Chapter 1

Introduction

1.1 Background: CMOS Scaling Theory and Limitation

In the last four decades, silicon has been widely used as the fundamental
material for manufacturing a large number of semiconductor devices. The abundance,
thermal stability and its perfect formation of an insulating silicon dioxide makes
silicon the suitable choice for developing complementary metal oxide semiconductor

(CMOS) integrated circuits for various kinds of electronic applications.

Moreover, the success of -CMOS technology is largely due to the fact that the
metal-oxide semiconductor field-effect transistors (MOSFETSs) can be scaled to
smaller and smaller dimensions; and associated with the device scaling comes the
improved device performance. Although the architecture and working principle of the
MOSFET have basically remained the same, the physical dimensions have been
continually reduced to double the number of transistors on a chip every two years
following Moore’s Law [1]. The exponential decrease in transistor dimensions with
enhanced device performance has resulted in powerful circuit functionality and high

speed performance over technology generations [2].

CMOS technologies have experienced aggressive reduction of the feature size
down to the sub 100 nm regime in order to deliver increased performance in terms of
higher integration densities, increased speed and lower power consumption. However,
further down sizing of the feature size to the nanometer regime becomes more

challenging with each successive CMOS technology node as physical limits of
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existing manufacturing processes and materials are reached. Consequently, the real
device benefit of scaling is declining as these physical limits are approached, and
semiconductor industry requires novel solutions to meet the ever challenging device
performance target. For example, the incorporation of new materials, from Cu, low-k
backend interconnect level [3.,4], to front-end high-k dielectrics, metal gate [5-6], new
lithography technology [7] and even the new substrate materials [8-10] are emerging

as important ways to continue to improve circuit performance.

1.2 Motivation

The conventional device dimension scaling cannot continue forever [3] as the
continuing shrinkage of the transistor dimensions involves a lot of issues, such as
reduced short channel effects (SCE) controllability [11], and the increased leakage
current. For instance, the thickness of the oxide-based gate insulator has to be reduced
with the reducing gate length, ‘and thus results into increased gate tunneling leakage
currents [12, 13]. Such oxide thinning effect is crucial since the mobility in scaled
devices 1is significantly degraded due to the presence of high vertical fields. At the
same time, an increased pocket dose has to be applied for better SCE control to
prevent device punch or threshold voltage roll-off with the reduced gate length. The
increased impurities neighboring around the channel actually increase the carrier
scattering, and thus degrade carrier mobility and drain current of a MOSFET. Due to
these increasing dominance of non ideal effects accompanied with each successive
device scaling, the device gain brought by the scaling is actually reduced. Thus, the
continuous size reduction of the critical dimensions of the transistors necessitates the
adaptation of the new developed process techniques to meet the ever challenging

device performance target [14, 15].



Without major change to the current process, strain induced band-structure
modification turns out to be the easiest way to increase the carrier mobility and has
been the dominant technology since 90nm technology node [15-17]. Proper strain
improves carrier mobility and MOSFET drive currents by deforming the crystal
structure of silicon. In other words, the modification of the lattice structure by
creating tensile or compressive stress in the vicinity of the channel region can
produce a corresponding strain to boost electrons and holes mobility. Therefore, the
transistors employing the strained silicon technique have larger carrier mobility than
transistors made of standard bulk silicon, and the scaled CMOS transistors are

allowed to have higher current driving abilities with decent device performance.

Among recent newly developed uniaxial strain techniques [15-18], the so-called
stress memorization technique (SMT) approach involves complex process steps
including strained cap layer deposition, and amorphorized silicon plastic deformation
annealing to generate the required strain for electron mobility enhancement [19].
Since SMT effect happens directly on the transistor main structure and is a complex
processes including cap layer deposition, activation annealing, silicon
recrystallization, and subsequent cap layer removal. Therefore, it is the theme of this
thesis to explore and understand the SMT strain in depth to maximize its benefit for

nFET device enhancement.

1.3 Thesis Organization and Overview

There are seven chapters in this dissertation, and is organized as follow:
In Chapter 1, the overview of our study and motivations of this thesis are

described.

Chapter 2 gives an introduction of strain silicon theory upon the change of



electronic and hole band structures. Furthermore, a brief summary of the evolution of
strained silicon technology is outlined. Modern strain silicon fabrication methods
such as substrate-induced strain and process-induced strain are also described.

After reviewing the basic concepts of the strain silicon theory, the process and
literature overview of SMT are discussed in Chapter 3. The SMT effect and its
influence on nFET and pFET device performance are summarized, with an emphasis
on the SMT strain formation mechanisms for electron carrier mobility enhancement.

In Chapter 4, we’ve realized the fabrication of SMT strained nFET in the
National Nano Device Laboratories (NDL) using conventional nitride as the SMT
strain cap layer. The introduction of the SMT process for the as-fabricated nFET
device can improve its transcondutance ;and short-channel effects (SCE). N-type
dopant diffusion retarded by the SMT-strain is explained by the point defect
engineering.

In Chapter 5, we’ve demonstrated the SMT fabrication process and analyzed the
nFET electrical characteristics with different SMT cap nitride processes. Both PE-SiN
and LP-SiN were investigated. Basic physical and chemical properties of nitride films,
such as thickness, shrinkage, bonding composition change, and stress change upon
S/D activation annealing are also characterized. The nFET electrical performance and
interfacial quality degradation have been well correlated to the effect of the wafer
bowing exerted by the SMT cap nitride. This suggests that wafer bowing induced by
strain silicon process should be carefully controlled in order to minimize gate edge

damage for high-yield production.

In Chapter 6, the channel backscattering characteristics for strained and
non-strained nFETs using the temperature-dependent extraction method are examined

for highly scaled nFET. We demonstrate that nFET channel backscattering can be



effectively reduced by the wuniaxial strain. Furthermore, the strain-reduced
conductivity effective mass also increases the thermal injection velocity and ballistic
efficiency. Such phenomenon becomes more appreciable as the gate length is reduced.
It is thus expected that the performance enhancement induced by the uniaxial strain

will be maintained even in the ballistic transport regime with very short gate length.

Finally, conclusions of this dissertation and recommendation for further research

are presented in Chapter 7.



Chapter 2
Strain Silicon Technology

2.1 Introduction of Strain Silicon Technology

Historically, the number of transistors on an integrated circuit has doubled
approximately every two years according to the well-known Moore’s law [1]. To
sustain this trend, the device physical dimensions (width, length, junction depth...)
are approximately 70% scaled in the subsequent technology node to achieve a half
reduction of transistor active area, ultimately resulting in today’s CMOS devices with
nano meter (nm) dimension. However, the increased channel impurity concentration
and the vertical field required:to control short channel effect have also been increased
to the point where they substantially degrade carrier mobility. Maintaining short
channel control without sacrificing drive current performance is one of the most

important tasks in further scaling of today’s nano-scale transistors.

Strained silicon channels are one of the most important technologies for further
silicon CMOS developments. The mobility enhancement obtained by applying
appropriate strain provides higher carrier velocity in MOS channels, resulting in
higher current drive under a fixed supply voltage and gate oxide thickness [16, 18].
The strained silicon technology was first developed using a virtual substrate [20] to
create a strain layer in the CMOS channel region aiming at strain-induced carrier
mobility enhancement. Several state-of-the-art and low cost strained silicon
technologies have been developed and integrated in advanced CMOS fabrication

processes. The physical mechanism of carrier mobility enhancement with strain



silicon techniques, and the methods of strain generation in advanced VLSI devices are

presented next.

2.1.1 Electron Conductivity Enhancement by Biaxial Tensile

Strain

Under low field operation, the current in doped n-type semiconductor is directly
proportional to the electric field as guided by the Ohm's law. For n-type silicon with
electric field applied, the current flows in parallel to the electric field direction as

indicated by Eq 2-1 [21]:

J,=q-n-u, Lk Eq. 2-1

where J,is electron current density, n is the-number of electrons per volume in
silicon, q is the elementary charge of a single electron, E is the electric field, and p, is

the mobility of electrons given by [21]

My =" Eq. 2-2

where 7 is the average relaxation time and m’ is the electron transport effective

mass.

The effect of strain on the band structure of silicon and on the carrier mobility
has been extensively studied [22, 23]. The conduction band of unstrained bulk silicon
has six equivalent valleys in E-K space as shown in Fig. 2-1. If there is no strain on
silicon, the six equivalent valence bands are equally populated by electrons, so the

conductance in either X, y and z directions is the same due to their symmetries.

When applying biaxial tensile strain for silicon in the x-y plane, the conduction
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band 6-fold valley degeneracy will split into A,, and A4 with the energy of minima of
the 4-fold valleys rises with respect to the energy of the 2-fold valleys as shown in
Fig. 2-2. As a consequence, the electrons prefer to populate the lower valleys, which
are energetically favored. This results to increased electron mobility via reduced
averaged electron conductivity mass. Furthermore, electron scattering can also be
reduced due to the conduction valleys splitting into two sets of energy levels with the
lowered rate of intervalley phonon scattering. Hence, the suppression of intervalley
scattering by energy band splitting using strain also contributes to relaxation time

increase and the mobility enhancement as predicted in Eq 2-2.

2.1.2 Hole Conductivity Enhancement by Biaxial Tensile

Strain

The strain technique for hole mobility applies the similar principle as that of
electron as discussed above. The principle is to split sub-bands in energy and then let
carriers to populate in low energy sub-bands. For holes, the valence band structure of
silicon is more complex than the conduction band due to three complex band
structures as well as valence band warping under strain [23]. For unstrained silicon at
room temperature, holes occupy the top two bands; the heavy and light hole bands

[24].

Fig 2-3 shows the change of valence bands by using biaxial tensile strain.
Besides valance sub-bands splitting, the shape of the sub-bands also changed under
strain [16, 25, 26]. At the same time, the hole effective mass becomes highly
anisotropic due to band warping, and the energy levels become mixtures of the pure
heavy, light, and split-off bands. Thus, the light and heavy hole bands lose their

meanings, and holes increasingly occupy the top band at higher strain due to the
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energy splitting.

The hole mobility improvement is mainly due to the reduced inter-band and
intra-band scatterings by lifting of the degeneracy between light-hole and heavy-hole
bands and lowering of the spin-off band, not due to the reduction of the effective

transportation mass as the electron behavior under strained silicon.

2.1.3 Piezoresistance Coefficient for Strain Silicon

The piezoresistive effect describes the change of electrical resistance of a
material due to applied mechanical stress because the electron transportation could be
changed due to the deformation of crystal. For the semiconductor materials like single
crystal silicon and germanium, this effect i1s even more pronounced since the applied
strain changes not only the carrier transportation but also the carrier population due to
the band structure deformation [27, 28]. The relationship between stress and electrical

resistance is called as piezoresistance, which can be expressed as [18]

_1 Ap
_;7 Eq. 2-3

T

where 7 is the piezoresistance, cis the force, and Ap/p represents the change in

resistance.

The piezoresistance effect comes from the change of the band structure. Once
the mechanical force is applied, the lattice is distorted, and the lattice symmetry is
reduced. This change in real lattice also reflects the change in the reciprocal lattice,
and thus the E-K relationship can be varied. Consequently, the shapes of the valleys

can thus be changed, and give rise to the change of the effective mass of the carriers



therein accompanied with a redistribution of the carriers between valleys.

The corresponding piezoresistance coefficients for silicon and germanium are
first measured by Charles Smith [27]. The CMOS device silicon piezoresistance
coefficient for (100) and (110) silicon substrate, and the orientations most commonly
used are listed in Table 2.1 and Table 2.2. [15-17]. Furthermore, mobility is in
proportion to the stress applied at different directions as shown in equation 2-4
[15-17].

Au

Lo, 0,+n, 0,+1,-0,] e

where the directions L, W and Z depend on the orientation of the device.

It should be noted that a positive piezoresistance coefficient means the resistance
increases with tensile (or positive) stress according to Eq. 2-3, so a compressive stress
should be applied in order to improve the carrier mobility. Thus, it is apparent that
nFET mobility improves with tensile stress while the pFET mobility improves with
compressive stresses. Based on this rule, these relations are further simplified into
Table 2.3 indicating either the tensile or compressive strain should be given for

mobility improvement.

2.2 Engineering Methods to Introduce Strain in MOSFET

Channels.

There are mainly two different methods to introduce strain in the channel region,
and can be categorized into two groups: substrate induced strain (namely biaxial

strain) and process induced strain (namely uniaxial strain) [18, 20, 21].
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Biaxial strain is also referred to as global strain and is introduced by epitaxial
growth of Si and SiGe layers (substrate engineering). Such strain can be induced by
taking advantage of the lattice mismatch between Si and SiGe as shown in Fig. 2-4
[22-26]. Although biaxial tensile strained silicon has received considerable attention
in the last decade as a technique for mobility enhancement, it has been proven to be
difficult to implement because of misfit and threading dislocations, Ge up-diffusion,

fast diffusion of S/D extensions, and high cost [22-26].

In contrast, uniaxial strain can be more easily implemented by simple structure
or process modifications, thus avoiding the complex wafer fabrication, high cost, and
defects of biaxial strain. Furthermore, different uniaxial strain techniques are
compatible and can be combined _together to /deliver larger drive currents [15-17,
25-26]. Consequently, uniaxially (or-locally) strained devices have emerged as the

main stream for carrier mobility enhancement:

2.2.1 Global Strain (Substrate-Induced Strain)

The global strain is generally biaxial, and is induced by the epitaxial growth of
Si1-x)Gex and silicon multiple layer structure as shown in Fig. 2-4. In order to reduce
the defect density in the strained silicon, a relaxed Si(;.x)Gex buffer is required grown
on a graded Si(;.x)Gex layer. The relaxed layer is usually a graded Si;.xGex layer with
increasing “x” value (Ge fraction) from substrate to the channel layer. Because the Ge
concentration x increases continuously by about 10 % per um, the thickness of the

graded buffer is several micrometers [20, 24].

Since the lattice parameter of Si(;.x)Gex (0 < x < 1) alloys varies between 0.5431
nm (for pure silicon when x = 0) and 0.5657 nm (for pure germanium when x = 1),

tensile biaxial strain is induced in a silicon layer epitaxially grown on top of the the
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relaxed SiGe layer. For nFET, such biaxial tension splits the conduction band and can
boost electron mobility as predicted by Table 2.1 since tensile strain is preferred in

both L and W direction.

However, for hole mobility operated under high vertical electric fields, biaxial
strain actually reduces mobility [15, 17, 26]. There are several reasons for this. First,
the decrease of the valence band separation due to surface potential confinement is
diminished. Moreover, the valence band split is not as high as the conduction band, so
a higher Ge fraction is needed to give decent improvement. Besides, the split also
saturates at high Ge fraction. Another aspect to view this effect is from Table 2.3, for
hole mobility enhancement, a compressive strain is preferred in the L direction while
a tensile strain is preferred in the W direction. Therefore, by simply applying a biaxial

strain one cannot satisfy both strain preferences.

From manufacturing point of view, growing such a multiple of SiGe and silicon
layer structure is rather complicated ‘and costly. Second, improper epitaxial process
would generate dislocation loops within these high Ge fraction multi-layers, forming
a substrate leakage path. To resolve all these problems, uniaxial strain processes for

current semiconductor devices are presented next.

2.2.2 Local Strain (Process-Induced Strain Silicon)

Unlike the global strain created over the whole wafer, the uniaxial or the
so-called “local strain” is realized locally especially in the transistor channel by using
novel process technologies, and thus it is well known as process-induced strain (PIS).
However, electron and hole mobilities respond differently to mechanical stresses as
shown in Table 2.3, therefore, different strained channel approaches have to be

employed to improve both the electron mobility in nFET and the hole mobility in

12



pFET. The commonly used methods are using SiGe as the S/D for pFET [16, 18, 29]
and SiC as the S/D for the nFET [30, 31]. The strained contact etch stop layer
technique by means of different nitride film is also used to create stress [32, 33].
Other currently techniques include the Stress Memorization Technique (SMT) [19],
and Shallow Trench Isolation Strain [34]. Some further discussions on these

process-induced strain techniques widely used nowadays are presented in the section

2.3 below.

2.3 Uniaxial Strain Silicon Techniques for MOSFET

Enhancement

Uniaxial strain has already been employed in.90-nm CMOS [15-17] by using
typical process schemes including CESL nitride films covering on the nFET and
pFET, SiGe regrown at pFET source/drain regions and stress memorization...etc as
shown in Fig. 2-5. In all of these cases, the mobilities of carriers are increased by the
introduction of tensile strain or compressive strain to enhance electron or hole

mobility, respectively.

2.3.1 Embedded SiGe / SiC Source/Drain

Since Ge has larger lattice spacing than Si, incorporation of Ge into the Si lattice
causes compressive stress on the nearby atoms. So by using SiGe as the source/drain
on both sides of the channel, uni-axial compressive strain can be successfully applied
to the channel direction to boost pFET mobility. It's similar to the argument for
incorporating SiC as the S/D for nFET [30, 31]. There carbon atoms are smaller than
than silicon atoms, so they shrink the lattice structure when they fit into a silicon

lattice site. This causes tensile stress on the nFET channel direction [30].
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Epitaxially-grown strained SiGe in the S/D regions and extension location is the
widely used process technique to induce compressive strain in the channel to produce
significant pFET hole mobility improvement [29]. The compressive stress is mainly

dependent on the epitaxial SiGe thickness and Ge concentration.

Nevertheless, the boron doped SiGe regrown source/drain regions may
contribute to pFET variability in short-channel effect control, due to source/drain
regions recess profile local variations such as etch depth and proximity to channel.

as a trade-off for the mobility improvement.

The integration of the different compressive stressors into advanced CMOS
technologies results in increasing device performance. In this respect, pFET devices
with a 45 nm gate length fabricated with recessed source/drains made of silicon
germanium (20% germanium)-and compressive nitride contact etch stop stressor films
can demonstrate huge 200% improvement in hole mobility compared with equivalent

transistors with no strain applied [35].

2.3.2 Contact-Etch-Stop-Layer (CESL) Stressor

A highly tensile nitride cap layer used as a contact etch stop layer (CESL) has
been widely utilized in advanced MOSFET fabrication technologies owing to the
resulting uniaxially tensile mechanical stress created in the nFET channel region [32,
33]. CESL are typically stressed nitride layers deposited after salicidation on top of
the transistor’s structure. The strain induced in the channel region depends on the
intrinsic stress of the layer, thickness of the layer, and device dimensions. Tensile
CESL is deposited over nFET and compressive CESL is deposited for pFET to

generate the desired uni-axial strain in the channel according to Table 2.3.
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To meet integration requirements for nFET and pFET simultaneously, the
so-called dual CESL technique [33] can be applied. In this approach, a highly tensile
nitride layer over the entire wafer is firstly deposited, then it is patterned and etched
from pFET regions as pFET prefers the compressive strain. Afterwards, a highly
compressive nitride layer is deposited. Finally, this compressive layer is patterned and
etched from nFET regions. As a result, one single nitride layer with the desired stress

property can be formed for both nFET and pFET to boost carrier mobility.

2.3.3 Stress Memorization Techniques (SMT)

In addition to CESL, the channel region may be locally strained through a stress
memorization technique resulting in' performance improvements for nFET devices
[19]. In this approach, the source/drain (S/D) substrate area and polysilicon gate
structure are firstly amorphized by S/D and extension implantation. Conventional
dopant activation annealing is performed after-the deposition of a tensile SMT nitride
stressor capping layer. The stress effect is transferred from the SMT nitride cap layer
to the channel during the annealing process, then the re-crystallized, reformed S/D
and poly-gate layers "memorize" and "retain" the SMT stress. This stress is retained
even after the removal of the silicon nitride capping layer for nFET device
improvement. The compatibility of uniaxial tensile strain techniques has also been
validated by combining tensile CESL nitride and SMT to enhance strained nFET

performance relative to unstrained devices [36].

However, SMT process increases nFET drive current and typically degrades the
pFET transistor because of increase channel resistance accompanied with p type
dopant depletion [37, 38]. The dopant loss happens when the huge amount of

hydrogen evolved from SMT stack films. Because these hydrogen atoms can not
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escape outward when the SMT nitride cap is presented, they react with boron dopant

at the S/D regions upon activation annealing [39].

2.4 Summary

Device performance has been mainly improved by geometrical scaling, such as
scaling down of gate oxide thickness and gate length. However, gate length scaling is
limited by both lithography technology and the accompanied short channel effect
degradation. Gate oxide thickness scaling is also limited by the severe gate leakage
current through the gate dielectric with thickness of less than 3nm. To overcome the
current scaling limitation, strained silicon technologies have been widely studied as
promising solutions for current and future device scaling. The mobilities of both
electrons and holes can be improved by applying different kinds of stress to induce
appropriate strain in the channel to changes their conduction and valence band
structures. To conclude, mobility improvement in strained silicon takes place mainly

due to
a) The reduction of the carrier conductivity effective mass, and
b) The reduction in the intervalley phonon scattering rates.

Besides, piezoresistance coefficient model correlates the channel stress
components with mobility changes and suggests the appropriate stress polarity to
boost carrier mobility. The engineering methods hence all follow the similar idea:
applying the "proper strain" on the designated direction by modifying the device

structure.

Process-induced strain refers to the strain in silicon lattice generated by many of

the novel processing steps. Many recent publications on current CMOS technologies
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present engineering the process-induced strain to improve transistor performance as
discussed in section 2.3, and these strain enrineering processes turn out to be the most
popular techniques in the current device design technology. However, as the device
keeps getting smaller, the increase in mobility may not be in proportion to the
increase in current. This is because other effects like velocity saturation or ballistic
transport become dominant as the device are highly scaled into nano meter regime as

will be discussed in Chapter 6.
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Channel <100> <110>
Direction L W y4 L W y4
Coefficient| 14, T2 | T2 | (M1t Ti2#T44)/2 | (T114T0127T044)/2 T12
n-Sub -102.2 | 53.4 | 53.4 -31.2 -17.6 53.4
p-Sub 6.6 -1.1 | -1.1 71.8 -66.3 -1.1

Table 2.1: Piezoresistance coefficients on (100) Silicon substrate.

Channel <100> <110>
Direction L w Z L W Y4
Coefficient| 741 T2 | T2 | (F11#T0124#7044)2 T2 (T0114+T0127T044)/2
n-Sub -102.2 | 53.4 | 53.4 -31.2 53.4 -17.6
p-Sub 6.6 11| 1.1 71.8 -1.1 -66.3

Table 2.2: Piezoresistance coefficients on (110) Silicon substrate.

Here L refers to -the channel direction, W 1is the direction

perpendicular to the channel on the surface and Z is the direction

perpendicular to both L and Z.

Substrate |(100) (110)
Channel  |[110] [100] [110] [100]
L |[Tensile Tensile Tensile Tensile
NMOS |W |Compressive Compressive Compressive Compressive
Z |Compressive Compressive Tensile Compressive
L |Compressive Compressive Compressive Compressive
PMOS |W |Tensile No significant effect. |No significant effect. | No significant effect.
Z |No significant effect.  |No significant effect.  [No significant effect. |No significant effect.

Table 2.3: Preferred stress type for mobility enhancement. Tensile means

tensile stress is preferred; compressive means compressive is stress

preferred.
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Fig. 2-1: Constant energy surface for un-strained silicon conduction
band. The six equivalent valence bands are equally populated by
electrons, so the conductance in either x, y and z directions is the same

due to their symmetries.
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Fig. 2-2: Constant energy surface for strained silicon conduction band.
Biaxial tensile strain in the x-y plane induced silicon conduction band
splitting for electrons under z-direction confinement, the conduction band
6-fold valley degeneracy will split into A,, and A, with the energy of
minima of the 4-fold valleys rises with respect to the energy of the 2-fold

valleys.
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Fig. 2-3: Simplified hole carrier valence band diagrams. The change of
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Besides valance sub-bands splitting, the shape of the sub-bands also
changed under strain [16, 25, 26]. Furthermore, the hole mobility

improvement is contributed by the reduced inter-band and intra-band
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Fig. 2-4: Biaxial tensile strain generation by St epitaxy growth on SiGe.
This technology generates biaxial tensile strain in a silicon epitaxy layer
on relaxed SiGe. Because the silicon epitaxy has to match the lattice
structure of the SiGe substrate, it is forced to have the same lattice
constant as the SiGe substrate. Since the lattice constant of Si is less than
SiGe, so the Si epitaxy layer will be forced to "expend" on the surface
plane of SiGe substrate and will introduce a biaxial tensile strain for the

Si layer.
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Fig. 2-5: Schematic representation of process induced strain in CMOS.
Tensile strain in NMOS is obtained by tensile CESL SiN and stress
memorization technique (SMT). Compressive strain in PMOS is induced

by compressive CESL SiN and embedded SiGe:
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Chapter 3

Review and Mechanism Proposed on Stress

Memorization Technique (SMT)

3.1 SMT Literature Review and Discussion

Complementary metal oxide semiconductor (CMOS) transistors are composed of
nFET transistors and pFET transistors and it is desirable that both types of transistors
have high current driving abilities. Newly developed strain silicon technologies
improve MOSFETs drive currents by fundamentally altering the band structure of the
channel and can therefore enhance pérformance even at aggressively scaled channel
lengths as previously reported in Chapter-2. For nFET devices, the electron mobility
is enhanced in strained-Si compared to bulk-Si due to tensile strain splitting the
six-fold degenerate conduction_band valleys and causing the lower energy two-fold
band with reduced in-plane effective mass to be preferentially filled [40, 41]. A
four-fold band with increased energy is also created, which consequently contributes
to the higher electron mobility through a reduction in intervalley scattering. Tensile
strained-Si channels are, thus, useful for electron mobility enhancement for nFET
devices. As discussed in the next sections, one can realize this tensile strained channel

by using stress memorization technique (SMT).

3.1.1 SMT Enhances nFET Device Performance

The stress memorization technique (SMT) concept was firstly proposed by Ota
et al., using a tensile oxide cap layer deposited on the gate electrode after ion

implantation was performed to form extension region and source/drain (S/D) regions
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as shown in Fig. 3-1 [42]. Another novel approach by utilizing a tensile strained
silicon nitride cap layer was also firstly proposed by Chen et al. [19], opens up further
the opportunities for cost-effective and process-friendly methods to achieve higher
level of strain in advanced CMOS fabrication technology. Chen’s SMT technique
improves the nFET performance by depositing a tensile nitride stressor on top of poly
gate electrode after S/D implantation. This cap strained layer is present during the
subsequent S/D dopant activation annealing to re-crystallize the gate and the S/D
regions of the nFET into a strained state under nitride’s mechanical strain, and
causing stress from the cap nitride film to be memorized in a channel region.
Accordingly, in an nFET, mobility of electrons increases so that the current driving
ability is enhanced. Upon subsequent nitride stripped off, a significant portion of this
strain is retained ("memorized') and results into higher nFET drive current by means
of the process flow shown in Fig.:3-2. The nFET device improvement can be boosted
up to 10-15% by Chen’s -SMT technique [19] - post optimized amorphized
implantation. Generally, a bi-layer SMT film stack in which an thin oxide underlying
film to protect silicon active region upon subsequent wet chemical etch and a thicker
nitride stressor cap are deposited together to meet process integration requirements

[37].

3.1.2 SMT Induced pFET Loss

However, the use of an SMT causes the current driving ability to deteriorate for
pFET [37]. The reason for pFET performance deterioration is the p-type dopant boron
de-activation caused by pFET covered with an SMT nitride upon S/D annealing [37,
39]. It has been proved that the device performance penalty for pFET transistors is
largely related to boron dose loss around extension, and S/D junction [38, 39]. Such

boron depletion can increase channel conducting resistance and thus pFET device
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performance can be weakened. This is because when the transistor is covered with a
rigid, high density silicon nitride film serving as a cap film, hydrogen originated from
SMT oxide serving as an underlying film can not diffuse outward during S/D
annealing as illustrated in Fig. 3-3 [38, 39, 43, 44]. Hence, the excess hydrogen atoms
thus diffuse downward to the S/D region underneath and results in a decrease in

activation rate of boron contained in the pFET S/D and gate regions.

One way of avoiding this pFET degradation is by removing the nitride layer on
top of pFET transistors before anneal as shown in Fig. 3-2. The “selective SMT”
processes with extra litho and etch step process to remove the nitride film on the
pFET transistor before activation annealing is effective to minimize pFET loss (only

the nFET transistor is covered with the SMT film) [19, 37].

Another way to avoid or-to lessen pFET degradation by SMT is to adopt an
optimized SiN layer to minimize boron de-activation [37]. Ortolland et al. had
proposed their novel SMT nitride eap which can lessen pFET loss and can still keep
nFET device improved. They demonstrated that the understanding of coupling
between nitride properties, dopant activation and poly-silicon gate mechanical stress
allows enhancing nFET performance by 7% without significant pFET degradation.
This approach enables a more economical implementation of the SMT process as no

extra selective nitride removal steps are required [37].

Moreover, in situ N, plasma nitridation treatment before the SMT layer
deposition has also been reported to recover pFET performance by reducing the

boron-doping loss from the gate and the source/drain region [45].
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3.2 Mechanism of SMT Stress Generation

The enhanced nFET transistors by SMT process is based on the basis of stress
memorization. Owing to this memorized stain in the channel, the SMT process boosts
electron mobility as discussed previously. The linear transconductance, Gy, jin, using
SMT process is compared with that of non-SMT process with an around 10%
superior Gy, jin enhancement has been reported [36]. These results suggest that the
SMT process induces a permanent stress in the channel region to enhance nFET
carrier mobility and results in the improvement of device performance, which is in
agreement with Chen ef al. [19]. In addition, the strain can be retained and is
attributed to the stress "memorization" effect €éven with the removal of the nitride
stressor film. In other words, SMT strain results.from. the residual stress memorized
in the channel after nitride removal, rather than the initial mechanical stress created

after nitride deposition as in the conventional CESL technique [32, 33].

Stress memorization techniques ™ works effectively for electron mobility
enhancement in essence by improving the conditions during the re-growth of heavily
implantation damaged gate, drain and source areas. Hence many studies with SMT
process [19, 36, 37, 46, 47] suggest that the process involves the following
fundamental elements: S/D n-type dopant implantation, amophorized silicon
implanted region, capping nitride deposition, S/D thermal annealing, and amorphous
silicon transformation into re-crystallized silicon with plastic silicon deformation.
While a detailed understanding of the fundamental mechanism of the SMT process
remains the subject of active discussion, recent studies have proposed some models to

deliver further insights into the mechanism behind.
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3.2.1 Stress Memorized in Poly Gate Model

Adam et al. [47] have proposed a phenomenological model to understand the
stress memorization effect. A plastic deformation model is used to simulate such
irreversible shape change on the polysilicon gate. Their simulation results show that
the polysilicon gate undergoes a structure deformation via a transition from the elastic
to the plastic states during the S/D anneal. Consequently, this plastic deformation
generates a tensile strain in the channel lateral direction and a compressive strain in
the channel vertical direction and can boost electron mobility according to the silicon
piezoresistance model [16, 17].

Moreover, the capping nitride film also affects the poly-Si stack deformation by
the SMT process as depicted in_Ref. 15, by suppressing outward expansion of the
poly-Si gate. This scenario, schematically drawn in Fig. 3-4, is also supported by
Miyashita et al. [46] in which the correlation between nitride film porosity and the
resulting channel stress are analyzed. In Miyashita’s work, the gate polysilicon is
amorphized by S/D dopant implantation, then capped with the SMT nitride layer.
During the S/D annealing, the amorphized silicon expands as it re-crystallizes; but
since it is constrained by the capping nitride and sidewall spacers, compressive
vertical stress is thus generated and applied to the channel underneath.

Miyashita et al. has investigated the stress memorization technique (SMT) using
poly-gates through both physical analysis and electrical characterization [46]. The
gate polysilicon is amorphized by implantation, then capped with nitride. During the
source/drain anneal the amorphized silicon expands as it re-crystallizes, but since it is
constrained by the cap and sidewall spacers, compressive vertical stress is thus
applied to the channel underneath [46]. According to the piezoresistance model, the

nFET electron mobility can be enhanced by tensile stress in the length direction, and
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by the compressive stress in the gate vertical direction [16, 17].

It has been clarified that channel compressive strain in the vertical direction
originates from poly-gate volume expansion, which is associated with both grain
growth and highly concentrated impurities implanted into gates. In addition, the gate
polysilicon’s volume can be further expanded with high atomic mass n-type species
such as arsenic or phosphorus implantation, and different level of silicon
pre-amorphized induced by different implantation species can also give rise to
different level of the memorized strain [46]. In this respect, both arsenic and
phosphorus S/D implants were studied. It has been found that arsenic with the greater
atomic mass increases the poly gate expansion tendency much more that that of the
relatively lighter phosphorus [46]. By optimizing key factors in the SMT process with
arsenic S/D implantation, a more competitive nFET drive current can be obtained as
compared to that with phosphorus S/D implantation. For aggressive scaling beyond
45nm node, suitable arsenic S/D implantation to achieve highly amorphized poly gate

combined with optimized SMT processes is suggested [46].

3.2.2 Stress Memorized in Source-Drain Model

During the dopant activation annealing process for re-crystallizing the lattice, the
growth of the crystal will occur under stress conditions created by the SMT cap
nitride and result in a strained crystal. With the same S/D implantation, the
substantially amorphized S/D region adjacent to the gate electrode also experienced
similar re-crystallization in the presence of a rigid nitride layer deposited above the
transistor structure as shown in Fig. 3-5.

After the S/D re-crystallization upon annealing, the SMT nitrider may

completely removed, and a certain amount of strain may be “conserved” in the
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re-grown lattice portion of S/D regions as illustrated in Fig. 3-5E. This effect can also
be regarded as stress memorization.

Upon re-crystallization of the substantially amorphized material, the increased
volume of the amorphous material compared to the crystalline material may be
substantially maintained due to the presence of the rigid SMT nitride cap layer that
reduces or prevents the natural volume reduction which would usually occur during
the re-crystallization, thereby causing the amorphous portion to “connect” to the
surrounding silicon material in a strained state due to the rigidity of the overlying
layer. Hence, the strained re-grown crystalline S/D region may also induce a
corresponding tensile strain to the adjacent transistor channel region to boost electron
mobility, even after the rigid SMT nitride layer is removed.

After LDD implantation, plus the thermal annealing of the subsequent offset and
main spacer deposition, SMT phenomena can happen due to solid phase epitaxial
regrowth (SPER) [48]. Because SMT by SPER method only requires an amorphized
silicon region, spacer cap layer deposition, together with the thermal annealing during
spacer deposition process. A new stress memorization technique (SMT) is used to
induce tensile stress into the channel using a low temperature SPER process after
each spacer deposition [49]. The temperature for this stress memorization
phenomenon is usually below 700°C with a limited amount of dopant diffusion. Thus,
this multiple SPER induced stress memorization technique provide an alternative

method to further enhance nFET performance [49] .

3.2.3 Stress Memorized Effect with Respective to Nitride

Integrity and Capping Strength

A higher density or a more rigid SMT capping nitride film plays a major role for
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the SMT strain generation [37, 38]. It has been suggested by Ortolland, ef al. that
harder SMT nitride, with lower porosity and higher capping strength, is more
effective to conduct the memorized stress to the channel [37, 38]. Because the rigid
capping tensile-strained nitride film acts as a boundary layer to suppress poly-Si
volume outward expansion during the recrystallization of amorphous poly-Si upon
RTA annealing [19, 47], a tensile strain along the channel direction is generated in the
device itself. This is also consistent with results reporting that the harder spacer
nitride film as the spacer dielectric may act as a boundary layer to inhibit poly
outward expansion, and thus it is more effective to apply stress to the channel as

suggested by Miyashita’s investigation [46].

3.3 Summary

This chapter introduces the SMT prevails in today’s semiconductor industry. The
conventional stress memorization, approaches for nFET transistors may typically be
implemented in the overall CMOS process by taking advantage of the effect that the
introduction of the n-type dopant for defining the deep S/D regions and intermediate
areas may be associated with a high degree of lattice amorphization. This S/D
implantation results in a substantially amorphous state of a substantial portion of the
S/D regions due to the high dose and energy used. Thus, prior to performing a
respective anneal process for re-crystallizing the implantation-induced damage and
for activating the dopants, a stiff SMT cap nitride can be deposited over the transistor
and act as a stressor during the anneal process, thereby obtaining the desired strain
state of the re-grown deep S/D regions, which may therefore induce the desired

tensile strain in the channel region.
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Fig. 3-2 The SMT process flow sequences with a nitride cap [19]. A
selective SMT process to remove nitride on pFET before activation

annealing is required to reduce pFET loss.
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Fig. 3-3A (Top) Without nitride cap, the outgas hydrogen does not
enhance boron depletion. Fig. 3-3B (Bottom) The hydrogen induced
Boron depletion model for pFET with SMT cap nitride process [39].
Hydrogen is not able to diffuse outwardly via nitride layers and thus

enhance boron deactivation and its depletion [38, 43, 44] .
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Fig. 3-4 Schematic diagram of stress memorized in gate. SMT tensile

Fig. 3-4B

nitride tends to flatten poly after its deposition in Fig3-4A. Upon thermal
annealing, the poly-gate expands along channel direction and width
direction under the tensile SMT cap nitride stress. After thermal
annealing, poly gate deforms and induce tensile strain retained in the

channel region, (both length and width direction) in Fig. 3-4B,
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Fig. 3-5E

Fig. 3-5 Schematic diagram of stress memorized in source and drain
active region.

The implanted silicon active region in Fig 3-5A becomes amorphized as
shown in Fig 3-5B. Silicon recrystallizes-and shrinks back to its original
position (volume) without the presence of a cap layer upon thermal
annealing in Fig 3-5C. However, with the presence of a SMT cap layer
during activation annealing to hold the upper active silicon in Fig. 3-5D,
the silicon shrinks its volume only by pulling the lower portion of silicon
upwardly as drawn in Fig. 3-5E. Thus, a tensile strain builds up in
crystallized silicon and is frozen in the channel to boost electron carrier

mobility due to silicon plastic deformation.
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Chapter 4
New Findings on SMT

4.1 Experimental and Device Fabrication

The devices reported in this chapter were fabricated in the National Nano Device
Laboratories (NDL) on 6” (150 mm) silicon wafers using a conventional MOSFET
process flow that including LOCOS isolation, gate oxide, spacer, source-drain (S/D)
implantation, thermal annealing, and Al metallization processing as listed in Fig. 4-1.
All the nFET devices characterized in this study had 3nm thick gate oxide thermally
grown in a vertical furnace, and a 150nm thick poly-Si layer as the gate electrode.
After self-aligned spacer formation; a 100A plasma enhanced (PE) TEOS oxide was
deposited prior to the S/D implantation to reduce the N* region junction depth. Prior
to the S/D activation annealing, a similar SMT process [19] was employed for SMT
strained nFET, while skipping this SMT nitride-Capping process for the non-strained
nFET control devices. For the SMT strained nFETs, a 800A tensile PE nitride film
was deposited at a relatively low temperature of 300°C over the entire device
structure including poly gate and S/D region. The main reaction gasses utilized for
SMT nitride formation were NH3, N>, and SiH4. To facilitate metallization, the SMT
nitride film was then wet removed using chemical etchants H;PO,4 and diluted 100:1
HF. Next, passivation was performed by 300nm thick TEOS oxide, followed by

patterning and etching of and Al metallization..

After completion of the metallization processes, the wafers were annealed at
400°C in a forming gas ambient and the fabricated device wafers were characterized

electrically. The nominal device dimension evaluated was a gate length of 0.4 um and
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width of 10 um. The device characteristics were measured by a semiconductor
parameter analyzer (HP 4156A, plus Agilent ICS Software). The threshold voltage Vt
was determined by the constant drain current method when drain current set to 107 «

W/L (Amp) [50]. The linear and saturation mode threshold voltages, V; jin and Vi g ,

were extracted at drain voltages of S0mV and 2V, respectively.

The identical S/D implantation condition was chosen for the process on both
blanket and device wafers. The diffusion profiles of arsenic and phosphorus on
blanket wafers were studied by Secondary Ion Mass Spectrometry (SIMS) analysis
and used to quantify device junction depth, and to study the arsenic and phosphorus
diffusion. The dopant diffusion profiles from these SIMS results were in turn
correlated to the extracted nFET V¢ roll-off behavior, so as to investigate the SMT

strained nFETs’ SCE characteristics.

4.2 Results and Discussion

SMT strain engineering has become ‘a standard technique to improve nFET
transistor performance since the 65nm node [19]. Even in the advent of advanced gate
stacks such as nitride gate oxide or high dielectric constant material, it is still
necessary to boost device performance to its limits in order to gain competitive
advantage. In this section, several other dopant diffusion phenomena and

accompanied benefits raised by SMT engineering have been further investigated.

4.2.1 nFET Mobility Enhancement by SMT

The linear transconductance, Gy, jin, using SMT process is compared with that of
non-SMT process. The superior G, jin with around 10% enhancement is shown in Fig.

4-2. These results suggest that the SMT process induces a permanent stress in the
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channel region to enhance nFET carrier mobility and results in the improvement of
device performance, which is in agreement with Chen et al. [19]. In addition, the
strain can be retained and is attributed to the stress "memorization" effect even with
the removal of the nitride stressor film. In other words, SMT strain results from the
residual stress memorized in the channel after nitride removal, rather than the initial
mechanical stress created after nitride deposition as in the conventional CESL
technique [32, 33]. Many studies with SMT process [19, 37, 46, 47] suggest that the
process involves the following fundamental elements: S/D n-type dopant implantation,
amophorized silicon implanted region, capping nitride deposition, S/D thermal
annealing, and amorphous silicon transformation into recrystallized silicon with
plastic silicon deformation. While . the precise physics underlying the
stress-memorization is still unclear, recent studies have given some insights into the
problem. Adam et al. [47] have proposed a phenomenological model to understand
the stress memorization effect.-A plastic deformation model is used to simulate such
irreversible shape change on the polysilicon gate. Their simulation results show that
the polysilicon gate undergoes a structure deformation via a transition from the elastic
to the plastic states during the S/D anneal. Consequently, this plastic deformation
generates a tensile strain in the channel lateral direction and a compressive strain in
the channel vertical direction and can boost electron mobility according to the silicon
piezoresistance model [16, 17].

Moreover, the capping nitride film also affects the poly-Si stack deformation by
the SMT process as depicted in [47], by suppressing outward expansion of the poly-Si
gate. This scenario is also supported by Miyashita et al. [46] in which the correlation
between nitride film porosity and the resulting channel stress are analyzed. In
Miyashita’s work, the gate polysilicon is amorphized by S/D dopant implantation,

then capped with the SMT nitride layer. During the S/D annealing, the amorphized
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silicon expands as it re-crystallizes; but since it is constrained by the capping nitride
and sidewall spacers, compressive vertical stress is thus generated and applied to the
channel underneath. It has also been suggested by Ortolland et al. [37] that harder
nitride, with lower porosity and higher capping strength, is more effective to conduct
the memorized stress to the channel. In addition, the gate polysilicon’s volume can
further expand after implantation with high atomic mass n-type species such as
arsenic or phosphorus. Because the rigid capping tensile-strained nitride film acts as a
boundary layer to suppress poly-Si volume outward expansion during the
recrystallization of amorphous poly-Si upon RTA annealing [19, 47], a tensile strain
along the channel direction is generated in the device itself. This is also consistent
with results reporting that a rigid capping nitride film plays a major role in the SMT

strain generation process [37].

4.2.2 New Findings on SMT: Improved nFET Short Channel

Effect with the SMT Process

In addition to the enhancement of nFET transconductance and mobility by
permanent strain memorization as shown in Fig. 4-2, the variations of threshold
voltages with and without SMT process were further investigated. As drain voltage is
increased to switch the nFET operation from the linear region to the saturation region,
the depletion region of the p-n junction between the drain and body increases in size
and extends under the gate. Thus, the drain assumes a greater portion of the burden of
balancing depletion region charge, leaving a smaller burden for the gate. Therefore,
device threshold voltage decreases with shorter channel length conditions, a
phenomenon commonly referred to as “V, roll-off” or “Short Channel Effect” (SCE).

Another index commonly used to represent the SCE is drain-induced-barrier-lowering

41



(DIBL) as predicted based on Equation 1 by AV/AV 4. Because of the smaller V, gy
for shorter length nFET devices, DIBL increases as channel length is reduced. This
suggests that the channel built-in potential or the barrier height for electrons would be
decreased when channel length is highly scaled, thus sharply increasing off-state
leakage. Hence, to suppress SCE is an important task for manufacturing highly scaled
device geometries.

AV, ViV

DIBL = —* =
AV,  2-0.05

-1000 (m7v) Eq. 4-1

The nFET Vi, and Vg (extracted from electrically measured 13-V, transfer
characteristics) for both SMT strained and non-strained control devices, is plotted as a
function of transistor channel length-in Fig. 4-3, and the calculated DIBL value is
plotted in Fig. 4-4. Evidently-there is a less roll-off of the threshold voltage for the
split with SMT compared to"the non-SMT strained split, and thus the DIBL is
improved with the adoption of the SMT process. In other words, SMT provides nFET
a higher immunity to short channel effect degradation because of the suppression of
the threshold voltage roll-off and the improved DIBL performance. This is another
major advantage of SMT process and rarely reported in previous literatures: the
improved SCE immunity enables devices fabricated with reduced pocket implantation
dose (reducing mobility degradation by coulomb scattering in the channel and silicon
lattice damage) and/or increased N* S/D dosage (reducing conducting resistance).
Both of these techniques, when properly employed, can further enhance the SMT
strained nFET drive current under comparable SCE conditions for scaled devices

fabricated nowadays.
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4.2.3 New Findings on SMT: Retarded S/D Dopant Diffusion

One of the major challenges for MOSFET scaling in the sub-130nm regime is
the formation of ultra-shallow junctions (USJs). The International Technology
Roadmap for Semiconductors (ITRS) indicates that future generations of CMOS
technology should have source/drain-extension junctions that are <15nm deep, with
sheet resistance Rs~1000 €/ , in order to keep pace with historical improvements in
high-performance logic devices [51]. This USJ requirement stems from the need to
suppress short channel effects (SCE), and dictates a very limited thermal annealing
budget to suppress dopant diffusion. On the other hand, to form the S/D regions of the
MOSFET transistor with low sheet resistance, it is necessary to ensure low parasitic
resistance by adopting a high annealing temperature to maximize S/D dopant
activation. The S/D annealing“in present day advanced CMOS processes is typically
performed at a temperature of between 900°C and 1100°C to activate the impurity
implanted regions. It has been found; however, that during annealing to activate the
implanted dopants under such high temperature, the n-type dopants can diffuse into
the crystalline semiconductor substrate such that the junction depth X; increases [52,
53].

In order to understand the root cause of the improved SCE performance
observed in Fig. 4-3 and Fig. 4-4, the same S/D dopant implantation conditions and
activation annealing process steps were applied to the 6” Si (100) blanket wafers.
N-type dopants arsenic and phosphorus concentration profiles inside silicon substrate
were characterized by Secondary Ion Mass Spectrometry (SIMS) analysis. In the
following study, the junction depth X; (depth in nm) is taken to be the depth at which
the n-type dopant concentration falls to SE18 atoms/cm3 as measured from the SIMS

profiles.
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The SIMS analyses for arsenic and phosphorus implanted wafers, before and
after activation anneal, are shown in Fig. 4-5 and Fig. 4-6, respectively. Clearly, S/D
thermal activation annealing results in junctions deeper than the as-implanted profiles.
The high (~5E15 atom/cm?) S/D implant doses applied in modern MOSFET devices
nowadays are sufficient to amorphize the silicon surface region [52]. Consequently,
the subsequent S/D dopant activation annealing, adopted either by high-temperature
furnace or RTA annealing, will likely result in substantial transient enhanced diffusion
(TED) for both arsenic and phosphorus, culminating in junction depths considerably
deeper than the as-implanted profiles, as observed in Fig. 4-5 and Fig. 4-6. The origin
of this enhanced dopant diffusion could be the annealing of ion-implantation damage
in the silicon substrate and/or the formation,of an amorphous silicon surface layer by
high dose Arsenic (> 2x10'*cm™) implantation-as suggested by R. B. Fair et al [52].
Nevertheless, it is also noted that reduced diffusion is seen for the arsenic and
phosphorus profiles after activation annealing with the-adoption of the SMT process.
More specifically, there is a 10% and 13% X reduction for arsenic and phosphorus by
the addition of the SMT process under the same implantation and activation annealing
conditions. The SIMS data shown in Fig. 4-5 and Fig. 4-6 imply that similar retarded
dopant diffusion can also be obtained for the lateral or longitudinal direction
underneath the spacer and gate on a real nFET structure. Therefore, the lateral
encroachment of n-type S/D implants under the gate can be reduced to form a
shallower n-type S/D junction. Moreover, the undesired device SCE can also be
improved by reducing the junction depth to lessen the drain voltage impact onto the
channel potential, enabling the channel potential to be primarily controlled by the
gate voltage V, [11].

In brief, the SIMS results in Fig. 4-5 and Fig. 4-6 suggest that SMT process

retards n-type dopant diffusion and lowered junction depth X; can be obtained when
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compared with wafers processed without SMT. This is consistent with previous
findings that SMT technique enables the fabrication of nFETs with improved SCE as

demonstrated in Fig. 4-3 and Fig. 4-4.

4.2.4 nFET Device Strain Superposition by CESL and SMT

Strained channel effect from CESL techniques can be enhanced by increasing the
CESL nitride thickness [32, 33], however, the Pre Metal Dielectric (PMD) gap-fill
capability limit this approach at highly scaled geometries. Therefore, combining more
than one stressor to further boost device current is another promising field to be
explored. A further experiment in our work addressed this by fabricating nFET
devices with a process integrating <both SMT and CESL techniques. Performance
gains from SMT and uniaxial 800A tensile CESL nitride onto transistor channels are
demonstrated to be additive as-indicated by the nFET output characteristics shown in

Fig. 4-7.

4.3 Point Defect Engineering by SMT

Point defects are defects which involve a few extra or missing atoms without an
ordered structure as schematically drawn in Fig. 4-8 [54]. Vacancies are sites which
are usually occupied by an atom but which are unoccupied. Interstitial defect or
interstitial atoms are atoms fill an empty space of full crystal structure, and such
atoms stay outside regular crystal lattice sites. A nearby pair of a vacancy and an
interstitial is often called a Frenkel defect or Frenkel pair, which is formed when an
ion moves into an interstitial site and creating a vacancy. A substitutional atom (defect)
stays neither at a vacant site nor at an interstitial site, instead, it is incorporated at a

regular atomic site in the crystal structure. [54].
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Dopant diffusion can take place either by simple atomic exchange or atomic
migration assisted by point defects like interstitials and vacancies. For example, if a
neighboring atom moves to occupy the vacant site, the vacancy can move in the
opposite direction to the site which used to be occupied by the moving atom.
Therefore, point-defects (vacancies and interstitials) diffusivities and equilibrium
concentrations can influence implanted dopant atom diffusion behavior [55].
Furthermore, different dopants have different diffusion mechanisms as reported by
Plummer et al. For example, boron and phosphorus diffuse primarily by interstitials
(fi~1) [56-57], while arsenic diffuses via both vacancies and interstitials (0.2~ f;~0.55)
[56-57]. The concentration and specific properties of point defects (impurity atoms),
their migration parameters, equilibrium or non-equilibrium conditions, and the atomic
diffusion mechanisms determine-the final diffusion profile in a solid state experiment.

The presence of additional strain in the silicon lattice can further change the
point defect concentrations and hence interact with dopants diffusion mechanisms. In
terms of forming a lowest energy stable configuration, a silicon crystal with a
vacancy prefers the lattice constant to be reduced [58-59]; while a silicon crystal with
an interstitial prefers an increased lattice constant [18, 60-62]. This indicates that, in
the presence of compressive strain, the vacancy equilibrium concentration will be
increased and the interstitial equilibrium concentration will be decreased. On the
contrary, tensile strain will increase the equilibrium interstitials and reduce the
vacancy population [18].

Moreover, change in silicon point-defect diffusivity with biaxial strain is shown
in Fig. 4-9. Vacancy diffusion is increased in compressive strain and is retarded with
tensile strain. For interstitial diffusivity, it is increased in tensile strain and is retarded
with compressive strain [18, 62]. Therefore, one can expect the typical dopant

diffusivities relationship with respect to tensile and compressive strain as shown in
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Fig. 4-10. A large compressive strain results in a decrease in boron and phosphorus
diffusivities, whereas tensile strain results in an increase in their diffusivities. Arsenic
dopant diffuses is mediated by both vacancy and interstitial mechanisms as 0.2 ~ f;~
0.55. Hence, arsenic diffusion is enhanced under both compressive and tensile strains
[61], and the increase in vacancy and/or interstitial equilibrium concentrations results
in an enhancement of arsenic diffusion.

The typical memorized strain behaviors and their polarities in nFET are
illustrated in Fig. 4-11. After typical SMT nitride stress changing towards a more
tensile state upon activation annealing [63-65], the S/D portion is left with the
residual compressive. By qualitatively applying aforementioned point defect diffusion
concept, one can expect that the phosphorus. diffusion is retarded in the presence of
such compressive strain as it is primarily an interstitial diffuser fi~1. Thus the retarded
phosphorus S/D diffusion in Fig:4-6 after SMT process can be explained because
both the memorized compressive strain reduces. interstitial point defect concentration
and its diffusivity as shown in Fig.:4-9.and Fig. 4-10.

Nevertheless, the excess interstitials or vacancy generated after the conventional
S/D implant lead to the enhancements in arsenic diffusivities, and is against the SIMS
experimental results in Fig. 4-5. Since arsenic can diffuse via both interstitials and
vacancies (fi~fy~0.5), therefore, some other mechanisms should be used to explain
this discrepancy due to the complex arsenic diffusion kinetics involved. If the arsenic
interstitial diffusion mechanism dominant the diffusion process as proposed by As + I
- As; , the diffusion profile can also be retarded under compressive strain state as is
the case of phosphorus.

In other respects, thermal annealing of wafers implanted by high dose Arsenic
(>2x10"cm™) is believed to produce large transient concentrations of point defects

that may continue to exist for the duration of the annealing [52]. Such point defects
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are generally highly mobile at high temperatures. They also increase the mobility of
the atoms of the host lattice, and thus cause of solid state diffusion. At the same time,
point defects may effectively lengthen the duration of the diffusivity transient region
and give rise to lowered dopant diffusivity upon thermal activation, generating the
aforementioned retarded n-type dopants diffusion behavior in the silicon substrate
itself [66]. In addition, it has also been proposed and experimentally confirmed that
point defects do retard n-type dopant diffusion upon thermal annealing [67]. Such
point defect generated via either shallow end-of-range damage or small clusters of
point defects during the annealing can dominate the whole TED process. For example,
Ning Kong et al. [67] observed retarded arsenic diffusion by specific implant
conditions which created a vacancy-rich region overlapped with the principle dopant
region. Two possible mechanisms, interstitial-vacancy recombination and dopant
clustering, have been proposed and analyzed based on their diffusion retardation [67]
as illustrated in Fig. 4-12. The first. model claims that once the more energetically
favorable interstitial-vacancy are formed, it will-‘come to IV recombination and point
defect annihilation. Consequently, the arsenic diffusion can be retarded as less point
defects contribute to arsenic diffusion. In the second model proposed, Ning Kong et
al. assert that the heavy arsenic vacancy cluster atoms diffusion can also be retarded
during the annealing process as shown in Fig. 4-12 due to their heavy mass. Because
arsenic atoms can be trapped together in the form of As,Vy,, such clustered atoms
tend to have a lower diffusivity.

With similar concept, the retardation of n-type dopant diffusion by the SMT
process during high-temperature thermal annealing demonstrated in our work is likely
caused by the generation of point defects in the S/D regions of the transistor after
implantation and capping nitride deposition. Such excess interstitials or point defects

form a retarding gradient during activation annealing, and would opposes n-type
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dopant diffusion. Hence, retarded and shallower n-type dopant diffusion profile is
formed after SMT processing, thus improves nFET SCE characteristics. Finally in
this paper, the fabrication of ultra shallow junctions on nFET devices is demonstrated
with proposed SMT engineering and associated point defect manipulation

approaches.

4.4 Hot Carrier Stress of SMT Strained nFET

The degradation of nFETs due to hot-carrier injection has been studied for over
twenty years [68-71]. As the device feature size is highly scaled down, the lateral
electric field increases when the applied operation voltage is kept the same. The
lateral electric field neighboring the ‘drain-accelerates the carrier and generates hot
carrier with high kinetic energy when device 1s operated in the saturation region.

Moreover, this hot carrier problem is especially a concern for nFET transistor
since electron mobility is higher than that of hole. Because, these hot electrons will
generate new electron and hole pairs as they collide with the silicon lattice. Some of
these hot electrons will be injected into the gate oxide and being trapped in the oxide
layer, making increased oxide fix charge and threshold voltage permanent shift. Some
of these hot electrons will also travel through the oxide layer, resulting in increased
gate leakage current or deteriorate SiO,/Si interface by increasing the number of
interface state defects. On the other hand, the generated holes can flow into the
substrate in the form of substrate current Iy, If this substrate current is large enough
to make the source and substrate junction being forward biased, then the parasitic
bipolar transistor in a typical MOS transistor will be triggered and leads to MOSFET
malfunction. Thus, the nFET device’s hot carrier reliability is normally stressed at

maximum substrate current condition. Consequently, it becomes an important task to
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suppress such hot carrier induced device degradation for highly scaled devices
fabricated with strained silicon technology.

Uniaxial strained nFET with worse hot carrier stress results have been reported
by Lu et al [72]. Their CESL nitride layer used to induce channel strain for mobility
enhancement was deposited by low-pressure chemical vapor deposition (LPCVD).
They found that the nFET hot-electron degradation is worse with the addition of the
SiN capping. Furthermore, they proposed that both the bandgap narrowing caused by
the channel strain and the abundant hydrogen species from the precursors of CELS
nitride deposition can contribute to the aggravated hot-electron effect.

The nominal nFET devices used here for our hot carrier stress characterization
were width 10 wm and length 0.5um.The nFET devices were stressed at V4=4.5V
with V, set at a maximum substrate current condition. The shift of threshold voltage
(AVy), and the degraded peak value of transconductance (AG,,) as a function of stress
time, are shown in Fig. 4-13 and Fig. 4-14, respectively. The SMT strained nFET with
plasma enhanced CVD (PECVD) nitride has.a relatively worse hot carrier stress
results as compared to the non-SMT control device. These results clearly indicate that
the memorized SMT strain in the channel affects the generation of channel hot
electrons and their associated impact ionization process with the following possible
mechanism behind.

The increased electron mobility by SMT process can also directly increase
electron impact ionization rate [73] and therefore aggravate hot carrier stress effect.
Besides, this hot carrier stress results can also be correlated to the gate edge damage
induced by the SMT strain [74]. Such damaged gate is subsequently prone to cause an
anomalously high gate tunneling current during transistor operation [74]. Moreover,
the enhanced nFET’s hot carrier stress reliability degradation may also be correlated

to the generation of the interfacial state in the channel or around the gate edge, which
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is caused by enhanced wafer bowing exerted by PECVD SMT nitride’s stress change

upon thermal annealing [65].

4.5 Summary

We have investigated the effects of utilizing tensile strained nitride deposited as
a SMT stressor to enhance nFET device performance. The SMT technique improves
nFET performance and transconductance as expected owing to owing to the
enhancement of electron mobility by the memorized strain for scaled nFET devices.

In addition to the aforementioned nFET mobility improvement, the SMT nitride
cap layer modifies the formation of the defects created by ion implantation, and hence
alters the diffusion kinetics of the implanted n-type dopants. Therefore, the SMT
strain technique enables better short-channel-effect control, suppresses V; roll-off, and
improves DIBL owing to a reduced junction depth Xj-as demonstrated by the SIMS
profiles.

Finally, when combined with' the strained CESL technique, SMT provides
supplementary strain to the n-channel, elucidating the prospects on strain silicon

processes integration for aggressively scaled CMOS fabrication.
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Fig. 4-1. SMT Process Flow. The SMT process deposits a nitride layer
over the gate before annealing. The presence of this nitride layer during
the subsequent S/D annealing and recrystallization of amorphized regions,
acts to increase tensile strain in the NMOS channel. Then, this nitride
layer is removed, but the strain by the nitride cap introduced during the

annealing is retained or “memorized”.

52



+1 00/0 I'IFET W=10/0.4},Lm

—o— With SMT |
== - Without SMT

0 0.5

Gate Overdrﬂle Vy-Vy (Volt)1 S
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in the peak value of G, j, with the adeption of SMT. The nFET S/D is

implanted with Arsenic.
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Fig. 4-5 SIMS analyses for arsenic implanted wafers. The SIMS diffusion
profiles suggest that SMT. retards—arsenic diffusion upon thermal

annealing, resulting in 10% reduction of X;.
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Fig. 4-6 SIMS analyses for phosphorus implanted wafers. The SIMS
diffusion profiles suggest that- SMT retards phosphorus diffusion upon

thermal annealing, with 13% reduction of X;.
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Fig. 4-8 Schematic illustration of typical simple point defect types in a

monatomic solid.
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Fig. 4-9 Change of point defect diffusivity upon strain. The vacancy
diffusivity is enhanced under biaxial compressive strain, while the

interstitial diffusivity is enhanced under biaxial tensile strain [18, 62].
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Fig. 4-10 Change of specific point defect diffusivity upon strain.
Compressive strain enhances vacancy diffusers whereas interstitial
diffusers are enhanced by tensile strain. A large compressive strain
clearly results in a decrease in boron and phosphorus diffusivities,
whereas tensile strain results in an increase in their diffusivities [56-57].
Antimony is a dominant vacancy diffuser [18, 56]. Hence, it shows
enhancements under compressive strain and a retarded diffusion under

tensile strain.
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Fig. 4-11 Schematic drawing showing compressive strain is induced at
source/drain after SMT nitride stress change towards a more tensile state
upon activation annealing [63-65]. The retarded n-type dopant diffusion
profile with reduced junction depth is-confirmed by SIMS results in Fig.

4-5 and Fig. 4-6.
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Fig. 4-13 Measured 10x0.5um nFET hot- carrier degradation Vt
characteristics. The nFET was stressed at-"Vy=4.5V with Vg biased at a
maximum substrate current condition. SMT stained nFET behaves a

larger threshold voltage shift.
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Chapter 5

Characterization of nFET Devices with

Different SMT Nitrides

5.1 SMT Devices with Two Different Kinds of Nitride

SMT provides additional strain to the n-channel, creating prospects for using
strained silicon technology to achieve the device performance targets of
aggressively scaled CMOS design rules. Therefore, to understand and maximize
the benefit obtained from the highly strained nitride on the silicon channel, SMT
strained nFET device performance. including threshold voltage, transconductance,
electron carrier mobility and the ‘associated. interface state density Dj, have been
characterized by electrical measurement techniques with two different kinds of
SMT nitrides. Moreover, the wafer bowing measurements are presented to quantify
the evolution of wafer curvature throughout the entire SMT fabrication process.

The devices reported in this chapter were fabricated in the National Nano Device
Laboratories (NDL) on 6” (150 mm) Si wafers using a conventional MOSFET
process flow including LOCOS isolation, gate oxide, spacer, source-drain (S/D)
implantation, thermal annealing, and Al metallization processing as listed in Fig. 5-1.
All the nFET devices characterized in this study had 3nm thick gate oxide thermally
grown in a vertical furnace, and a 150nm thick N* poly-Si layer as the gate electrode.
After gate dielectric and gate electrode deposition and patterning, desired ion species
were implanted through a 100A plasma enhanced (PE) TEOS screen oxide to form
the N* S/D region. This screen oxide was employed to reduce the N* region junction

depth.
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Prior to the S/D activation annealing, a SMT process flow for strained nFET
similar to that proposed by Chen et al [19] was employed. For the SMT strained
nFET nitride capping layer, a ~110 nm tensile nitride film was deposited on the whole
device structure including poly gate and S/D region. The SMT strain generation by
two different Chemical Vapor Deposition (CVD) processes are comparatively studied.
The first type of nitride film was deposited under a high temperature 780°C (hereafter
denoted as HT-SiN) LPCVD system using a batch type furnace tool, and thus the
HT-SiN nitride film coated both the front and back sides of the wafer. On the other
hand, the second nitride film was deposited at a relatively low temperature (hereafter
denoted as LT-SiN) 300°C process condition using a single wafer Plasma Enhanced
CVD (PECVD) system with NH3, N, SiH4 as main reaction gasses, thus depositing
the LT-SiN nitride film only on the front side of the wafer.

After S/D annealing, a permanent stress was created in the channel region,
resulting in strain-enhanced carrier mobility. Afterwards, to facilitate metallization,
the SMT nitride films were removed using a wet'chemical etchant H;PO,. Passivation
was performed by depositing a 300nm thick TEOS oxide, followed by patterning and
etching of contact holes, and finally metallization. After completion of the
metallization processes, the wafers were annealed at 400°C in a forming gas ambient
and the electrical characteristics of the fabricated devices were measured. The
nominal device dimension evaluated was a gate length of 0.4 um and width of 10 um.
The device characteristics were measured using a semiconductor parameter analyzer
(HP 4156A, plus Agilent ICS Software). The threshold voltage was determined by the
constant drain current method when drain current equals 107 « W/L (Amp) [50]. The
linear and saturation mode threshold voltages, V; yi, and V; s , were extracted at drain

voltages of 50 mV and 2V, respectively.
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5.1.1 Study of Nitride Film Thickness Shrinkage

The thickness of LT-SiN and HT-SiN films was measured by a SOPRA
ellipsometer. Generally speaking, as compared to LPCVD films, PECVD materials
have much lower thermal budget and their film properties can be tuned and controlled
over a much wider range by varying appropriate process parameters. In this work, the
LT-SiN is formed at 300°C by PECVD with a mixed gas containing SiH4, NH3 and
N2, while the HT-SiN is formed at 780°C in a LPCVD furnace with a mixed gas

containing SiH4C12 and NH3.

Table 5.1 depicts the LT-SiN and HT-SiN nitride film thicknesses before and
after S/D annealing. The typical as-deposited nitride thickness (measured on
unpatterned monitor wafers) was ~ 1150A-and "~ 1100A for for LT-SiN and HT-SIN,
respectively. However, after annealing, the thicknesses of both of nitride films
reduced to ~ 1050A. The calculated thickness shrinkage rate after annealing for the

LT-SiN is ~12% as compared to ~3%-for that of the HT-SiN.

5.1.2 Study of Nitride Film Stress Change

For strain nitride for CESL application [32, 33], the magnitude of the thin nitride
film stress is one of the key properties that can determine the device performance and
reliability lifetime. The deposition tool and process parameters largely determine the
type and level of nitride stress that develops on the wafer.

Measurement of stress in thin film generally begins by preparing a blanket wafer
with a known initial wafer bow. After depositing a thin film on the blanket wafer, the
wafer bowing is measured again to see if it is changed by the deposition. The stress of

the film then can be calculated by Stoney’s equation (shown in equation 5-1) using
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the difference in the amount of wafer bowing before and after film deposition [75].
Wafer bowing is measured using the reflection angle of the incident laser on the film
as illustrated in Fig. 5-2. The laser is incident to the film with a known incident angle,
and the reflection angle of the light is measured using a location-sensitive photo diode.
The change in reflection angle with respect to laser scan distance yields the curvature
of the wafer.

The sign of stress (i.e., tensile or compressive) is determined by the shape of the
wafer bow or curvature. When the film is stretched to fit the substrate, the film’s
tensile stress causes compressive strain on the underlying substrate. When the
substrate is allowed to bend, the film makes the wafer concave. When the film is
squeezed to fit the substrate, the film_has a .compressive strain and the substrate is
strained in the tensile mode; the wafer is then convex-when the substrate is released.

Because of its simplistic wnature, the curvature measurement scheme is
traditionally the most widely acknowledged method, and the film stress is determined
by converting the measured curvatures using Stoney's equation [75] as formulated in
equation 5-1. A highly stressed film will cause wafer deformation as schematically

drawn in Fig. 5-2.
E (11
az—-i-(———J Eq. 5-1

where
o 1s the film normal stress, E is the elastic modulus of substrate,

ty is the substrate thickness, t; is the film thickness, v is Poisson’s ratio of the
substrate, and (1/R;-1/R;) is the local curvature caused by intrinsic stress before and

after film deposition.
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SMT nitride stress and stress change behavior before and after annealing are
measured and shown in Table 5.2. All stress levels are positive, indicating tensile
stress. The LT-SiN shows a relatively large increase in tensile stress ~ 700 MPa, (from
360 MPa to 1050 MPa), while the HT-SiN shows a much smaller 60 MPa stress

increase (from 1010 MPa to 1070 MPa).

5.1.3 Study of Nitride Film Chemical Properties

Fourier transformation infrared reflectivity (FTIR) spectra were also measured to
provide information concerning the bonding structure of the SMT nitride films. The
FTIR spectra were obtained by subtracting the absorbance obtained before deposition
from that measured after deposition using a'Bio-Rad QS-300 spectrometer. The
representative SiN layer FTIR spectra-after CVD. deposition, and after S/D annealing
are shown in Fig. 5-3. The FTIR analysis results obtained on LT-SiN and HT-SiN
films are shown in Fig. 5-3b_and Fig. 5-3¢, respectively. The chemical bonding
present in CVD deposited nitrides’ has- been characterized by FTIR according to
Lucosky et al [76]. The dominant spectral feature in each film is at approximately
820~850 cm™ and is associated with the Si-N asymmetric bond-stretching mode. The
remaining features in these spectra are due to vibrations involving Hydrogen atom
motion: (i) a N-H bond stretching mode at ~ 3350 em’™; (i) a N-H bond bending
mode at ~ 1150 cm™; and (ii1)) a Si-H bond stretching mode at ~ 2150 cm’™,
respectively. The main stretching vibrations of Si-N, N-H, and Si-H bonds in nitride

are illustrated in Fig. 5-3a.

The as-deposited LT-SiN spectrum of Fig. 5-3b shows substantially stronger
Si-H and N-H bonds as compared with the as-deposited HT-SiN spectrum of Fig.

5-3b. This results from the higher deposition temperature of the LPCVD process.
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Hydrogen atom is more mobile and active, and less likely to remain in a stable Si-H

or N-H bond.

The FTIR spectra for nitrides with LT-SiN and HT-SiN after S/D annealing are
also shown in Fig. 5-3b and Fig. 5-3b, respectively. We observe that the intensity of
Si-H and N-H bond peaks become negligible after annealing, suggesting hydrogen

removal during the S/D activation anneal.

The intensities of the Si-H and N-H FTIR absorption lines are directly related to
the hydrogen contents of the nitride layer, thus providing a fast and non-destructive
method of determining the hydrogen concentration. The hydrogen concentration can
be correlated to the intensities of the absorption lines [77]. The areas of N-H and Si-H
absorption bands can be used to estimate the N-H bonds density per centimeter square.
Later, via the measured nitride-thickness, the N-H and Si-H bond concentrations per
centimeter cube can be calculated as listed in Table 5.3 and Table 5.4. The total
hydrogen concentration is therefore the sum of the'N-H and Si-H concentrations as
shown in Fig. 5-4. With typical nitride density (1.05E23 atom/cm’) referenced, one
can further estimate the hydrogen atomic (%) in these nitride films as shown in Fig.

5-4 as well.

The change is much more dramatic in LT-SiN because of the large amount of
hydrogen initially incorporated during deposition of the PECVD film. The magnitude
of the reduction in hydrogen content is directly responsible for the irreversible
increase in tensile stress of the film due to the volume reduction as reported by
Hughey et al. [63, 64, 78]. As observed in Fig. 5-3b, the FTIR spectra show a
reduction of the N-H and Si-H bond peaks which is in agreement with this scenario.
This phenomenon is typical of the LT-SiN formed by PECVD, and is well correlated

to the LT-SiN film’s massive stress change towards a tensile equilibrium state after
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hydrogen removal as shown in Table 5.2. It appears that the smaller stress change
observed in Table 5.2 for HT-SiN layer, is mainly due to less initial hydrogen
concentration during nitride layer deposition, and less hydrogen bonding change as

indicated by the FTIR spectra of Fig. 5-3c.

5.1.4 Device Wafer Bow Characterization

Wafer curvatures or bowing measurements were performed using a Tencor
FLX-2320 thin-film stress metrology instrument and film stress was subsequently
obtained by transforming this wafer curvature using a conversion equation such as
Stoney's formula [75]. For highly scaled modern semiconductor devices, such wafer
level thin-film residual stress characterization .is crucial, and the strain level
remaining in the device itself is a ' major factor in determining the final electrical
characteristics, yield, and reliability. This curvature measurement technique was also
applied to the patterned electrical wafers to characterize the generated SMT strain.

Wafer bowing refers to the curvature of the wafer substrate, i.e. the height
difference between the center and the edge of the wafer. A graphical description of
wafer bow is shown in Fig. 5-2 and formulated in equation 5-2.

Bow = (jR| —VR* =71’ ) Sign(R) Eq. 5-2
where R is the radius of curvature, and r is the scan distance.

When applying strain silicon technology to increase carrier mobility, wafer bow
is a key metrology item for chipmakers as they transition to production on 300 mm or
450 mm wafer sizes, since larger wafers can bow, or bend, more than twice as much
as the 150 mm wafers used here on deposition of a given film. The larger global

wafer bow accumulates larger stress on the wafer, and increases the device's

susceptibility to film cracking, de-lamination and electrical performance degradation,
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which would all negatively impact transistor structural integrity and can result in
serious circuit yield loss.

Wafer bow can be modulated by the presence of a stressed thin film deposited on
the wafer. Therefore, wafer bow is a quantitative index for the bending (curvature) of
a wafer during the device fabrication processes. For instance, wafer bow due to
electroplated copper films with different copper seed layers has been studied [79].
Furthermore, previous observations by Yu et al. [80] have also revealed a correlation
between the wafer bow height and defect injection into strained epitaxial SiGe upon
activation laser and RTA annealing. This study further indicates that the final wafer
curvature was determined by the initial shape of the wafer, plus the deformation
caused by the subsequent fabrication processes.

In order to successfully apply SMT technology, it is essential to utilize wafer
bow measurement to understand:SMT strain” behavior, and to minimize the SMT
strain induced defect creation and/or strain relaxation after annealing when large SMT
strain is present. Since any wafer will have-some initial curvature and surface
irregularities are caused by several front-end processing steps occurring before SMT,
a curvature measurement was performed before deposition of the SMT capping
nitride film. Further curvature measurements were performed after each of the
subsequent SMT process steps such as nitride film deposition, RTA for S/D annealing,
and nitride strip. These data were compared to the initial curvature. Fig. 5-5 plots the
increased wafer bow at each SMT process step, and demonstrates that wafer curvature
represents the SMT strain generated in the fabricated silicon device. The LT-SiN
SMT film stress causes significantly higher levels of curvature in device wafers after
SMT deposition and the subsequent S/D activation annealing. It indicates that wafers
processed with SMT using LT-SiN are significantly warped compared to those

processed with HT-SiN. This is likely due to the fact that HT-SiN is processed with a
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double sided coating furnace batch system, so the stress from the HT-SiN films on the
front and back sides of the wafer cancel each other out to produce much less
macroscopic wafer bending. This does not imply that there is no SMT strain
generated by HT-SiN. However, with SMT processing using LT-SiN, the wafer bow
is increased further after S/D activation annealing due to the large increase in film
stress reported in Table 5.2.

It has been reported that recrystallization of amorphized silicon upon thermal
annealing leads to strain and stress generation in the silicon material itself [81-84].
Because the transistor’s poly-silicon gate and the S/D region were all amorphorized
after high dosage S/D implantation, this increased tensile wafer curvature after
annealing is likely to result from the SMT capping nitride film stress change and the
strain exerted by the recrystallization of ;the  amorphized S/D regions upon S/D
activation annealing. Nevertheless; wafer warpage continues to exist even after the
SMT nitride is subsequently.removed, both for wafers processed with SMT by
LT-SiN and for those with HT-SiN. This can be-viewed as the generation of the SMT
strain which remains present in the wafer after completing the SMT process.
Moreover, as the electron mobility in the channel can be increased by tensile strain in
the in-plane longitudinal direction and compressive strain in the out-of-plane vertical
direction according to the piezoresistance model [17, 18, 27], this “memorized” SMT
strain in the poly-Si gate and S/D region can thus enhance electron mobility and

nFET drive current [19, 36, 37, 46].

5.2 nFET Device Characterization and Discussion

In addition to the enhanced wafer curvature exerted by the memorized strain as

shown in Fig. 5-5, electrical characterization was preformed to study the impact of
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SMT on nFET device (W/L=10/0.4 um) transconductance and mobility.

5.2.1 Extraction of nFET Mobility and SCE

Fig. 5-6 plots the linear transconductance Gy, ji, improvement resulting from the
HT-SiN SMT process. Compared to LT-SiN process, a maximum Gm_lin
enhancement of around 13% under a drain voltage of 50 mV is obtained. The nFET
field-effect electron mobility, measured at a drain voltage 50 mV by the conventional
split C-V method [85], is shown in Fig. 5-7. The maximum field-effect electron
mobilities are 292 cm*/V*s, and 264 cm®/V*s respectively in these two samples.
Similarly to the findings in Fig. 5-6, the field effective mobility of the device with
HT-SiN SMT is also over 10% higher than the one of the device integrating LT-SiN.
From Fig. 5-6 and Fig. 5-7, it can be noted that there is an obvious transconductance
and carrier mobility improvement when HT-SiN is used as an SMT layer. These
results clearly suggest that the HT-SiN SMT process induces a higher permanent
stress in the channel region and<the electron mobility is thus enhanced after
completing S/D annealing. Thus, it can also be concluded from this work that the
"optimized" SMT process can further enhance nFET carrier mobility and device
performance as previously reported [19, 37, 46]. The retained transconductance Gy, jin
and mobility improvement, even after the removal of the stressor film, can be
attributed to a stress "memorization" effect.

The linear and saturation threshold voltages (Vi 1n and Vi ¢ ) are plotted as a
function of channel length in Fig. 5-8. Regarding short channel effect (SCE) control,
neither HT-SiN nor LT-SiN films demonstrate significant nFET V, roll-off from long
channel (L=10um) down to short channel (L=0.4pum), which indicates that processing

with the capped SMT nitride improves nFET SCE performance by retarding n-type
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dopant diffusion upon subsequent activation annealing [36]. A large shift of the
threshold voltage V, can often indicate a change of the device’s dopant distribution
profile, or the generation of bulk traps or interface states [50] due to un-optimized
stressor processing techniques, which can adversely impact device performance
without strain engineering benefit. However, from the threshold voltage data in Fig.
5-8, the linear threshold voltage (V. 1) difference between wafers processed by the
HT-SiN and LT-SiN SMT processes is less than 15 mV, and the saturation threshold
voltage (Vi s) difference is also less than 25 mV. Such small Vi, and Vi g
differences between HT-SiN and LT-SiN SMT processes suggests that the enhanced
thermal budget by furnace deposition system does not significantly deteriorate S/D
dopant distribution in the transistor itself.

Moreover, Drain Induced «Barrier Lowering (DIBL) can be calculated from
equation 5-3 as the threshold voltage difference between linear and saturation modes,
divided by the difference of the applied drain voltage.

AV, Vi, =Vt

pipL =2V -Vl =Viu 109 MV Eq. 5-3
AV,  2-0.05 v

The calculated DIBL is plotted as a function of channel length in Fig. 5-9. DIBL
reflects the influence of the drain voltage on the carrier potential in the channel [11].
The slightly increased DIBL by HT-SiN observed in Fig. 5-9 can be attributed to
increased dopant diffusion encroaching from the S/D extension during the deposition
of HT-SiN due to its higher deposition temperature. Therefore, to lower the DIBL and
improve SCE performance, a lowered thermal budget process is always preferred to

suppress dopant diffusion.
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5.2.2 Mobility Degradation wupon Interfacial State

Deterioration

As predicted by the Matthiessen's Rule in equation 5-4 [86], there are several
key factors that contribute to the carrier transport mobility variation. The mobility of
a traveling carrier depends on the scattering events. Lattice vibrations scatter
electrons because the vibrations distort the crystal. Imperfections such as impurity
atoms, interstitials, dislocations, and grain boundaries scatter conduction electrons
because in their immediate vicinity the electrostatic potential differs from that of the
perfect crystal. The interface states is a major factor influencing inversion channel
electron mobility, in which the maximum, mobility depends on the interface-state

density.

1 1 1 1 1
= + + + Eq. 5-4
/u Effective /u Lattice /u impurity /u Dit /u Surface _ Roughness

Therefore, the high-low Capacitance-Voltage (CV) technique [87] is utilized to
characterize the density of interface traps Dj. The measured Dy results in Fig. 5-10
indicate that the interface quality deteriorated with LT-SiN when trap energy range
(Ec — E) is greater than 0.25eV, where Ec is the energy of the conduction band edge,
and E is the interface state energy. At the same time, the LT-SiN and HT-SiN SMT
processes have comparable T, values, extracted from CV analyses, and similar
threshold voltage values as previously shown in Fig. 5-8. As the MOSFET parameters
are related through interface states and oxide traps near interface, the increased
interface trap Dj generated at the oxide/silicon substrate interface under inversion

mode, as shown in Fig. 5-10, can lead to the reduced transconductance in Fig. 5-6 and
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lowered electron mobility in Fig. 5-7. Therefore, to further improve nFET device

performance, the SMT process should be optimized with respect to these parameters.

5.3 Wafer Warpage Induced Gate Edge Damage and

Hydrogen Induced Interface Deterioration

As shown in Fig. 5-10, when the double sided HT-SiN was utilized as the SMT
capping layer, it reduced the density of interface states. Hence both the nFET
transconductance in Fig. 5-6 and electron mobility in Fig. 5-7 were improved. Thus,
interfacial quality degradation must be considered with the adoption of advanced
nitride film in pursuing performance gain for SMT technology.

Intrinsic stress results from the microstructute created in thin films when atoms
of these thin films are deposited on the substrate via various kinds of deposition tool
and processes. Thus, the thin film’s formation process environment, deposition rate,
and its impurities therein, determine the sign and magnitude of the residual stress in
the silicon substrate, and more specifically, in the silicon devices fabricated. As the
LT-SiN is formed by a PE-CVD technique at low temperature, it incorporates a higher
hydrogen concentration as compared to HT-SiN [63, 64]. The resulting LT-SiN nitride
layer has substantially higher Si-H and N-H bonding concentration as compared with
a HT-SiN nitride layer formed at high temperature, resulting in a larger stress increase
after annealing [64]. Moreover, the higher temperature condition in a furnace system
used to fabricate HT-SiN can help to passivate the dangling bonds at the interface.
Thus a lower Dy level can be achieved by HT-SiN as compared to that formed by
LT-SiN.

From the physical property point of view, the HT-SiN nitride is thermally stable

because the layer is formed with less hydrogen bonding as evidenced in Fig. 5-3c,
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exhibited little thermal stress variation as in Table 5.2, and showed lower thickness
shrinkage upon annealing as in Table 5.1. At the same time, HT-SiN is deposited on
both the front and backside of the wafer, and thus the stress change from the two sides
of the wafer cancel each other out. Therefore, wafer bowing can also be suppressed,
with less curvature induced after S/D RTA as in Fig. 5-5. Such unique physical
properties prevent the cracking phenomena and reduce the stress applied to the
underlying layer, and less gate edge damage during SMT formation process can be
expected as illustrated in Fig. 5-11.

Moreover, from the chemical property point of view, the formation of N-H bonds
is more desirable than that of Si-H bonds as less hydrogen atom evolved from the
higher temperature nitride upon thermal, annealing. This is because the bonding
strength of N-H (4.7 eV) is larger than that of Si-H+(3.9 e¢V) [88] and Si-H is more
likely to release hydrogen after ‘bond breakage than a N-H bond. In this respect,
Yamamura et al. also confirms that their novel strained CESL SiN, with a reduced
amount of unstable Si-H bond and incorporating more stable N-H bond, is able to
improve gate oxide interface quality and NBTI performance [89].

It has been reported that excess released hydrogen can lead to Si/SiO, interface
quality degradation Dy [90-93]. Hydrogen is well known to play a crucial role in the
fabrication of high quality Si/Si0O, interfaces in MOSFET electronic devices in that
the interface-state buildup at the device’s substrate/oxide interface is highly related to
the transport of atomic hydrogen during its fabrication, and suppression of hydrogen
transport aids in improving the electrical integrity of devices [90, 91]. Since hydrogen
is always present in the oxides of these transistors, the interface is unavoidably
exposed to hydrogen depassivation process. As hydrogen atoms impinge on the
Si(111)/S10, interface to depassivate Si-H bond, the dangling Si bond and resulting

interface traps can thus be formed via the chemical reaction in equation 5-5 shown
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below [92, 93].

Si—H+H — Sie+H, Eq. 5-5

For the SMT application here, the hydrogen concentration evolved from the
SMT nitride can also influence interface quality. Since the HT-SiN film incorporates
less hydrogen and creates fewer Si-H bonds, it is much more compositionally stable.
Less hydrogen is released upon annealing as shown by the FTIR spectra in Fig. 5-3c,
and less interfacial degradation is obtained (Fig. 5-10). The mechanism responsible
for this improvement is illustrated schematically in Fig. 5-11a. On the contrary,
LT-SiN involves large quantities of hydrogen which will be released upon annealing
as confirmed by the FTIR in Fig. 5-3b. Since the gate oxide quality at the gate edge
has already been weakened by the mechanical stress exerted by the wafer bow due to
LT-SiN film’s stress increase upon thermal annealing as illustrated in Fig. 5-11b, the
interface is especially vulnerable to hydrogen attack with hydrogen diffusion paths
though the poly-gate, spacer and S/D region (Fig. 5-11b), resulting in a higher Dj

level (Fig. 5-10).

5.4 Summary

In this chapter, SMT strain silicon technique has been experimentally studied for
two different nitride films, with respect to film stress, wafer curvature, nFET device
performance, transconductance, and mobility. Moreover, the influence of interface
states on the characteristics of nFET devices, and the associated electron mobility
behavior with these two different kinds of capping nitrides have also been

quantitatively analyzed.
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The strain from the SMT nitride can be tailored by nitride hydrogen composition,
deposition method, and film thickness and shrinkage change upon thermal annealing.
Furthermore, nFET Vt and DIBL have a similar level when using HT-SiN or LT-SiN
for SMT application. Nevertheless, nFET devices with higher device performance,
carrier mobility and lowered interface state density can be fabricated by the HT-SiN
as the SMT capping nitride. The lowered Dj level achieved by HT-SiN as SMT
capping nitride is likely due to the fact that HT-SiN i) has less hydrogen in nitride
itself, ii) is more thermally stable with low thickness shrinkage and its stress is stable
upon S/D annealing, and thus iii) less wafer curvature is induced to suppress gate
edge damage. Thus, it is important to optimize the nitride physical and chemical
properties to maximize SMT strain memorization effect and to minimize other side
effects to achieve the best performance simultaneously.

It is generally but not always true, that a higher stress film deposited onto the
transistor can produce a high-mobility channel, nor is it always guaranteed that a
improved device performance can be.obtained-with such a higher film stress when
adopting strain silicon technology. This is because that excess force may lead to stress
relaxation, permanent wafer deformation or transistor structural damage. Furthermore,
it has been found that interface state degradation must be balanced with the adoption

of advanced nitride films for SMT in pursuing further nFET performance gain.
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I LDD Implantation
® Spacer
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Fig. 5-1 SMT process flow. The SMT process deposits a nitride layer
over the gate before annealing. The presence of this nitride layer during
the subsequent S/D annealing acts to increase tensile strain in the nFET
channel. Though this SMT nitride is removed after the annealing, the
stress memorized in the channel region remains and mobility of electrons

increases.
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Thickness (A) LT-SiN |HT-SiN
As Deposited 1163 1075
After Annealing 1028 1044
Thickness Shrinkage (%) 11.6 2.9

Table 5.1. Measured nitride thickness and associated thickness shrinkage

rate (%) before and after S/D activation annealing.
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Fig. 5-2 Principle of wafer bowing measurement. Bow is characterized in
terms of the curvature of ‘the substrate, which is the height difference
between the center and the edge of the wafer resulted from the wafer
manufacturing process or the presence of a residually stressed thin film
on one side of the wafer. In Fig. 5-2, the film is under positive (tensile)
stress, and the R (radius of curvature) is positive. Therefore, the bow is
also positive according to equation 5-2. The method to extract the stress

of the film using wafer bowing is described in equation 5-1.
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Stress (MPa) LT-SiN |HT-SIN
As Deposited 360 1010
After Annealing 1050 1070
Delta Stress 690 60

Table 5.2. Measured nitride stress variation before and after S/D

activation annealing.
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Fig. 5-3a Schematic drawing of stretching vibrations of Si-N, N-H, and

Si1-H bonds in nitride.
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Fig. 5-3b LT-SiN film FTIR analysis results before and after S/D activation

annealing. FTIR spectra indicated features associated with [76]

i) the Si-N asymmetric bond-stretching vibration at 820~850 cm™;

ii) the bond-bending vibration of the N-H group at ~1150 cm’',

iii) the bond stretching vibration of the Si-H group at ~2150 cm™', and

iv) the bond-stretching vibration of the N-H group at ~3350 cm™.
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Fig. 5-3c HT-SiN film FTIR analysis results before and after S/D activation

annealing. HT-SiN sample contains.much less Si-H and N-H bonds as

compared to those of LT-SiN sample.
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[H] Concentration (atom/cm3)

As Deposited LT-SiN HT-SiN
Si-H 8.67E+21 [3.97E+21
N-H 8.89E+21 ([2.28E+21
Total [H] 1.76E+22 |6.25E+21
H atomic (%) 16.7 6.0

Table 5.3. Estimated Si-H, N-H and Total Hydrogen bonds concentration
in LT-SiN and HT-SiN before S/D activation annealing. HT-SiN sample

contains much less Si-H and N-H bonds than those of LT-SiN sample.

[H] Concentration (atom/cm3)

After Annealing LT-SiN HT-SiN
Si-H 2.27E+21 [2.37E+21
N-H 2.92E+21 |[1.27E+21
Total [H] 5.19E+21 (3.64E+21
H atomic (%) 4.9 3.5

Table 5.4. Estimated Si-H, N-H and Total Hydrogen bonds concentration

in LT-SiN and HT-SiN after S/D activation annealing.
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Fig. 5-4 Estimated LT-SiN and HT-SiN hydrogen concentration, and
hydrogen atomic (%) based on the FTIR results before and after S/D
activation annealing. HT-SiN sample contains much less hydrogen bonds

than that of LT-SiN sample.
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Fig. 5-5 Increased device wafer bow height measured on patterned wafers

at different SMT stages to evaluate-the- SMT strain behavior.
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Fig. 5-6 Measured 10x0.4gtm nEFET Gm iin at V4=50 mV. There is a ~13%

improvement in the peak value of Gmainwith the adoption of HT-SiN as

the SMT capping layer.
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Fig. 5-7 Measured 10x0.4pum nFET mobility at V4=50 mV. There is a

~11% improvement in the ‘peak-value of electron mobility with the

adoption of HT-SiN as the SMT capping layer.
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Fig. 5-8 Measured W= 10um nEFET V; as a function of channel length;
LT-SiN as SMT capping layer improves nFET SCE with a less V:

roll-off.
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Fig. 5-9 Calculated W=10 um nFET DIBL. Slightly improved DIBL at
reduced gate length nFET dévices-can-be observed with LT-SiN as the

SMT capping layer.
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Fig. 5-10 Measured interface 'state density (D;) characteristics as a

function of trap energy near the conduction band edge using S0um square

MOS capacitors by High-Low CV technique [87]. The interfacial quality

1s degraded with the adoption of LT-SiN as the SMT capping layer when

trap energy range (Ec — E) is greater than 0.25eV, where Ec is the energy

of the conduction band edge, and E is the interface state energy.
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(a) SMT SiN with Suppressed
Bow upon Annealing.

SMT SiN —SMT SIiN——
Spacer Wafer substrate
Poly T
Gate Doubled sided SiN

(b) SMT SiN with Enhanced
Bow upon Annealing.

5%
Wafer substrate >
edge damage

o-deformation.

Interfacial Deterioration: Si—-H + H - Si+ + H,

Fig. 5-11 (a) top (b) bottom.
Schematic illustration of wafer bend induced gate edge damage and gate
oxide interfacial quality deterioration. This wafer bowing is due to high

stress change in the SMT capping nitride in Fig. 5-11b.
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Chapter 6

Ballistic Transport for Highly Scaled nFET

Devices

6.1 Introduction of Ballistic Transport

The transport of a carrier in the device is closely related to the relative dimension
of the device to the mean free path of the carrier, as illustrated in Fig. 6-1. When the
device size L is sufficiently larger than the mean free path A, the carrier flow is
controlled by the diffusive transport-and is well-characterized by the conventional
mobility theory. When analyzing conventional long channel devices, the traditional
approach assumes that the averaged distance between each collision, the so-called
mean-free-path A, is much shorter than the device geometry L. When these conditions
hold, drift-diffusion equations can be ‘used 'to describe carrier transport behavior.
When gate voltage is above threshold, the drift current dominates the traditional long
channel MOSFET I-V characteristic [11]. On the other hand when gate voltage is
below threshold, it is usually assumed that diffusion dominates under the

sub-threshold condition [11].

From device performance point of view, the success of scaling depends on
achieving higher on-state drive current I,,, while maintaining as low as possible
off-state leakage current. I,, can be increased in three major ways: increasing areal
gate capacitance Cox, decreasing gate length Lo, or increasing carrier mobility .
These three ways can be qualitatively expected from the long-channel saturation

mode MOSFET equation 6-1 below [11].
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o Vi )2 Eq. 6-1

Moreover, guided by Moore’s law, the performance of integrated circuits has
been dramatically improved by geometric scaling of Si CMOS devices. As CMOS
devices are being further and further scaled down, the device dimensions shall
become comparable to or smaller than the mean-free-path A. In this regime, the
channel length is much shorter than the mean-free-path (L < 1), and the scattering
probability in the channel is small can be ignored completely. That can be described
as the ballistic transport [94-98]. Most of the carriers pass through the channel toward
drain without scattering and the device current is completely controlled by the carrier

injection from source into the channel as illustrated in Fig. 6-1.

The nanoscale transistors fabricated nowadays arein the range where L (<100nm)
is comparable to A, and can be characterized by ‘the quasi-ballistic transport.
Therefore, they are operated between the drift-diffusion and ballistic regimes. In this
quasi-ballistic transport regime, carriers encounter a limited amount of scattering
from source and drain, and the probability of a carrier encountering scattering events
within the channel rapidly diminishes when the device feature are scaled down. The
mobility theory no longer describes the transport on the one hand, and the presence of
scattering distinguishes their behavior from ideal ballistic characteristics. Drift
diffusion theory is no longer strictly valid, but it continues to provide insights into the
operation of small semiconductor devices. A ballistic treatment is not strictly valid

either, but it provides new useful insights when these new devices are explored.

6.2 Temperature Dependent Ballistic Transport Model

As the channel length of a MOSFET scaled into the nanoscale regime, the Iy g
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of MOSFET is primarily dictated by the channel backscattering phenomena as
illustrated in Fig. 6-2 [94]. The channel backscattering theory as formulated in
equation 6-2 [94] relates the saturation drive current Iy g of a nanoscale MOSFET to

the source injection velocity and carrier backscattering phenomena by

1—-
Id_sat =W Qinv ) Vinj ) (ﬁj Eq 6-2
sat

where
W is the channel width, Qj,y is the inversion charge density,

Vinj 18 the injection velocity, and Ys, is the carrier backscattering coefficient.

When carriers are injected from'the source-end into the channel, some carriers
will encounter backscattering events within a critical length 1o from the peak in the

conduction band. Thus, the backscattering coefficient ¥, for non-degenerate carrier

in the saturation regime can be‘estimated from

_ 10 _ 1
’Ysat 10 + 7\’0 1 + 7\’0/10 Eq 6-3
where

A o is the near equilibrium mean free path for backscattering, and Iy is the critical
length for for carrier potential to fall by KgT below the conduction band maximum.
Through substitution of equation 6-3 into equation 6-2, the Iy ¢ can be expressed in

terms of A and Ij as

Ao/l
I = W-Qy, "Vinj [ﬁ} Eq. 6-4
0o/ 1o

where Vi, in Equation 6-4 represents the theoretical injection velocity at the
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beginning of the channel with the maximum value approaches the thermal injection
velocity (2%107 cm/sec). Because the carriers at the beginning of the channel are

injected from thermal equilibrium source, the injection velocity is mainly determined

by the lattice temperature and their effective mass. Furthermore, the terms Viyj, Ao

and 1y have temperature dependence as given by

_ 2KBT
Vinj = T Eq. 6-5

= 2 uK,T

0 qQViy Eq. 6-6
K, T

0 qE(0) Eq. 6-7

It is noted that as temperature T raises, the A o /1y ratio is thus decreased, and

leads to a increased "Ys, backscattering coefficient in the saturation regime according
to equation 6-8.

Ay _ 2pEQ)
1, vV,

inj

-0.5
T Eq. 6-8

Differentiation of Eq 6-4 with respect to temperature would then produce an
analytical expression [49, 99] for the temperature dependence of Ij ¢, as denoted by
a,

aId_sat =1 1 aVirle + 1+ysat0 a (1_ysat0J+ 1 a(\]G _Vt sat)

1 + YsatO VG - Vtisat aT

or v oT 1-vy,,oT

|~ injo

aIdfsat =1 1 _ 1 + 1 aysato _ n
ofT 2T ‘l+y,, 1-y., ©OT V-V

t_sat

= Idisata

Eq. 6-9
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Therefore, one can get

Ay (14 Vb om
Id_sat T + O/ 0 (VG - Vt_sat)
where M is the temperature dependence of threshold voltage as given by
n= AVt_sat
- Eq. 6-11
AT 1

Both o and M can be experimentally extracted from the best fitted gradient
of Aly s and AV, o as a function of temperature, respectively. Then, the ratio of

carrier mean free path to the critical length for backscattering A / 1y can then be

deduced from equation 6-10 which yields the following expression.
A 4
L 7
o 1
ot — =T
2 (VG - Vt sat)

Eq. 6-12

By employing the A ¢ / Iy ratio and the backscattering coefficient Vs, the ballistic

efficiency By, can be estimated using

1_ il
Veir :Vinj(HZb t j Eq. 6-13
sat
= Verr _ 1=V _ Ao /21, Eq. 6.14
Vini I+yg, 1"'7‘0/210

The ballistic efficiency B, approaches close to “one” as the backscattering
coefficient Y, approaches close to “zero”, and more backscattering flux or increased

Ysat Tesults in a reduced drive current as predicted by equation 6-2 and equation 6-14.

As MOSFET carrier transport becomes more ballistic, the carrier transport can be

limited by carrier injection at the source side, and source injection velocity Viy; plays
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an important role in affecting the drive current of a MOSFET in addition to carrier
backscattering [97, 98]. Overall, reducing Y¥s, and increasing source injection velocity

Vinj are both desirable in order to enhance Iy s performance for device operated under

ballistic transport region.

6.3 Experimental Results and Discussion

For modern process induced stained silicon techniques, the mobility of short
channel device generally increases more than that of long channel devices. Therefore,
the short channel nFET fabricated on industry standard 12inch wafers of drawn length
from 10 to 0.04um are measured and discussed in this section. Two kinds of nFET
devices with different CESL films, one with strained nitride and the other with neutral
SiON, are fabricated as shown in Fig.-6-3. The transport properties of electrons in our
nFET devices are studied in the linear region (Vs=50mV) and the saturation region
(Vg=1V). The threshold voltage V, is determined by the constant current method [49].
Suss PAC 300 cryogenic probe station was used to characterize low temperature
nFET performance with liquid nitrogen as the coolant, and the temperature range used

in the measurements varies from 300K to 150K.

6.3.1 Ballistic Measurement on Strained and Non-Strain

nFET

In order to study the impact of channel strain engineering on the carrier transport
characteristics of sub-100 nm nFETs, a similar approach based on the temperature
dependent backscattering model [99-101] as described in section 6-2 was employed.
The impact of strain on carrier mobility and drive current enhancement are

investigated in terms of mean free path, backscattering coefficient, ballistic efficiency,
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and carrier injection velocity.

In order to extract these backscattering related parameters, o and Y were first
experimentally extracted from measurements of the change in drive current Iy ¢ and

the threshold voltage V, jin, as a function of temperature.

Typical temperature dependency results of Vi, and the change in Iy ¢ at
different temperature for our 1x0.8um nFET are shown in Fig. 6-4 and Fig. 6-5,
respectively. The threshold voltage increases with reduced temperature [11].
Moreover, carrier mobility is determined by two main scattering mechanisms,
electron-phonon scattering and impurity scattering. Electron-phonon scattering is due
to scattering in the silicon lattice, while impurity scattering is due to ionized
impurities. As temperature decreases, mobility increases due to a decrease in the
electron-phonon scattering rate, [102].-With"higher mobility, transistor drive current
can be improved; while incréased threshold voltages may degrade transistor drive
current. Therefore, the variations in"threshold voltage and mobility are opposing
forces against each other. Nevertheless, the measured nFET I ¢, ratio still increases

with the lower temperature as shown in Fig. 6-5.

A typical extraction results using equation 6-12 for 1x0.8um nFET are shown in
Table 6.1. Continuing on to extract these o and y values at different transistors’ length
yields the A/l ratio characteristics as shown in Fig. 6-6. In general, the Ao/l ratio
increases with decreasing gate length and is larger for the strained devices than the
unstrained control devices. By scaling the gate length, a smaller Iy will be achieved
which contribute to a reduced carrier backscattering and contribute to a higher drive

current performance [103].
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6.3.2 Improved Backscattering Coefficient and Ballistic

Efficiency

Fig. 6-7 plots the backscattering coefficient Y, as a function of gate length for

strained and control transistors. For enhanced drive current performance, a smaller
Ysat 1s desirable as it implies reduced backscattering when the electrons are injected
from the source into the channel. It can be seen that strained nFETs show an
improvement or reduction in Yy over the control devices, due to a reduced critical
length for backscattering l,. However, it was reported that reducing lp has a more
profound effect than reducing the entire channel length in affecting the drive current
performance as carriers injected into the channel and passed beyond 1y will not be

backscattered into the source [104].

Using the backscattering coefficient 7Yy, the ballistic efficiency By, can be
calculated using equation 6-14. When By, tends /to unity, it implies that carriers
injected from source into the transistor channel will not encounter any backscattering
events and the transistor will be considered to operate in the fully ballistic regime. As
a result of reduced Y, strained devices show substantial improvement in the ballistic
efficiency By, over the control devices in Fig. 6-8. This improvement is observed to
increase with decreasing gate length and approaching By, ~ 0.3 for a strained device
with gate length down to 0.1 um. The continual enhancement of By, with reduced
gate length indicates that channel backscattering phenomena will continue to

dominate the Iy ¢, performance of a sub-0.1 wm gate length transistor.

6.3.3 Carrier Injection Velocity Enhancement

Since Iy s can be precisely measured and By, can also be estimated, Vi, can thus
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be obtained via equation 6-2. The injection velocity Vi, plays an important role in

affecting the saturation drive current performance of nanoscale ballistic MOSFET in

that higher Vi, leads to higher Iy i The dependency of source injection velocity Vip;

as a function of gate length is further investigated next.

Fig. 6-9 shows that strained devices have a higher calculated source injection
velocity Vi than that of the unstrained control devices. It is noted that V;,; of a tensile
CESL nitride strained transistor increases with decreasing gate length and approaches
the thermal injection velocity (2*¥10" cm/s) at sub 100 nm gate lengths. This
significant Vi, enhancement could be highly related to the strain-induced
modification of the electronic structure. Fig. 6-10 illustrates that the conduction band
valleys are degenerate for an unstrainéd silicon. The presence of uniaxial tensile strain
effect lifts the six-fold degeneracy at the conduction band valleys, leading to the
lowering of the two-fold perpendicular valleys (A,) with respect to the four-fold
in-plane valleys (A4). This leads to preferential electron population at the lower

energy A, valleys where the in-plane transport mass is lower (~0.19 my) [40, 41].

The carrier injection velocity Vi, is mainly determined by the lattice temperature
and the effective mass as formulated in equation 6-5. Therefore, the electron injection
velocity is actually inversely proportional to the square root of the electron effective
mass, and thus the change of effective mass still plays the main role for devices
operated in ballistic transport. Hence, the strain induced reduction of the effective
mass will still enhance the 14 ¢, when device scaling enters into the quasi-ballistic or

ballistic transport region [103].
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6.4 Summary

Since the 90nm node, strain-enhanced CMOS scaling has been very important in
continuing Moore’s Law. Mechanical strain modifies the crystallographic geometry in

the channel, modulating carrier properties by modifying energy band structure.

Strain in the channel region affects the effective mass of carriers and therefore
their mobility. Furthermore, strain also changes the carrier backscattering rate Y, at
the carrier injection point from the source side [100, 101]. Strain in the channel has
also been shown to reduce effective mass to increase the injection velocity Vi, and
ballistic efficiency By of the carrier transport by reducing the Vs, [103]. As expressed

in Equation 6-2, both V;,; and By, improvement are observed to account for the Iy g

enhancement achieved in the strained devices:

As MOSFET carrier transport becomes more ballistic, the carrier transport can
be limited by carrier injection ‘at the source-as the scattering event happening in the
channel is greatly reduced [94-97]. Since Viy; is inversely proportional to the square
root of the effective mass as predicted in equation 6-5, therefore, the strain induced
reductions in the effective mass will still enhance the drive current in ballistic
MOSFETs. The reduction of carrier conductivity mass by novel strain silicon

technology can therefore increase the source injection velocity Vi, and can still

contributes to Iy ¢, enhancement for highly scaled strained nFET devices.
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Fig. 6-1 Carrier transport in MOSFETSs depends on relative dimension of
the device size and the mean free path. In ‘general, carriers will exhibit
ballistic conduction when L<=A, where L-is the length of the active part
of the device (i.e., a channel in a MOSFET). A is the mean scattering

length for the carrier which can be given by Matthiessen's Rule.
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Fig. 6-2 Illustration of channel backscattering phenomenon. When
carriers are injected from source into channel, they may encounter
scattering within a thickness I, with a potential drop of kzT/q.

Some carriers Vs, may be scattered back to the source, and the remaining

carriers (1- Y, continue their march toward the drain.
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Fig. 6-3 nFET devices with CESL by strained nitride and neutral SiION

are fabricated for ballistic conduction study:
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Fig. 6-4 Measured 1x0.8uum nFET devices threshold voltage as a function
of temperature for ballistic conduction study.

1N is related the temperature dependence of V, g, and can be obtained

from the slope of the best-fit lines.
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Fig. 6-5 Measured 1x0.8uum nFET devices drive current as a function of
temperature for ballistic conduction study.
o is related the temperature dependence of Iy ¢, and can be obtained

from the slope of the best-fit lines.
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Strained
o -9.00E-04
| -1.20E-03
Ao/ Iy 1.12
Y_sat 0.47
B sat 0.36

Table 6.1. Extracted 1x0.8um nFET devices 1, o and ballistic transport
parameters by the proposed temperature dependent ballistic transport

model [99-101].
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Fig. 6-6 Extracted Ay/l, ratio .at different gate length. Strained nFETSs
show higher ratio of mean free path Ay to the critical length for
backscattering 1, than the unstrained control devices. Improvement in

Ao/l ratio is observed to increase with decreasing gate length.
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Fig. 6-7 Extracted Y, at different gate length. Uniaxial tensile strained
nFETs show significant improvement-in Y, over control devices due to

the reduced critical length for backscattering .
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Fig. 6-8 Extracted By, at different gate length. The suppression of carrier
backscattering into the source contributes favorably to the improvement

in ballistic efficiency B, in strained nFETs which increases with

decreasing gate length.
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Fig. 6-9 Extracted V;,; at different gate length. Strained nFETs show
higher source injection velocity -Vig—compared to that of unstrained
control devices. The improvement in Vj,; is attributed to the reduction of
electron effective mass as carriers repopulate in the lower energy A,

valleys.
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Fig. 6-10 Change of the conduction band upon uniaxial tensile strain. The
presence of uniaxial tensile strain effect lifts the six-fold degeneracy at
the conduction band valleys, 'leading to the lowering of the two-fold
perpendicular valleys (A;) with respect to the four-fold in-plane valleys
(A4). Most of the carrier repopulated to the lowered A, valley and
intervalley scattering can be suppressed for strained nFETs. Furthermore,
the electron residence in the A, valley has lower effective mass, and can
boost electron mobility [40, 41].

The improvement in V;,; shown in Fig. 6-9 can also be attributed to the

reduction of electron effective mass.
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Chapter 7

Conclusions and Further Recommendations

7.1 Conclusions

In the last period, various process-induced strain techniques have been
developed and employed in CMOS devices. These techniques have been reported to
improve carrier mobility by altering the energy band structure in the channel region
through strain induced by adjacent materials.

In this thesis, we have investigated the effects of utilizing tensile strained nitride
deposited as a SMT stressor to enhance nFET device performance. The SMT
technique improves nFET performance and-transconductance as expected owing to
owing to the enhancement of electron mobility by-the memorized strain for scaled
nFET devices. In addition to.the aforementioned nFET mobility improvement, the
SMT nitride cap layer modifies the formation:of the defects created by ion
implantation, and hence alters the diffusion kinetics of the implanted n type dopants.
Therefore, the SMT strain technique enables better short-channel-effect control,
suppresses V; roll-off, and improves DIBL owing to a reduced junction depth Xj as
demonstrated by the SIMS profiles. Finally, when combined with the strained CESL
technique, SMT provides supplementary strain to the n-channel, elucidating the
prospects on strain silicon processes integration for aggressively scaled CMOS
fabrication.

Moreover, the influence of interface states on the characteristics of nFET devices,
and the associated electron mobility behavior with two different kinds of LPSiN
(HT-SiN) and PESIiN (LT-SiN) capping SMT nitrides have also been quantitatively

analyzed. The strain from the SMT nitride can be tailored by nitride hydrogen
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composition, deposition method, and film thickness and shrinkage change upon
thermal annealing. Furthermore, nFET Vt and DIBL have a similar level when using
HT-SiN or LT-SiN for SMT application. Nevertheless, nFET devices with higher
device performance, carrier mobility and lowered interface state density can be
fabricated by the HT-SiN as the SMT capping nitride. Thus, it is important to
optimize the nitride physical and chemical properties to maximize SMT strain
memorization effect and to minimize other side effects to achieve the best

performance simultaneously.

As MOSFET carrier transport becomes more ballistic, the carrier transport can
be limited by carrier injection at the source as the scattering event happening in the
channel is greatly reduced. Strain in the channel region affects not only the effective
mass of the carrier, but also changes the backscattering rate Vs, The reduction of
carrier conductivity mass therefore increases the source injection velocity Vi, in the

highly scaled strained nFETs can still contributes to drive current enhancement.

7.2 Further Recommendations

Because of the limited timing for my PhD academic study and the heavy loading
of my job, there is still many SMT related topics left that I could not finish in time.
Nevertheless, they should be very interesting research work to be explored by the

SUCCESSOors.

7.2.1 Correlation of Sidewall Spacer to the SMT Strain

For advanced semiconductor devices used in sub-90nm technology nodes,

complex dopant profiles may be required for the S/D regions both in the lateral and
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vertical direction. This would require an implantation sequence in which the shielding
effect of the gate electrode and spacer structure may be adapted in the lateral direction
and subsequently performing a respective implantation process.

For example, after forming the gate electrode structure, and a thin offset spacer
for protecting the gate sidewalls, dopants may be introduced to define shallower and
reduced concentration lightly drain and source (LDD) regions. Then a main spacer
with desired lateral distance to the gate electrode is formed. In a subsequent
implantation process, an increased implantation energy and dose is used to form the
drain and source regions.

It can be interesting to study the SMT effects after such spacer nitride deposition
as they all involved the fundamental elements of SMT such as amorphized silicon
post dopant implantation, cap layer depesition and thermal annealing. Thus, it is
possible to demonstrate further nFET enhancement via multiple SMT techniques after
each spacer formation steps [49].

For the conventional SMT applied after S/D implantation [19] widely adopted
nowadays, it is suspected that the presence of the sidewall spacer elements during the
anneal process may have a negative effect on the strained re-crystallization of the
drain and source regions. That is, significant damage may also be created in the
spacer elements after the high energy and dose implantation process for forming the
LDD and the deep S/D regions, thereby possibly affecting their capability of
suppressing a reduction in volume upon the re-crystallization process. Consequently,
the S/D areas may re-grow with a less pronounced strain, and reducing the overall
SMT strain transfer mechanism. The potential solution can be that the spacer
elements may be considered to be removed prior to the deposition of the conventional
SMT nitride material, so that the strained re-crystallized state of the S/D regions may

be positioned closer to the channel region, thereby enhancing the overall
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strain-inducing mechanism.

7.2.2 Study Transistor Layout Effect upon SMT

The stress sources induce strain variations in the transistor channel because of
different intrinsic stresses, transistor structure, and layout boundary conditions.
Directional dependency occurs because the mobility sensitivity to stress
(piezoresistance effects) may change drastically in sign and magnitude from one
direction to another. Such layout-dependent variations significantly affect SPICE
device modeling, and add to circuit design complexity. For SMT strained nFET
devices, the nFET threshold voltage and carrier mobility can be also impacted by
different layout [37]. As SMT involves- a lot of process steps and variations in these
process are magnified by the increasingly smaller features, it is suggested to study the

layout effect thoroughly.

7.2.3 Integrate SMT Strain-with High-K Gate and Metal

Gate Technology

Incorporating a metal gate and high k into the CMOS process could allow
another dimension to the novel process induced strain technique, as the metal gate
could induce additional strain in the channel [105, 106], which is added to other
strain-enhanced performance improvements. The strain from the metal gate can be
tailored by its composition, deposition method, and film thickness and other process
parameters. It should be interesting to co-optimize the conventional SMT strain and
metal gate-induced strain simultaneously to achieve the best device performance at

the same time.
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