°C, followed by post deposition

anneal at 600°C in nitrogen (N,) ambient for 30 s to improve HfO2 film quality. A
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200 nm poly- Si gate was then deposited by low-pressure chemical vapor deposition
system using silane (SiH4) gas at 620°C. After gate electrode patterning by I-line
lithography stepper and subsequently phosphorous implantation at 20 keV, 5 x10%
cm?® dose, dopants were then activated at 950°C for 30 s in N, ambient. Afterward,
wafer split into SiN capping, FSG buffer layer and control samples by varied
passivation layer , and all passivation layer deposited using the plasma-enhanced
chemical vapor deposition (PECVD) (see Fig. 3-2) system at 300°C. SiN capping
sample deposited 300nm nitride and 100nm SiO2, FSG buffer layer sample deposited
20nm FSG ,300nm nitride and 100nm SiO2 , and control sample deposited 400nm for
reference (see Table 2-1). Nitride ‘passivation layer was deposited at the SiH, , NHg,
N, ; FSG passivation layer was deposited at the SiH,, N,O and CF,4, and undoped
SiO2 passivation layer was deposited at the O, and TEOS source gas. Varied
passivation was used to investigate the effect of incorporated fluorine on local
strain-Si  HfO,/SION device performances. Finally, contact holes etching and
metallization Ti-TiN-AISiCu were performed using standard CMOS process,
followed by 400°C sintering for 30 min in N, ambient. Fig 3-3 illustrate schematic
cross section of HfO2/SION n-MOSFETs with different passivation layer. Fig 3-4

illustrate F atoms diffuse into channel after sintering.
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3.2 Measurement setup

Basic electrical characteristic such as 1-V were measured by a HP4156A
precision semiconductor parameter analyzer (see Fig 3-5).

In CVS reliability at room temperature and 100°C measurements, devices were
stressed with the drain voltage set at 0.1 voltage, and the gate voltage biased at
threshold voltage plus 3 voltage, and monitor the constant voltage degradation before
and after stress. To find the condition, we first measured the Ip—Vgs characteristics
with drain terminal was biased at the 0.1 voltage, and voltage found by current
defined method (see Fig 3-6a).

In HCS reliability at room temperature ‘and 100°C measurements, devices were
stressed with the drain voltage set at a"highly positive voltage, and the gate terminal
was biased at the voltage where maximum absolute value of lgp occurred to
accelerate the degradation. To find the condition, we first measured the gy, —Vas
characteristics with drain terminal biased at a given voltage. Besides, In order to
identify the worst degradation condition, Vgs = Ves@lsubmax (Channel hot electron,
CHE) was used to monitor the degradations of our devices for hot electron stressing.
To monitor the hot electron degradation, both the Ip —Vgs characteristics at Vps =
0.1V (linear region) and damages were monitored before and after the stress. The

degradations in terms of threshold voltage shift (2Vy) were examined and recorded in
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the accelerated stress test (see Fig 3-6b).

Additionally, in order to monitor the charge de-trapping effect, we set HCI
stress/relaxtion with a 600 seconds HCI stress described as above and 600 seconds
relaxtion voltage Vgs=-2V, and 600 seconds HCI stress again to mention threshold

voltage shift (see Fig 3-7).

3.3 Result and discussion
3.3.1 Electrical characteristics of high-k gate stack

NMOSFETSs with different P.L..

At Fig. 3-8, the SIMS profile shows that the Fluorine concerntration at gate
higher than at HfO,/Si-channel interface, this means fluorine diffuses into gate and
channel, and at Fig 3-9, from Hf track we can see that after fluorine diffused into gate,
Hf-O binding energy become higher, at Fig 3-10, from F track we can see at 684eV
binding energy has high peak shows that fluorine is indeed diffuse into gate and
channel, and at 689eV has a small peak shows that because of the source gas of FSG
buffer layer is CF,4, carbon also diffuse into gate and channel and form some organic
compounds. Fig. 3-11 shows the gate leakage current of HfO2/SION gate stack
n-MOSFET with different passivation under both inversion and accumulation modes.

It can obviously noted that with FSG buffer passivation layer and SiN capping
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passivation layer because of Fluorine and Nitrogen passivate the defect at High-k gate,

the leakage current is significantly suppressed. Fig.3-12 demonstrates the

transconductance (Gm) and the linear region drain current as a function of gate

voltage for different samples. The peak transconductance is 6.6%, 21.5% for SiN

capping and FSG buffer samples respect to control sample, and the improved

normalized linear drain—current Ip which SiN capping sample is 9.8% higher above

than control samples and the FSG buffer sample is 22.9% higher than control samples,

indicating that fluorinated strained-si HfO2 has better interface characterization. Fig.

3-14 presents the excellent output drive current characteristics (Ip-Vps) under various

normalized gate biases (Vgs-Vyu); Which almost 12% enhancement in magnitude of

Ipsat for FSG buffer sample with respect to control sample. The improvements are

believed to be intimately related not only to the better interface quality but also to the

reduced bulk trap density. Fig 3-13 indicates the transconductance of devices with

different passivation layers as a function of channel length. And we find that

transconductance for FSG buffer sample shows the better interface states than SiN

sample and control sample. Thus, the strain-si technology will improve the

transconductance in device, and FSG buffer layer can further improve it. In short,

Table 3-2 and Fig 3-15 demonstrate that all fundamental electrical properties,

including the threshold voltage, linear region drive current, saturation region drive
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current, transconductance, swing, gate leakage current between the three splits with
control, SiN capping and FSG buffer layer samples. We can see that local strain
technology can improve electrical performance, and added FSG buffer layer can

further improve them.

3.3.2 Reliability characteristics of high-k gate stack

NMOSFETSs with different P.L.

First, we focus on reliability characteristics of HfO2/SiON gate stack
n-MOSFETSs with different samples:under constant DC stress condition. Fig. 3-16 and
Fig. 3-17 compares the threshold ‘voltage and Ipin variations as a function of stress
time for the different samples, respevtively. Fig. 3-18~20 shows the 100°C CVS with
control, SiN capping, FSG buffer samples, respectively. We can see that compared to
control sample, SiN capping sample have more resistance to CVS under 25°C and
100°C, and FSG buffer layer sample have advanced resistance compared to SiN
capping sample. It is beleived that damage under CVS stress mainly comes from
High-k bulk defect, so now we know when we only capping SiN, nitrogen can
passivate the bulk defect; when we use FSG buffer, and the fluorine can passivate the
bulk defect.

Secondly, we discuss the hot carrier injection stress. Fig. 3-21 shows that
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strain-si induced more impact iozination, and they cause more lgy. Fig. 3-22 and Fig.

3-23 compares the threshold voltage and Ip i, variations as a function of HCI stress

time for the different samples, respevtively. We can see that SiN capping sample

suffer serious HCI damage than control sample, and FSG buffer sample can enhance

HCI stress resistence under strain-si technology. It is beleived that damage under HCI

stress mainly comes from High-k/Si-channel interface state, so now we know when

we only capping SiN, hydrogen will passivate the bulk defect, but easily be damaged

under stress, and when we use FSG buffer, this FSG buffer layer prevent the

following hydrogen diffusing, and the fluorine can passivate the interface state defect.

Third, we discuss the tentyear using straight line, Fig. 3-24 and Fig 3-25

shows added FSG buffer sample has better Ip sat and Time-to-breakdown profiles

Fourth, we discuss the voltage shift and relaxation under HCI stress, Fig 3-26

shows the results, and Fig 3-27(a-c) shows the mechanism with control sample, SiN

capping sample, FSG buffer sample, respectively. Compared to control sample, SiN

capping sample has more defect and release less electrons under relaxation phase, and

FSG buffer sample can has less defect and release less electrons.

Now the experimental results reveal that the fluorine incorporated by FSG

buffer layer can enhance the reliability. Because when fluorine diffuse into gate bulk

and channel interface (shown in Fig. 3-28), they can form Si-F and Hf-F bonds, and
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these bonds has strong binding energy, can give the resistence to CVS and HCI stress.

3.4 Summary

In this work, we show the experimental electrical properties of the devices with
different passivation layer, significant device performance improvement in devices
with FSG buffer P.L. were found, such as the excellent subthreshold swing, increased
transconductance, higher current drive, as compared to the control TEOS sample and
SiN capping sample. It was observed that incorporated fluorine can repair the defects
under the local strain-Si technology, further improve the device performance.

And we also observe that serious degradation such as interface state trap, bulk
trap density result in threshold-wvoltage shift occurs in the control sample. The
CF4-introduced silicon oxide as a FSG buffer layer showed that improved reliability
characteristics under the CVS and HCI. It is believed that the CVS and HCI
degradation are related to the electron traps in gate dielectrics. As compared to the
control sample, the SiN capping sample suffer serious hot carrier injection, and The
FSG buffer layer sample leading to the formation of stronger Hf-F and Si-F bonds
compared to Hf-H and Si-H bonds reduced charge trap generation rate. These stronger
bonds result in less interface states generation and charge trapping under CVS and

HCS, which promotes better hot-carrier and CVS immunity against stress.
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Standard LOCOS Isolation

RCA clean and HF-last dip

SiON ~ target 1nm : RTA 800 C in N20 ambient
MOCVD of 3nm HfO2 (500 C)

PDA 600C 30sec in N2 ambient

Undoped poly-Si deposition 200nm and pattering
Spacer formation, S/D extension, S/D implant
Dopant activation : 950 C , 30sec

Passivation dielectric deposition by PECVD

Wafer Split —SiN capping and FSG buffer layer,

TEQOS for reference
Followed by NMOS BEOL process on bulk silicon,

including metallization Ti-TiN-AISiCu and sintering 30 min
at 400 C

Fig. 3- 1 The process flow of n-MOSFETSs with different

passivation layer.
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Fig. 3- 2 The PECVD system used in this experiment.
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Sample SiN FSG buffer

Control AR
P.M.D capping layer
Third Si0, 1000A
Second Si0,1000 A | NITRIDE 3000A

The first Si0,4000A | NITRIDE 3000A FSG 200A

~ -
Dsimie

Table. 3- 1 Conditions of samples with different passivation

layers.

SiOy: 300sccm O, 50scem TEOS,  500mTorr, 40W, 300°C

NITRIDE: 20sccm SiHg4, 20sccm NHs, 980sccm N», 850mTorr, 20W, 300°C
FSG: 5sccm SiHg4, 90scem N,O, 20scem CFy4, 1Torr, 11W, 300°C

3000A NITRIDE stress degree: 3.366x10° MPa  Tensile stress

200A FSG+3000A NITRIDE stress degree: 3.028x10° MPa  Tensile stress
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Passivation Passivation
layer layer

Fig. 3- 3 Cross section of HfO2/SiON n-MOSFET with different
passivation layer.

O : F species

SiNx

& rsc &

poly-gate

Fig. 3- 4 In FSG buffer P.L. devices, a large amount of F atoms
incorporating to passivating the bulk and interface trap charges

of HfFO2/SiON gate stack n-MOSFET.

-35-



888 oo —

Thermal Controller ooo I]I] ——
PC
HP 8110A
Pulse Generator

/ /- O |

1
1
I

- V -

Cascade Guarded Thermal Switch Matrix Parameter Analyzer
Probe Station HP 5250A HP 4156

Fig. 3- 5 The experimental setup for the basic electrical

characteristics and long-term reliability test measurements.
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Fig. 3- 6 Basic measurement method for (a) CVS (constant

voltage stress), and (b) HCI (hot carrier injection stress).
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Fig. 3- 8 SIMS profiles shows that Fluorine diffuse into gate and channel
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Fig. 3- 9 XPS shows that after sintering, fluorine enhance Hf-O binding
energy under Hf,: track
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Fig. 3- 10 XPS shows that fluorine diffuse into gate and channel, and
some carbonized organic campounds.
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Fig. 3- 11 Gate leakage current as a function of gate voltages of
HfO2/SiON gate stack with different passivation both under inversion
and accumulation regions
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Fig. 3- 12 Drain current and transconductance as a function of gate
voltages of HfO2/SiON gate stack with different passivation
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Fig. 3- 13 The maximum transconductance versus channel length for all
splits of HfFO2/SiON gate stack n-MOSFETSs.
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caZipl\iIng 0.869 (+;.68%%:) (+21;.539%) (+z.165%) (:j.%‘;,) J
bl;i:ir 0.863 (+232?s1)%) (+21:5%) (+22:§%) (+11%)(.)§;) Y

Table. 3- 2 Electrical performance of samples with different passivation
layers.
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Fig. 3- 15 Enhanced percentage of electrical performance of samples with
different passivation layers
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Fig. 3- 17 Drain current degradation degree with different samples under
CVS stress
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Fig. 3- 21 Substrate current versus gate voltage for both samples of
HfO2/SiON gate stack n-MOSFETSs.
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Chapter 4

Conclusions and Suggested Future Works

4.1 Conclusions

Local strained-Si HfO,/SiON nMOSFETSs with appropriate fluorine distributed
close to the surface were investigated. We propose an alternative approach for
forming an excellent new generation devices is demonstrated.

In this thesis, the effect of fluorine on the local strained-Si HfO, gate stack were
investigated. Several important: phenomena were. observed and summarized as
follows:

First we have investigated its basic electrical properties. The novel strained-Si
high-k device with FSG passivation layer to enhance the electrical characteristics due
to fluorine passivation effect. This is attributed to the reduction of the interface state
and bulk trap density in HfO,/SiON gate stack. Then we investigate the reliability
such as the CVS and HCI mechanisms of polysilicon gate and HfO2 gate dielectric
with nitride passivation and FSG passivation. It is believed that CVS degradation are
mainly related to the electron traps in high-k dielectric bulk, and HCI degradation are
mainly related to the electron traps in interfacial state, resulting in threshold voltage

shift (AVw) , the AVt is more seriously under HCI stress with nitride passivation
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because of bandgap narrowing effect induced by the channel strain. The fluorine
diffused from added fluorinated silicate oxide under nitride passivation promotes the
CVS and HCS immunity due to the formation of the rather stronger Si-F bonds in not
only the HfO, bulk but also the interface including channel and near S/D side. In
research report reveal that fluorine incorporation from the CF, gas is effective in
suppressing bulk defect, thus reducing threshold voltage instability. Stress induced Vi
shift and its relaxation characteristics under the de-trapping (negative) gate bias under
HCI stress has beed studied. The reversible electrons do not generate structural
damage in the dielectrics, and can: be de-trapped. However, the residual electrons
trapping indicate permanent damage. And we can observe that , for the locally strain
passivation layer, hot carrier induced ‘permanent-damage is significant severer than

reversible cold carrier trapping.

4.2 Suggestion for Future Works

There are many issues and measurement skills that we can’t discuss completely.
We list some goals for future work as follows.
1. Fast transient pulsed 1d-VVg measurement is also used to evaluate charge-trapping
phenomena precisely.

2. How much flow rate of CF, gas can makes the FSG passivation layer optimixed
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that will not deteriorate the device and result in the degraded performance and

reliability.
HRTEM is essential to verify real thickness and estimate value of the dielectric

constant for HfO2/SiON gate stack.
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