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Abstract

Effectiveness of Strain Solutions for Next-Generation MOSFETSs
by

Nuo Xu

Doctor of Philosophy in Engineering — Electrical Engineering and Computer Sciences
University of California, Berkeley

Professor Tsu-Jae King Liu, Chair

The conventional planar bulk MOSFET is difficult to scale down to sub-20nm gate
length, due to the worsening performance variability and short channel effects. Thin body
transistors, including Multiple-Gate (FInFET & Tri-Gate FET) and Fully Depleted SOI
(FD-SOI) MOSFETs are anticipated to replace the current transistor architecture, and will
be used in future CMOS technology nodes. Strained Silicon technology is widely used
today to boost planar bulk transistor performance. Thus it's technically important to
examine the strain-induced performance enhancement in these thin body transistors, for
nanometer scale channel length. A comprehensive study on impact of channel stress on
ultra-thin-body FD-SOI MOSFETs is presented. It's found that strain-induced mobility
enhancement diminishes with Silicon body thickness scaling below 5nm for electrons, but
not for holes. Strain-induced carrier transport enhancement is maintained with gate-length
scaling. By applying forward back biasing (FBB) through the ultra-thin Buried Oxide layer,
both carrier mobilities and their responses to strain get enhanced. For Multiple-gate FETs,
the impact of performance enhancement through various types of stressors (including
CESL, SiGe Source/Drain, Strained SOI and Metal Gate Last process) is studied, for
different fin crystalline orientations and aspect ratios, to provide guidance for 3-D transistor
design optimization.
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Chapter 1

Introduction

Historically, the continuous miniaturization of the conventional planar bulk metal-oxide-
semiconductor Field-effect transistor (MOSFET) by simply scaling the device dimensions has
been effective to provide for steady improvements in integrated circuit (IC) performance and
cost per function with every technology node. However, the planar bulk MOSFET is difficult to
scale down to sub-20nm gate length, due to the worsening performance variability and short
channel effects. Thin body transistors, including Multiple-Gate and Fully Depleted SOI
MOSFETs are anticipated to be used in future CMOS technology nodes. Strained Silicon
technology is widely used today to boost planar bulk transistor performance. Thus it's
technically important to examine the strain-induced performance enhancement in these thin body
transistors, for nanometer scale channel lengths.

In this chapter, the effects of strain on the Silicon band structure and carrier mobility are
discussed, for both bulk materials and MOSFET inversion layers, to reveal the physical
mechanisms of performance enhancement. Next, various stressor technologies are described,
from a fabrication process point of view, to show how strain is introduced into commercial IC
devices. Then advanced planar bulk and thin-body MOSFET structures with strain as a
performance booster are analyzed to see the strain-induced performance enhancement in
aggressively scaled devices. Finally, the motivation of this thesis and a brief overview of the
remaining chapters is provided.

1.1 Semiconductor Band Structure and Carrier Mobility

1.1.1 Strain Effect on Semiconductor Band Structures

Since mechanical strain reduces crystal symmetry, it will affect the crystal band structure.
For example, strain which lowers the crystal symmetry lifts band degeneracies; on the other hand,
the breaking of symmetry also causes band warping and hence results in carrier effective mass
change [1].
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Figure 1.1. Definition of Stress and Strain in elastic mechanics, from [2].

To study strain in crystals, Elastic mechanics provide the general methodology to solve
stress/strain problems in solid matter. When an external force load is applied to an object, there
will be stress formed inside it. This results from the repulsive electromagnetic force between
ionic cores when the lattice atoms deviate from their equilibrium positions. The definition of
stress is the inside force per unit area, when the observing area is infinitesimally small. The
strain mainly denotes the amount of deformation (relative change in length), as shown in Fig. 1.1
[2]. The external force can be treated as the excitation. After balance in the object system is
reached after a period of time and at a certain temperature, the final responses are the stress or
strain field. To fully solve this field, a couple of equations need to be satisfied. The first is the
strain (e) - displacement (u) relation, which can be expressed as follows:

1(6_8_] (L)
2\a, a,

Another important relation connects strain to stress values, which is always anisotropic in
crystals. Under the small deformation approximation, one can always assume the strain is
linearly dependent on stress, with the ratio of modulus (E). Also, stress in a certain direction
could generate strain in other directions; those effects can be included by multiplying the

modulus with a coefficient, called the Poisson ratio (v). For a cubic crystal structure (e.g.
Silicon), due to the symmetry, one can obtain the stress () —strain (e) relation tensor as follows:
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where e;; (S;;) refers to the normal strain (stress), while e; (S;) stands for twice the shear strain
(stress). Finally, the stress-body force (F) relations can be expressed as:
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which means the gradient of stress should be balanced with body force values. Combining the
above expressions, and by applying appropriate boundary conditions, the exact solutions can be
derived; the solving procedures, however, are always tedious and supplemental ways are needed.
The Finite Element Method (FEM) is commonly adopted for finding approximate solutions of
those partial differential equations (PDE), which uses Euler’s method to render the PDEs into a
series of ordinary differential equations that can be solved with largely reduced computing
intensity [3, 4]. In this work, the mechanical strain simulations are performed based-on FEM in
the three-dimensional (3-D) space.

To model the impact of strain on the semiconductor band structure, multiple methods have
been proposed with the trade-off between physical accuracy and computational complexity [5-8].
Among those methods, the piezo-resistance (PR) model is the simplest one, which describes the
relationship between the applied stress and the resistivity change in a semiconductor:

(égjznfgf (1.4)

where [I;; is the matrix of PR coefficients, and §j; is the stress vector with all normal and shear
stress components included. The PR model assumes that the semiconductor resistivity (or more
precisely, carrier mobility value) changes linearly with applied stress instead of taking into
account the detailed change of band structure and scattering rates induced by strain, which is not
accurate in most of the cases for MOSFET device modeling. For example, PR models cannot
capture the channel doping and transverse electric field impact, and fail to predict the non-linear
channel resistivity change at large level of strain [9]. On the other hand, “fully-physical”
methods, such as Empirical Pseudo-potential Method (EPM) [6], Tight Binding (TB) [7] and 4b-
initio [8] approach, require lots of computing threads, which are generally not favorable to meet
commercial technology computer-aided-design (TCAD) requirements [9].

The k-p method is based on perturbation theory [10, 11], and serves well for predicting the
strain impact on band structure while requiring reasonable computing loads by using a small set
of wavefunction vectors and some empirical parameters, such as energy bandgap [1]. The
conduction bands of Silicon consist of six ellipsoidal-shaped valleys (with two-fold spin
degeneracy in each valley) located at A-point along each X-direction in 3-D space, as shown in
Fig.1.2 (a-c). Based on perturbation theory, the Hamiltonian for the Silicon conduction band can
be expressed as:

_PE+E) 7R
- lmj 2m, (1.5)
for A2 valley electrons, and
BB +E
H,:..:ﬁki;-l- (E:i ’I)
S ) 2m, (1.6)



for A4 valley (with the ellipsoid’s major axis oriented along i-direction) electrons. Note that the
k in Eqn.s (1.5, 1.6) refers to approximate momentum vector shift around the Silicon conduction
band edge (A-point). The non-parabolic terms in energy can be modeled as

=
Bt |
]

E(k)-(1+aE(k)) = —

2m (1.7)
with o as the non-parabolic factor [12]. The strain effect is taken into account by assuming the
conduction band energy changes linearly vs. strain applied with the ratio defined as “deformation

potentials,” as expressed below.

H, =ZEu'eii+zEd'ey' (1.3)

where Z4 and E, are the dilation and uniaxial deformation potentials at the A-point. Further
studies suggest the shear strain components also change the ellipsoidal valley’s curvature and
hence affect electron’s effective mass value [13]. This effect is important to electron mobility
enhancement under <110> uniaxial stress and had been well modeled by considering the band
splitting at the Brillouin zone boundary using the 2x2 k-p approach [14].

The valence bands of Silicon can be classified to Heavy Hole (HH), Light Hole (LH) and

split-off (SO) hole bands, based on their state vectors |j,m>, where j denotes the total angular
momentum and m refers to the momentum projection along the z-axis [9-11]. Each one has two-
fold spin degeneracy and the peak value at the I'-point. For unstrained Silicon materials, HH and
LH are degenerate at the I point, while an energy difference (~44meV for Silicon) exists for the
SO band. When the semiconductor bandgap is much larger than the SO energy, the Luttinger-
Kohn Hamiltonian, also known as 6x6 k-p approach, can be used to characterize the hole band
structure, with the Hamiltonian expressed below [10, 11].
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where y;.; can capture the hole band structure curvature and 4 represents the SO energy. The
strain effect is taken into account by adding the Pikus-Bir Hamiltonian, which shares the same
form as the Luttinger-Kohn Hamiltonian, but has different element definitions as:

P=-a,(e,+e,+e.) (1.14)
Qe=—§(exx+eyy—2ezz) (1.15)
L=—d(e.—ie,) (1.16)
Meng(em—eyy)—id-exy (1.17)

Calculated hole band structures are shown in Fig.1.2 (d-f). Similarly to conduction bands, the
degeneracy between HH and LH diminishes with carrier confinement and by applying biaxial or
shear strain.

Energy(eV)

(a) Unstrained

110> " <001> * <110 <001> T <a0>
(d) Unstrained (e) S.j10>=-1.5GPa (® S_91>=1.5GPa

Figure 1.2. Silicon band structures calculated using perturbation method: (a)-(c) equi-energy contours for

conduction band electrons; the insets show the conduction band energy for A4 (blue) and A2 (green) valley
electrons. (d)-(f) Valence band energies for Silicon holes; the insets show HH band equi-energy contours, in
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which clear band wrapping is found when strain is applied. Calculation is performed using MASTAR
predictive modeling package [15].

1.1.2 Carrier Scatterings in Bulk Semiconductors

By accounting for the effects of strain on the semiconductor band structure, the impacts of
strain on carrier mobility can be investigated. Starting from the simplest model, the low-field
carrier mobility can be expressed as

u=3 (1.18)
m
where m’" is carrier effective mass along current conduction direction, the so-called “transport
effective mass”; t is the momentum relaxation time (MRT). For electrons, strain-induced band
splitting can suppress scatterings and hence reduce 1; on the other hand, more electrons are able
to occupy A2 valleys, and result in lower average m". For holes, shear strain can largely change
the band curvature and reduce m’, to enhance hole mobility.

There are lots of scattering mechanisms which contribute to 1, among which phonon
scattering is the dominant one at room temperature. Phonon scattering is caused by lattice atom
oscillations with respect to their nominal positions; those oscillations may interact with carriers
to change their positions or momenta to induce a time-relaxation process. For electrons, phonon
scattering can take place within a conduction band valley; this is called Intra-valley scattering,
which doesn’t change the energy of electrons, and has the “elastic” scattering nature. If electrons
are scattered between degenerate valleys (i.e. valleys oriented along the same axis), the process
always causes energy change by interacting with optical phonons, which is “inelastic” in nature
and often referred as “g-type” inter-valley scatterings. Electrons can also be scattered to all the
other non-degenerate valleys, the so-called “f-type” inter-valley scatterings, which are always
inelastic [16]. For holes, the elastic scattering process is often referred as acoustic phonon
scattering, and the inelastic one as optical phonon scattering [17, 18]. The transition process can
happen both within a certain hole band or between two different hole bands.

1.2 Carrier Transport in MOSFET Inversion Layer
1.2.1 Sub-band Structures from Quantum Wells

In the MOSFET structure, when the gate bias exceeds the threshold voltage (Vi), an inversion
layer forms at the oxide/Silicon interface. The potential profile at the inversion layer’s location
can be approximated as a triangular potential well in which carriers are quasi two-dimensional
(2-D) gas. Along the confinement direction, energy is quantized to a series of Eigen values,
which are called “sub-bands”. To calculate the sub-band energies, the discrete Schrodinger
equation need to be solved in that quantum well. This is very convenient to incorporate with the
k-p method, which only requires the replacement of the momentum vector k. with —id/dz in the
Hamiltonian (assume z is the confinement direction), because the motion of carriers is restricted
along the z-direction [18]. After the total Hamiltonian is re-constructed of many discrete k-p



blocks based on the device mesh, the Poisson equation is self-consistently coupled to account for
carrier’s self-energy, which is usually known as the Hartree-Fock method [19]. The detailed
solving procedure is listed in Fig.1.3 and will be elaborated in chapter 2.

Due to different effective mass values in the confinement direction, in the quantum well, the
six conduction band valleys are no longer degenerate even without strain. For a (100)-confined
surface, A2 valleys have lower energy values than the A4 valleys; in (110)-confined surface, A4
valleys have lower sub-band energy values, as shown in Fig.1.4 (a). For inversion holes, HH
always have the lowest sub-band energy values independent of the surface orientation as shown
in Fig.14 (b). Band warping is always seen for inversion layer holes, for example LH and SO are
always mixed, causing more complicated band curvatures compared to the bulk case, as shown
in Fig.1.4 (¢). And these effects must be taken into account quantitatively in MOSFET channel
carrier mobility modeling.
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Figure 1.3. Poisson-Schréodinger self-consistent solving procedure for calculating carrier sub-band energies
and wavefunctions in the quantum well.
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Figure 1.4. Sub-band energies in quantum well for inversion electrons (a) and holes (b) with different
confinement direction; and (c) comparison between bulk holes and inversion holes equi-energy contours at
k-k, plane, strong band warping is clearly seen.

1.2.2 Carrier Scatterings in MOSFET Inversion Layers

In inversion layers, due to the motion of carriers being restricted to 2-D, the scatterings are
also different than in a bulk semiconductor. According to the Fermi-Golden rule, the transition
rate between two eigen-energy states in a quantum system depends not only on the density of
states, but also the wavefunction overlap integral of the two states. This overlap integral, also
known as the “form factor,” determines the scattering rates between two sub-bands in the
inversion layer, and has the form of

F,.=[dz|8(2)6.) (1.19)

where &, ) refers to the envelop wavefunction from sub-band n (n’). Note that form factors
depend on both MOSFET body thickness (tsor) and transverse electric field, since both geometry
and electrical potential well can contribute to the quantum confinement. As a result, inversion
layer carrier mobility depends on the “effective” field, defined as the average electric field seen
by the inversion layer [17, 18, 20]. Geometrical confinement is extremely important to study in
thin-body MOSFETs, since carrier mobility values change quickly as tso; 1s scaled down: for
(100)-surface electrons, mobility decreases due to the growing form factors initially, however, it
starts to increase at tso; of ~3.5nm, as shown in Fig.1.5 (a), which was explained by the sub-band
reoccupation effect [21]. For inversion holes, a similar effect can also be seen for the (110)
surface, but not for the (100) surface, as shown in Fig.1.5 (b) [22]. Surface roughness scattering
comes from the perturbation of the varying electric field at the rough oxide/Silicon interface in
the inversion channel, which is not present in bulk semiconductors. It has become the dominant
scattering mechanism in MOSFETs with aggressively scaled oxide thickness, especially devices
fabricated on SOI substrates, due to the growing importance of the back oxide layer [23]. Carrier
mobilities can also be lowered largely due to scatterings from trapped charges at oxide/Silicon



interface; which limits carrier mobility as a function of oxide thickness, as shown in Fig.1.5 (c)
[23].

With the aforementioned reasons, the strain-induced carrier mobility enhancement should be
investigated in inversion layers with electric field and with different gate stacks (i.e. SiO,/poly-Si
or high-k/Metal gate stack). However, speaking of the electric field dependence, strain-induced
carrier mobility enhancement generally decreases with increasing electric field, because the
quantum confinement-induced sub-band splitting is subtractive to strain-induced sub-band
splitting, as shown in Fig.1.5 (d) [24].
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Figure 1.5 Inversion carrier mobility issues: (a) electron mobility vs. tsop in ultra-thin-body devices from [21];
(b) Hole mobility vs. Silicon thickness in Double-gated devices, from [22]; (c) Effective electron mobility
values vs. gate oxide thickness, from [23]; (d) Strain-induced hole mobility enhancement vs. effective field,
from [24]. Copyright: IEEE

1.2.3 Carrier Transport in Short-channel MOSFETSs

For the conventional long-channel MOSFET, due to the large amount of scattering events in
the channel, the ON-state current is mainly determined by the mobility values, which is known
as the “drift-diffusion” limit. For very short channel length, when the physical channel length is
even less than the carrier mean free path (MFP), non-stationary transport effect will affect the
ON-state current significantly and quasi-ballistic transport takes place [25]. The carrier velocity
in the channel at the location corresponding to the peak of the Source-side potential barrier
determines the MOSFET ON-state current. This is confirmed by the combination of measured



data (from 40-60nm effective channel length devices) and Monte Carlo simulations [26], and is
referred to as the “injection-velocity” limit [27].

In the linear region of a MOSFET operation, the overall impact of ballistic transport is
relatively small compared to that in the ON-state [26]. Thus, the conclusions made to the long
channel low-field mobility are expected to apply for the linear region current, regardless of the
channel length. However, measured data show the mobility degrades with reducing the channel
length, for which the physical mechanisms are still not very clear [28-30], and enhanced
scatterings from the Source/Drain junction-side defects are considered to play an important role
[28], as shown in Fig.1.6 (a). In the ON-state, extracted carrier velocity values saturate with
channel length scaling, which clearly shows the approaching of the injection-velocity limit, as
shown in Fig.1.6 (b) [31]. Further studies are carried on, by plotting the relative change between
carrier ON-state injection velocities vs. linear region carrier mobilities induced by uniaxial strain.
It’s seen that a correlation exists, which can be explained by the fact that strain-induced carrier
transport mass lowering still contributes significantly to improve short-channel MOSFET drive
current, as shown in Fig.1.6 (¢) [31].
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Figure 1.6 Short-channel MOSFET carrier transport issues: (a) carrier mobility degradation vs. effective
channel length from [28]; (b) Injection velocity vs. gate length, from [31]; (c¢) Relative change in carrier
velocity vs. change in mobility, induce by uniaxial strain, from [31]. Copyright: IEEE

1.3 Strained Silicon Technology

Although the idea of using mechanical strain to boost MOSFET performance came out very
early [32, 33], most of the work used biaxial strain technology in which the strain is mainly
generated from the SiGe substrate. Only until the late 1990s, uniaxial stressors such as strained
capping layers [34] and embedded Si;.xGey source/drain [35] were proposed, and became very
effective in the high volume production, due to their advantageous low cost and process
compatibility to the already developed CMOS platforms (compared to biaxial substrate
stressors). Another feature in contrast to biaxial stressors, which generates global stress across
the whole wafer, uniaxial stressors only induces stress locally (i.e. within a certain layout area).
This section focuses on currently widely-used uniaxial stressor technologies, and introduces the
impact of other process variations (i.e. high-k/metal gate stack formation) on boosting MOSFET
channel strain and performance.
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1.3.1 Process-induced Strain

At Intel’s 90nm High-Performance (HP) production node, embedded SiGe (eSiGe)
source/drain (S/D) was adopted to generate high compressive strain along the channel (due to the
lattice spacing of SiGe is larger than Silicon), in order to boost hole mobility and P-MOSFET
drive current, as shown in Fig.1.7 (a) [35]. Additional modifications can be done to further
enhance the stress transfer efficiency, such as optimizing the S/D recess depth, Ge mole fraction
as well as controlling the shape of the eSiGe, as Intel later did in their 45nm HP platform
(Fig.1.7 (b)) [36]. Recently, similar principle is applied to Carbon-doped Silicon (Si:C) as the N-
MOSFET S/D, to generate tensile stress (due to small lattice spacing of C) and hence to enhance
electron mobility [37].
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Figure 1.7. TEM cross-sectional views for (a, b) P-MOSFET using embedded SiGe as S/D, from [35, 36], (¢)
N-MOSFET using Si:C as S/D, from [37]. Copyright: IEEE

Another approach to generate local uniaxial strain is through strained Contact-etch-stop-linear
(sCESL) technology [34], where the internal stress within the deposited nitride layer can be
adjusted to giga-pascal (GPa) order, with tensile strain possible. In this way, sCESL was firstly
used to improve the N-MOSFET performance [34, 35]. Later, compressive strain within the
nitride layer has been achieved, and dual stress liner (DSL) technology is developed to boost
both P-type and N-type MOSFET performance simultaneously, as shown in Fig.1.8 (b) [38].
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Figure 1.8. TEM cross-sectional views for using the sCESL technology in N-type MOSFET, from (a) [34],
and from (b) [35]. Developed DSL technology in both N-type and P-type MOSFETs, from [38]. Copyright:
IEEE
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Stress Memorization Technique (SMT) relies on the dislocations formed after high dose
implantation (HDI) process to introduce strain into the MOSFET channel. A nitride capping
layer is deposited across the device after the HDI process followed by forming gas annealing
(FGA) to re-crystallize the S/D (or poly-Si gate) region, which forces the S/D (poly-Si gate)
“memorizing” the shape formed by the capping layer. In this way, the strain is maintained even
after the subsequent removal of the capping layer. There provides two major SMT sources: 1)
Compressive vertical stress (S,,) from poly-Si gate, as shown in Fig.1.9 (a) [39]; 2) Tensile
longitudinal stress (Syx) from amorphized S/D, as shown in Fig.1.9 (b-d) [40]. Both stress
configurations benefit for electron mobility enhancement.
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Figure 1.9. Schematic views of SMT introduced from (a) poly-Si gate, from [39], and (b) S/D dislocation
stress, from [40]. Copyright: IEEE
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When metal gate technology is used, the gate-last process (i.e. replacement metal gate) can
further enhance the Sy values in the channel region. This is due to the free boundary conditions
at the gate stack edge after removal of poly-Si dummy gate, as shown in Fig.1.10 [36].
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Figure 1.10. TCAD simulated S, profiles for (left) before gate removal and (right) after gate removal, clear
stress enhancement is seen, from [36]. Copyright: IEEE
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1.3.2 Strain in Advanced Planar Bulk CMOS Technologies

Intel uses high-k/metal gate-last technology starting from its 45nm HP technology platform.
For N-MOSFET, SMT is used; for P-MOSFET eSiGe S/D is adopted. Gate-last technology can
further enhance Syx component in the P-MOSFET channel, to boost its current [36]. In their
follow-up 32nm HP platform [41], further adjustments were made upon 45nm as follows:

e Raised S/D is used for N-MOSFET, to reduce series resistance.

o  The proximity of P-MOSFET SiGe S/D to the Silicon channel continues to decrease, in

order to enhance channel strain, as shown in Fig.1.11 (a).

This results in the first time report of a higher linear region current in P-type than that in N-type
MOSFET [41]. Overall, the 32nm technology provides 35% (lgin) and 28% (lgsat) for P-
MOSFET, 20% (1giin) and 19% (Igsar) for N-MOSFET drive current enhancement over their 45nm
technology. IBM’s 32nm general purpose (GP) platform used tensile SCESL and SMT on N-
MOSFET and compressive SCESL and eSiGe S/D on P-MOSFET, as shown in Fig.1.11 (b) [42].
UMC’s 28nm HP platform used a “hybrid” high-k/metal Gate technology: for N-MOSFET, gate-
first approach is used, and remarkable mobility was achieved through optimized HfO, high-x,
TiN metal gate and LaOy capping layer processes. For P-MOSFET, gate-last process after eSiGe
S/D formation provides 30% current enhancement compared to gate-first control, as shown in
Fig.11 (c) [43]. For UMC’s 28nm Low-Power (LP) platforms, the eSiGe S/D was further
optimized to have a “Diamond” shape, as shown in Fig.11 (d) which gives 10% P-MOSFET
current enhancement compared to the control device with normal eSiGe S/D [44].
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Figure 1.11. Schematic views and key process flows for advanced planar bulk CMOS platforms using strain

as the performance booster. From [41-44]. Copyright: IEEE
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1.4 Advanced Strained CMOS Technologies for the 22nm Node
and Beyond

1.4.1 Advanced, Thin-Body MOSFET Structures

Increasing performance variability and OFF-state leakage current in planar bulk CMOS
technology reduces device performance margin, and hence implies strong limitations to IC
design. Rather than doping the channel heavily to suppress OFF-state leakage, it can be made to
be very thin to eliminate sub-surface leakage paths and reduce Drain Induced Barrier Lowering
(DIBL) [45]. In the latter case, the channel/body region is so thin that it is fully depleted of
mobile charge carriers when the transistor is off. Such an ultra-thin-body (UTB) fully depleted
(FD) MOSFET structure is most easily implemented with an extremely-thin SOI substrate [46-
48]. The buried oxide (BOX) layer can be further thinned (to ~10nm) to reduce the lateral S/D
electrical coupling, which makes the device as an ultra-thin-body and BOX (UTBB) FD
MOSFET, as shown in Fig.1.12 (right) [48]. Another advantage is that the same IC design flow
can be used for FD-SOI MOSFET technology as for planar bulk technology, which is
advantageous for reduced design cost and time-to-market.

L

tS o

Buried Oxide urce
Substrate BOX = 100nm
UTB FD-SO V£ A

rSOI;
Buried Oxide
Substrate
UTBB FD-SOI

Figure 1.12. (left) Schematic view of UTB FD-SOI MOSFET and UTBB FD-SOI MOSFET, on SOI wafer.
(right) TCAD simulated electric field at transistor OFF-state; thin BOX structure shows reduced of S/D
coupling to the channel, from [48].

The fundamental concept behind a Multiple-Gate MOSFET (in which the gates are all tied
together) is to increase gate control (vs. drain control) of the channel potential, particularly the
source-to-channel potential barrier. The double-gate MOSFET has two gates located on
opposing sides of the Silicon channel region, to control the channel potential. It is most easily
implemented as a vertical structure, with a single gate electrode running across (straddling the
two opposing sides of) a tall and narrow Silicon body “fin.” This “FinFET” structure has been
widely investigated [49-51], and can be implemented either on an SOI substrate [49, 50] or a

14



bulk substrate [52]. To adequately suppress short-channel effects, the width of the Silicon fin in
a FInFET should be less than 1/2 of the channel length [51]. Meanwhile, to keep good layout
area efficiency, the height of the Silicon fin should be two times larger than the fin width, as
shown in Fig.1.13 (left). Another fin aspect-ratio design is to keep the fin width equal to the
channel length, while the fin height as 1/3 of the fin width [51], as shown in Fig. 1.13 (right); this
structure is always referred as “Tri-Gate” MOSFET, due to the fact that the top surface
dominates the overall current conduction.
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Figure 1.13. Schematic view of Multiple-Gate MOSFET, with various aspect ratios while maintaining the
same OFF-state leakage and electrostatics, based on the design curve in [51]. Copyright: IEEE

1.4.2 Thin-body CMOS Technologies using Strain as Performance
Boosters

It is straightforward to transfer the current bulk stressor technologies to UTB FD-SOI
MOSFETs, due to the similar surface orientations and device architectures. IBM showed
Extremely Thin (ET) FD-SOI MOSFET with good electrostatic integrity under gate length of
22nm [53, 54]. The Silicon body thickness is ~6nm, fabricated on thick BOX SOI wafers.
Metal-gate-first technology is adopted, and faceted raised S/D is formed to provide higher strain
than the normal vertical raised S/D and further reduce parasitic capacitance, as shown in Fig.1.14
(b) [53]. Later, sCESL technique is also used to enhance channel strain [54]. CEA-LETI
demonstrated FD SOI MOSFET fabricated on thin BOX, down to gate length of 30nm [55, 56].
For the strain solution, strained SOI (sSOI) substrate is found to provide the highest N-MOSFET
current enhancement; raised SiGe S/D is considered as the most effective stressor for P-
MOSFET performance boosting, as shown in Fig.1.14 (¢) [57]. STMicroelectronics used tensile
CESL to enhance N-type FD-SOI MOSFET drive current, as shown in Fig.1.14 (d) [58].
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Figure 1.14. Schematic views for current FD SOI MOSFET platforms using strain as the performance
booster. From [53-58]. Copyright: IEEE

For advanced Multiple-Gate MOSFETs, due to the complicated 3-D structure nature, no clear
conclusions have been reached regarding the effectiveness of different stressor technologies.
IBM demonstrated FInFET on SOI substrate, with gate length of 25nm, as shown in Fig.1.15 (a)
[59, 60]. Gate-first approach is used to fabricate high-k/metal Gate stack. For the strain solutions,
raised SiGe S/D is used to enhance P-MOSFET current; for N-MOSFET, strained SOI option
provide remarkable drive current enhancement, which can be attributed to the strain evolution
(from biaxial to uniaxial) during the fin etching process [60]. Intel applied SiGe S/D in its bulk
Tri-Gate MOSFET structure, in which undercut etch of the S/D-part fin was performed before
the epitaxial growth, resulting in further strain and hole mobility enhancement in the channel, as
shown in Fig.1.15 (b) [61]. TSMC showed FinFET on bulk substrate, with gate length down to
22nm [62]. Gate-last approach is used to fabricate high-x/Metal Gate stack. Gate SMT is used
for enhancing N-MOSFET’s current; SiGe S/D as well as compressive CESL is used to enhance
P-MOSFET’s current, by combing with the gate-last process flow, the I, is further enhanced.
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Figure 1.15. Schematic views for current Multiple-Gate MOSFET platforms using strain as the performance
booster. From [59 - 61]. Copyright: IEEE

1.5 Research Objectives and Thesis Overview

In chapter 2, the stress-induced performance enhancement in Silicon UTB FD-SOI
MOSFETs with special attention to the impacts of body thickness and gate length scaling are
investigated.  Firstly, the Poisson-Schrodinger self-consistent simulator for FD-SOI device
carrier sub-band structures and mobility calculations is described. Then the strain-induced FD-
SOI device carrier mobility enhancement is assessed with tso; scaling, for electrons and holes.
Finally, short-channel device carrier apparent mobilities and limiting velocities are extracted
after decoupling the S/D series resistance, which shows the strain-induced enhancement trend of
the aforementioned parameters as gate length scales.

In chapter 3, the study of strain-induced carrier mobility enhancement for Multiple-Gate
MOSFET technology is presented, with the impacts of different structural and process variations.
The 2-D Poisson-Schrodinger self-consistent simulator is hence developed, to account for the
multiple channel structure. The effects of the Multiple-Gate FET fin aspect ratio, crystalline
orientation and stress design for improving performance are studied. Especially for advanced
FinFET devices, different local uniaxial stressor technologies are compared, to provide the
insight for maximizing the strain-induced performance enhancement in short-channel FinFET
devices.

In chapter 4, stress-induced enhancements in electron and hole mobilities are studied
comprehensively for UTB FD-SOI MOSFET and FinFET structures with high-x/metal gate
stacks. New scattering models, (i.e. remote Coulomb and surface optical phonon scatterings) are
further included to account for the structural differences between the two devices. Simulation
data calibrated to measurement are presented to evaluate the effectiveness of strain for boosting
thin-body MOSFET performance with aggressively scaled body thickness.
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In chapter 5, the performance modulation of back biasing on UTBB FD-SOI MOSFET is
investigated, for long-channel as well as short-channel devices. Firstly, the back bias effect on
UTBB FD-SOI MOSFET device electrostatics (including Vy, and gate-induced-drain-leakage,
GIDL) are presented. Then, the modulation of back biasing on carrier transport behaviors
(including carrier mobility, limiting velocity and strain-induced performance enhancement) and
its implications for aggressively scaled devices are presented.

In chapter 6, the contributions of this dissertation are summarized and suggestions for future
research topics are made.
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Chapter 2

Stress-induced Performance Enhancement in
Ultra-thin-body  Fully Depleted SOI
MOSFET

2.1 Introduction

The ultra-thin-body (UTB) Fully Depleted SOI (FD-SOI) MOSFET structure exhibits
excellent short-channel control and reduced variability [1] to enable CMOS technology scaling
beyond the 15nm node. Previous studies have shown that channel stress can be used to boost the
performance of UTB MOSFETs [2, 3], but these were focused on relatively low stress levels or
long-channel devices.

In this chapter, the limits of stress-induced performance enhancement in FD-SOI MOSFETs
with gate length and body thickness scaling are assessed. In Section 2.2, the Poisson-
Schrédinger self-consistent method is introduced to calculate the carrier sub-band structures in
FD-SOI inversion layers, followed by the modeling approach of carrier scattering rates and
mobilities. In Section 2.3, the stress impacts on FD-SOI MOSFETs are studied via both
experiments and quantum mechanical simulations. Stress-induced performance enhancement
trend is projected at aggressively scaled device dimensions. Section 2.4 summarizes the
conclusions from these works.

2.2 Modeling for Inversion Carrier Sub-band Structures and
Low-field Mobilities

2.2.1 Poisson-Schrodinger Self-consistent Solving Approach

For electrons, the effective mass approximation is used herein; the one-dimensional (1-D)
stationary Schrodinger equation can be expressed as:
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where m’, are the electron effective mass along the confinement (defined as z) direction, and
have the values for different surface orientations as listed in Tab. 2.1.

(100)-surface m,
A2-valley 0.915
A4-valley 0.196

(110)-surface m,
A2-valley 0.196
A4-valley 0.196

Table 2.1. Electron effective mass values used in 1-D Schrédinger equation.

By using the finite difference method, the electron wavefunction derivatives at position z=i
can be expressed as:

d S TS
—_ Z)= i 0 S 2.2
dz s(2) dz,, +dz, (2.2)
2{@, -5, &£, }
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a _ i+ i 2.3
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the LHS of (2.1) can be written as:
¥ ﬁ: d: =, .
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The total Hamiltonian can be constructed based on the 1-D real space meshing (with » mesh
points along z-direction):

25



total —

with those diagonal elements expressed as:

For holes, starting with the 6x6 k-p Luttinger-Kohn Hamiltonian as shown below [4, 5],

with P, Q, L, M defined as:
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M= Bl - -2rkk,) (2.13)

2m,
and by using the finite difference method, those quantities can be expressed together with hole’s
wavefunction derivatives at each real-space meshing point (z=i).

For (100)-oriented surface:

P:>T— (k2 + K —_) (2.14)
_??T
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M will remain the same as that in the bulk k-p Hamlltonian. The total Hamiltonian for holes can
be constructed similarly as has been done for electrons.

The 1-D Poisson equation can be expressed as
do(z
[ (2) H )j e(N,—N,+ p(z)—n(z)) (2.17)

which also has the form of second-order differentials as the Schrodinger equation, and hence can
also be solved using the similar Hamiltonian as in eqn. (2.5), leaving the potential profile ¢(z) as
the variable to be updated during each iteration step. The sub-band charge profile is calculated
as

ey B )|, 2)f

(2.18)

where g is the spin or valley degeneracy, and f(E}) is the Fermi-Dirac distribution function. And
the total charge profile in the RHS of eqn. (2.17) is the summation of all sub-band charges, with
the form

n(z)=>n,(z) (2.19)

Once the numerical convergence is reached between the Poisson and Schrodinger equation, the
final carrier sub-band structures and charge profiles can be output.
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2.2.2 Inversion Layer Carrier Mobility

With the output of the self-consistent Poisson-Schrodinger solver, carrier mobility can be
calculated based on the Kubo-Greenwood formalism, which describes the response of a quantum
mechanical system to an external field, (e.g. the change of the current due to an electric field),
whereby it is assumed that the perturbation is small and therefore the relation between field and
current is linear [6]. In general, in inversion layers, the carrier mobility for a certain sub-band
can be expressed as [4, 7]

s e | o .5E oE,
ok, 2 ﬂ') i ck, ok :

"E

- f(E,)-(A- f(E)))
(2.20)
where 7;; refers to the momentum relaxation time (MRT) in the direction (i, j) of the momentum

space. The total mobility value is the weighted average of all sub-band mobility values with
respect to their inversion charge concentration, and has the form:

:_Z”" K, @.21)
The inverse of MRT for the n-th sub-band can be derived as [4, 7]:
1 _Zl :”” -8 ;X‘I’(F?E:ng)
r (R) s o (2.22)

where S, refers to the transition rate between different sub-bands and @ is called the
momentum relaxation factor, describing the anisotropicity of those transitions [4]. According to
Fermi-Golden rule theorem, the transition rate between two quantum states can be calculated as

S . ~=ZlMmEn k)| 8E,H) -E, (k)£ ho)

s B (2.23)
where M, ., i stands for the matrix element for a scattering event from sub-band n, state & to
sub-band 7, state k ; and fiw refers to the energy change during the transition event. The key part
left 1s to decide the matrix element for different scattering mechanisms. Phonon and surface
roughness scatterings are considered herein.

As derived in [4, 8, 9], the matrix element for elastic phonon scattering can be written as

JI""‘“:"-(H? §:” -E} = kBT%L ;

puy (2.24)

where = is the effective deformation potential by averaging different phonon modes (i.e.
longitudinal and transverse), p is mass density, u; is the longitudinal sound velocity and F is the
form factor as defined in chapter 1, standing for the quantum mechanical probability of a certain
transition. The inelastic phonon scattering matrix element can be written as [4, 8, 9]

M, .__(F?.i:.??.k:l='7"-f::_ e

Islast. - - - ,-)

| n,(hw)+ %: L i
| 4 By (2.25)
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where Dk is the optical deformation potential, and n,, is the Bose-Einstein occupation number,
can be expressed as

n,(hw)=

e —1 (2.26)
In eqn. (2.25) the “-” sign is for the optical absorption process while the “+” sign is for the
emission process.

The surface roughness at Silicon/oxide interface is always modeled as the power spectrum
density (PSD) function S(g), and can have the Gaussian or exponential distribution with respect
to the root-mean-square (RMS) amplitude of the roughness [10, 11]. For electrons, the matrix
element can be written as [11]

Mot rugs (Tt K ) = | (@) F-&,(2)de+(E-EL) | ;;(Z)-.fﬂ(z)dz .5(q)
2 z (2.27)
and for holes,
a(ﬂ) G d;’_ﬂ;((})_ =
M. w_m(??k?? k)— : -H, ;- ————| -S(q)
e dz S dz
(2.28)

with H%, as the polynomial expansion of 6x6 k-p Hamiltonian [12].

At high inversion charge concentration, the screening effect has to be taken into account in
mobility calculations. Lindhard screening model is used herein, which considers the matrix
element has the following form after screening [13].

{nﬁfﬁr k}

,mwknkﬂ ..

£'(g) (2.29)

where €q) is the dielectric function, depending on the wave vector change ¢ during a scattering
event, and can be further expressed as:

£(g) = 1+2%-Fm<é)-nm(§)
= 28, (2.30)

where ¢ is the Silicon static dielectric constant, F'is the form factor, and can be expressed as [14]

el e (] ]
F,(9)=|dz|dz | ()] - ;;(z)| : e
o I-gg = (2.31)
with tsor as the body thickness, and the joint dielectric constant between Silicon and oxide as
PR (2.32)
g +e,
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The other g-dependent term in eqn. 2.30 is the structural factor, and can be expressed as [13, 14]

) f(-E.g;) ¥ f(E.e;_;)
Evr:.?—; E ERE

I, (q)=—2=[dk
(27) %

(2.33)

2.3 Stress-induced Performance Enhancement in Fully Depleted
SOI MOSFET: Impacts of Scaling

2.3.1 Impact of Body Thickness Scaling

FD-SOI MOSFETs with undoped <110>-oriented channels and high-k/metal gate stacks
(1.2nm equivalent oxide thickness) were fabricated on (100) substrates [1]. The body thickness
(tsor) 1s 7nm, and BOX thickness is 10nm. No capping stressor layer is used in this work.
Inversion-layer mobility values for long-channel devices were extracted using the split-CV
method. A bending apparatus was used to induce uniaxial in-plane stress [15]. To study
mobility enhancement in FD-SOI MOSFETs at very high levels of stress, and the impact of
body-thickness scaling, the Poisson-Schrodinger self-consistent solver was used to calculate the
sub-band structure and carrier mobility values. Phonon and surface roughness scattering, as well
as dielectric screening effect are considered herein. To analyze the impact of stress on short-
channel FD-SOI MOSFET performance, the parameter extraction procedure developed in [16,
17] was used: first, the improved Y-function approach is used to extract gate-bias-dependent
source/drain series resistance (Rsq); next, the method introduced in [18] is used to calculate
inversion charge, accounting for Vy, shift; from these, the linear-region (|V4|=10mV) carrier
apparent mobility and ON-state (|V4s|=1V) velocity are calculated.
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Figure 2.1, Measured and simulated (left) electron (right) hole mobility vs. inversion charge concentration in
L,~10um FD-SOI MOSFETs, at various temperatures. Dashed lines/open symbols compare results for
devices with SiO,/poly-Si gate stacks [2, 3].
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Fig. 2.1 compares the extracted long-channel electron and hole mobility data against
simulations, at various temperatures. The discrepancy at low carrier concentrations is likely due
to remote Coulomb/phonon scattering caused by the high-k/metal gate stack [19], since no
similar discrepancy exists between simulations and measured data for devices with SiO,/poly-Si
gate stacks [2, 3].

To provide guidance for optimization of FD-SOI stress engineering, the effects of different
directional stresses were measured at low levels of stress and simulated for stress levels up 1.6
Giga-Pascal (GPa), as shown in Fig. 2.2. The corresponding equi-energy contours for the 1*
electron and hole sub-bands are shown in Fig. 2.3. Fig. 2.2 (left) shows how the relative change
in electron mobility (u.) varies with the level and direction of stress. . is most sensitive to
longitudinal stress. As the inversion charge concentration increases, the incremental increase in
enhancement decreases due to less inter-valley scattering reduction and sub-band reoccupation
effects. (Shear-stress induced transport mass reduction only moderately improves p..) A high
level of transverse tensile stress degrades ., which results from the increased transport mass (as
shown in Fig.2.3). Fig. 2.2 (right) shows how the relative change in hole mobility (un,) increases
with the level and direction of stress. In contrast to the situation for ., no strong decrease in
incremental p, enhancement is seen at high inversion charge concentrations. Longitudinal
compressive stress reduces the hole transport mass and can greatly enhance p,. Vertical (<001>
direction) tensile stress changes the sub-band curvature/occupation rate and thereby reduces hole
intra-/inter-sub-band scatterings separately.
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Figure 2.2, (left) electron and (right) hole mobility enhancement for different induced stress. The insets
elucidate the comparisons between measured data (L,=10um) and simulations.
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Figure 2.3, Equi-energy contours for the 1¥ subband of inversion electrons and holes (within +0.2
Brillouin zone) in FD-SOI MOSFET, w/o stress and with 1GPa uniaxial stress.

Since the body thickness should be scaled down in proportion to the gate length to maintain
good electrostatic integrity, it is important to examine the impact of tso; scaling on stress-induced
mobility enhancement. Using the calibrated simulator, the changes in (100)/<110> p. and pj,
induced by 1GPa uniaxial stress are calculated and plotted as a function of tgo; in Fig. 2.4. For
electrons, only vertical compressive and longitudinal tensile stresses are considered in light of
the results in Fig. 2.4 (left). p. for unstrained Silicon increases slightly as tso; is reduced below
4.5nm, due to quantum-confinement-induced sub-band splitting resulting in carrier reoccupation
among the A-2 and A-4 valleys [20]. The benefit of stress for enhancing L. is diminished in this
regime. In contrast, u, for unstrained Si decreases as tgoy is reduced below 5Snm. The benefit of
stress for enhancing py, is maintained to lower values of tso; due to the large reduction in hole
transport mass under shear stress.
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Figure 2.4, Simulated (left) electron and (right) hole mobility (solid lines) and relative enhancement (dashed
lines) vs. silicon film thickness (tso;) for different stress components of 1GPa.

2.3.2 Impact of Gate Length Scaling

Fig. 2.5 plots the extracted short-channel FD-SOI MOSFET apparent mobility values as a
function of gate length, for various temperatures. Degradation with gate length scaling is clearly
seen and can be due to ballistic transport as well as enhanced Coulomb scatterings, since the
defect density within the high-x dielectric is higher near to the gate edges [21]. (The steeper
degradation with gate length scaling at lower temperature supports this explanation.) Fig. 2.6
shows the extracted ON-state carrier limiting velocities. These are limited by scattering, as
evidenced by their dependence on temperature.
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Figure 2.5, Extracted (left) electron and (right) hole apparent mobility vs. gate length from short channel FD-
SOI MOSFETs measurement, at different temperatures.
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Figure 2.6, Extracted (left) electron and (right) hole limiting velocity vs. gate length from short channel FD-
SOI MOSFETs measurement, at different temperatures

The relative change in apparent mobility induced by longitudinal bending stress is plotted
together with the relative change in linear-region current (I4jn), as a function of gate length, in
Fig. 2.7. Stress-induced mobility enhancement is maintained with gate length scaling, since it
stems from a reduction in carrier transport mass under shear stress. Iq;in enhancement decreases
with gate length scaling because parasitic source/drain resistance is less sensitive to stress (so
that it becomes more dominant in short gate length devices). As shown in Fig. 2.8, velocity
enhancement is maintained with gate length scaling. This is because carrier velocity is strongly
correlated to the apparent mobility. It is interesting to note that the a coefficient (ratio of relative
changes in mobility and velocity [22]) is 0.6 for n-channel FD-SOI MOSFETs and 0.5 for p-
channel FD-SOI MOSFETs.
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Figure 2.7, Measured (left) electron and (right) hole apparent mobility change vs. gate length, for applied
longitudinal stress, and corresponding linear region (|V4|=10mV) current change.
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Figure 2.8, Measured (left) electron and (right) hole limiting velocity change vs. gate length under applied
longitudinal stress.

2.4 Summary

Stress-induced carrier mobility enhancement in FD-SOI MOSFETs diminishes with scaling
body thickness below 5Snm for electrons but maintains for holes, which results from the different
physical mechanisms between electrons and holes. The benefits of stress for boosting apparent
mobility and limiting velocity are maintained with gate length scaling.
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Chapter 3

Multiple-Gate MOSFET Performance
Enhancement via Strain Engineering

3.1 Introduction

Multiple-Gate MOSFET (MuGFET) structures such as the double-gate FinFET [1, 2] and Tri-
gate [3, 4] FET are slated for adoption in sub-22 nm CMOS technology nodes due to their
superior electrostatic integrity as compared to the conventional planar bulk MOSFET [5-8].
Recent experimental results show that the FInFET performs well even when the fin width is
reduced to ~4 nm to enable gate length (L,) scaling down to 10 nm [8]. Since strained-silicon
technology is now used in high volume production to enhance the performance of planar bulk
CMOS devices [9], it is important to examine how this technology should be adapted to
MuGFET transistors to achieve the best possible performance.

This chapter presents the study of strain-induced carrier mobility enhancement for Multiple-
Gate MOSFET (MuGFET) technology, with special attention to the impacts of different
structural and process variations. In Section 3.2, the two-dimensional (2-D) Poisson-Schrédinger
self-consistent simulator is described. In Section 3.3, the impacts of the MuGFET fin aspect
ratio, orientation and stress design for improving performance are presented. Section 3.4 focuses
on advanced FinFET devices, and compares the different uniaxial stressor technologies. Section
3.5 summarizes the conclusions from these works.

3.2  Two-Dimensional Poisson-Schrodinger Self-consistent Solver
Development for Multiple-Gate MOSFET Simulations

For electrons, the effective mass approximation (EMA) is used herein; the 2-D stationary
Schrodinger equation can be expressed using the finite difference method as:
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where m*y and m", are the electron effective masses along the fin width (y)-direction and fin
height (z)-direction, and have the values as listed in Tab. 3.1.

<100>-fin | m, m,
x-valley | 0.196 | 0.196
y-valley | 0915 | 0.196
z-valley | 0.196 | 0.915

<110>-fin | m’, m,

2-fold 0.196 | 0915
4-fold 0.323 | 0.196

Table 3.1. Electron effective mass values used in 2-D Schrddinger equation.

By using the mesh strategy in Fig. 3.1, and since the wavefunction derivatives at position y=i,
z=j can be expressed as:

E -
—§( )= d;:ﬁ dyl, (3.2)
2 2FM -4, & é}
%é(yh Y ;;M " dyidy " (3.3)
d d =L (afy“ -&, 1] g
dz dy dz \ dy,, +dy, (dy,,, +dy)dz,, +dz)) (3.4)

Figure 3.1, Schematic cross-section of simulated Multiple-Gate device structure showing the meshing
strategy for the 2-D Poisson-Schrédinger solver.
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the LHS of (3.1) can be written as:

S SR S o
‘_Em v o E_e P(3:2) |en(:2)

\

RS &= A

W 2| il — (@ + B+ By ]
L 3 £l
m (v, +dv,,y )y,
B 2[dzd = (dzy + ) +dzpal o |
e J = —e-@ .- <
2m (dz; +dz,,, ] dz dz,.,

(3.5)

The total Hamiltonian can be constructed based on the 2-D real space meshing (with » mesh
points along the y-direction and m mesh points along the z-direction):

] (1] L]
4] [{fé'l] [{ﬁf] ]

H oy = (o] [Hg ] (3.6)

] | 0 [%fo”] [f{zf]

with those diagonal elements expressed as:

ﬁ: 1 ﬁ: 1
an * ) & el —g- '|' : 3'7
) i ¥ fﬁ.f—‘. ' dlj'l_ m I dzj_'_ g dz}. Q i ( )
i 1
HY = (3.8)
R dy,-(dy.; + d""r}
ia 1
A 3.9
m dv_;-(dv,._;+dy, .] (3.9)
h’ 1
H—n = ra
m, dz -(dz,,+dz, } (3.10)
= B 1
S ' 3.11)

m, dz,,-(dz,,+dz,)

For holes, the 6x6 Luttinger-Kohn k-p Hamiltonian is used,
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i . E

Using the finite difference method, those quantities can be expressed together with hole’s
wavefunction derivatives at each real-space meshing point (y=i, z=j).

For <100>-oriented fins:

2m, ody def

' 5 2 3 . 2 .
- PE(v _ b i, :( t d.} d"-l - dz,.—' 'dzf.-'_1 : | d.}':-'-l '(d:"l.‘—l —d:l.',::l k.. :
- Falra)= 2m,"" ] 2 § 2 S 2 £ i’
L d-" '(aﬁl.‘—l L5 at}) “E dzv.- '(dzj—i _dZ;‘) e dz,-"-l ' (dz-""l _dz-"') ke 4
(3.17)
i . d’
O=—rurk——+2-—
=7 2my’ B dy’ &
I ) 2 4 . 2 j
(@2 i o2 ! (3.18)
OE(y.z)= n o d Vi B 020y o () L
B e 3”1: £33 ; ; B 4 5 [
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For <110>-oriented fins:
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P= ¥ £ =i 2 —~+k)=P (3.21)
2Zm, 2
i "
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2my,

P, Q hence have the same form in the finite difference formula as those for <100>-oriented fins.

For L and M:
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The total Hamiltonian for holes can be constructed similarly as has been done for electrons.
The 2-D Poisson equation is coupled together with the 2-D Schrédinger equation or k-p
Hamiltonian, to solve the eigen-values and eigen-functions for the carrier sub-bands, self-
consistently. Fig.3.2 shows the simulated carrier distributions for a Triple-Gate structure, as
increasing gate overdrive voltage. The transition from volume inversion to surface inversion is
clearly seen.

Figure 3.2, 2-D Possion-Schrodinger self-consistent simulation of inversion charge distribution across the
Tri-Gate MOSFET fin region, from volume inversion to surface inversion, as increasing gate overdrive
voltage.

3.3  Study of Multiple-Gate MOSFET Carrier Mobility and
Velocity: Impacts of Fin Aspect Ratio, Orientation and Stress

3.3.1 Experimental and Strained Multiple-Gate FET Design Variations

MuGFETs fabricated on (100) SOI substrates, with either <100> or <110> fin orientation
(current flow direction), were studied in this work [10]. The silicon fin width ranges from 20 nm
to 35 nm, and the fin height is fixed at 58 nm. The top and sidewall surfaces of the fins each
have thin gate oxide (2 nm Si0O,), as shown in Fig.3.3 (left). Measured I4-V, characteristics
suggest very good electrostatics for those MuGFETs, as shown in Fig.3.3 (right). Field-effect
mobility values were extracted using the split-CV method, from long-channel devices. A 4-point
bending apparatus was used to induce biaxial tensile stress as described in [11].

10°

10° 1

-
S
X

h

-
o
&

1

Drain Current (A/um)

-
S,
)

-
S,
3

.. : i nnv Gate Voltage (V)
Figure 3.3, (left) TEM cross-section view of Multiple Gate MOSFET studied in this work; (right) measured
I4-V,.
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Two MuGFET designs (FinFET and Tri-Gate FET) are compared via simulations. For
adequate suppression of short channel effects (SCE), a default fin aspect ratio (height:width) of
1:3 is assumed for the Tri-Gate FET structure, and a default fin aspect ratio of 3:1 is assumed for
the FinFET structure [7]. Three types of stressors are considered herein (Fig. 3.4): local uniaxial
stressors (e.g. from Contact Etch Stop Liner, “CESL”; Stress Memorization Technique from
Source/Drain, “SMT from S/D”; or SiGe Source/Drain), biaxial-stressed substrate (i.e. strained
SOI, “sSOI”), and stressed gate material (e.g. metal gate-induced stress, SMT from poly-Si gate).
Three-dimensional TCAD simulations were performed to determine the relative strengths of the
different channel stress components for a local uniaxial stressor. It is assumed large stresses
exist along the channel (x)-direction and along the height of the fin (z)-direction, of comparable
magnitude but opposite sign; thus, the ratio of Sy to S,, is set to be 1:-1, tensile (compressive)
for n(p)-channel devices for the band structure and carrier mobility calculations. For biaxial
substrate stress, the in-plane stress components (Sx and S,y) are set to be equal in amplitude.
For gate-induced stress, large transverse compressive stresses are induced only along each fin
surface (y and z directions).

Stress Configurations

Fin Orientations

Metal
G ate

Local Uniaxial Stress Global Biaxial Stress Gate-induced Stress

(CESL, SiGe SiD...) {sS0l) {Metal Gate)
S :8,=1:-1 By 18100 By s Dm0 A
NMOS: Tensile NMOS:Tensile Compressive
PMOS: Comp PMOS:Tens or Comp along fin height

Figure 3.4, Multiple-Gate FET design variations: <100> and <110> fin orientations (left) and under different
stress configurations (right).

3.3.2 Multiple-Gate MOSFET Carrier Mobility Dependencies

Kubo-Greenwood formalism is used to calculate carrier mobilities, accounting for phonon,
surface roughness scatterings as well as dielectric screening effect [12]. Extracted effective
mobility data are plotted in Fig. 3.5, along with simulated effective mobility curves derived using
the calibrated parameters. For the FinFET structure, current conduction along the sidewall
channel surfaces is dominant. Thus, the effective electron mobility is larger for a <100> oriented
fin (which has (100) sidewall surfaces) whereas the effective hole mobility is larger for a <110>
oriented fin (which has (110) sidewall surfaces). For the Tri-Gate FET, current conduction along
the (100) top channel surface — which has better surface quality [13] — is dominant. This
provides for larger effective electron mobility for <100>- and <110>-oriented Tri-Gate FETs vs.
FinFETs, as well as larger effective hole mobility for a <100>-oriented fin. As expected, the
effective hole mobility for a <110>-oriented fin is larger for a FinFET than for a Tri-Gate FET.
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Figure 3.5, Electron (left) and hole (right) mobility data extracted from measurements of FinFETs with L, =
10 um. Simulated mobility curves are also shown. (For the Tri-Gate FET, Hg;=20nm, W¢=58nm.)

Fig. 6 shows that electron and hole mobility enhancements due to biaxial stress are well
predicted by simulation. Note that for electrons, <100>-fin mobility enhancement decreases
with increasing inversion-charge density due to carrier redistribution among sub-bands. For
holes, this degradation in mobility enhancement is less remarkable in <100> fins. For <110>
fins, hole mobility enhancement under biaxial stress degrades faster than electron mobility
enhancement with increasing inversion-charge density.
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Figure 3.6, Electron (left) and hole (right) mobility enhancement under biaxial wafer bending strain. Data
extracted from measurements of FinFETs with L, = 10 um, with <100> and <110> fins. Simulated mobility
curves are also shown.

inv

To provide guidance for channel stress engineering, the impacts of the various stressors are
compared via simulation. Fig. 3.7 (left) shows the relative change in n-channel FinFET effective
electron mobility (u,) with increasing channel stress. L, is more sensitive to stress for a <110>-
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oriented fin, and uniaxial stresses yields the most enhancement. The calculated electron
scattering rates are shown in Fig. 3.7 (right), and can be seen to be negligibly impacted by stress.
Thus, the uniaxial stress-induced p, enhancement in <110>-oriented fins can be attributed to a
reduction in carrier effective mass due to shear stress (Syy). Fig. 3.8 (left) shows that p-channel
FinFET effective hole mobility () is also more sensitive to stress for a <110>-oriented fin, with
uniaxial stresses again yielding the most enhancement due to reductions in both carrier scattering

rate and carrier effective mass (Fig. 3.8 (right)).
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Figure 3.7, (left) Simulated enhancement in FinFET effective electron mobility, for various stressors; (right)

simulated electron 1st sub-band scattering rates, and extracted averaged electron mass values
(Niny=9%10"cm™).
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Figure 3.8, (left) Simulated enhancement in FinFET effective electron mobility, for various stressors; (right)
simulated electron 1Ist sub-band scattering rates, and extracted averaged electron mass values
(Niny=9%10"cm™).

Figs. 3.9 compares the effective electron and hole mobilities for FInFET vs. Tri-Gate FET
structures. At low stress levels, , 1s consistently higher for the Tri-Gate FET, due to the higher-
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mobility (100) top channel surface. At high stress levels (above ~600 MPa), u, becomes
comparable for a <110>-oriented FinFET vs. a <100>-oriented Tri-Gate FET. For <110>-
oriented p-channel devices, the highest p, is achieved with uniaxial stresses. And at high stress
levels, p, 1s highest for the FinFET.
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Figure 3.9, Simulated electron (left) and hole (right) mobility enhancement vs. stress for FInFET (Hg=58nm,
Wsi=20nm) and Tri-Gate FET (Hgi=20nm, W¢=58nm).

3.3.3 Multiple-Gate MOSFET Carrier Velocity Dependencies

As discussed in Chapter 2, ON-state transistor current of short-channel MOSFET is limited
more by the injection velocity (viy) at the source-end of the channel rather than in the high-field
region at the drain end [14], so it is important to examine the stress impacts on FInFET’s carrier
velocities. Simulated carrier thermal velocities from unstrained and uniaxial stressed FinFETs
are shown in Fig. 3.10 as a function of inversion-charge density. It can be seen that uniaxial
stresses can provide for large enhancements in carrier velocity.
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Figure 3.10. Simulated carrier thermal (ballistic-limit) velocities vs. inversion-charge concentration, for n/p-
FinFETs. The points for uniaxial stressed devices are under +/-1400MPa CESL-induced channel stress.

3.4 Effectiveness of Uniaxial Stressors in Aggressively Scaled
FinFET

3.4.1 Process-induced Stress Simulation Methodology

Previous studies assumed ideal uniaxial stresses [10, 13] and did not fully comprehend the
impact of technology choices (e.g. starting substrate material, gate stack formation process) and
continued transistor scaling [15]. This section presents a comprehensive simulation-based study
of stress in FinFET structures induced by a strained contact etch-stop layer (CESL) or strained
Source/Drain (S/D) stressors, that compares results for bulk-silicon vs. silicon-on-insulator (SOI)
substrates and Gate-First vs. Gate-Last process integration schemes. The impact of the stressors
on effective carrier mobility is presented to evaluate their efficacy for boosting FinFET
performance, down to sub-10 nm L,.

The process simulator within the Sentaurus technology computer aided design software suite
[16], which uses the finite-element method, was used to perform 3D simulations of stress within
FinFETs with (100) top and (110) sidewall surfaces and <110> channel direction. Temperature-
dependent strain relaxation time and anisotropy of mechanical properties are taken into account.
Fig. 11 shows a schematic plan view of nested FInFET devices, and indicates the region
simulated in this work.
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Figure 3.11. Schematic plan view of FinFETs and region simulated in this work.

Two kinds of stressors are considered herein (+1 GPa initial stress): a strained CESL, and
strained S/D regions (carbon-doped silicon, Si:C, for n-channel devices and silicon-germanium
alloy, Si;xGey, for p-channel devices). The CESL is formed by depositing an amorphous
silicon-nitride layer at ambient temperature, after gate stack and S/D formation [17]. Selective
Si:C or Si;xGey epitaxial growth with the temperature of 800K is used to form the strained S/D
regions for n-channel or p-channel FinFETs, respectively, to induce longitudinal stress and boost
effective mobility [18-20]. For SOI FinFETs, the fin S/D regions are not etched away prior to
the selective epitaxy, i.e. the strained-S/D regions wrap around the fin S/D regions so that only a
portion of the S/D regions are strained, as shown in Fig. 12(a). For bulk FinFETs, the fin S/D
regions are etched away prior to the selective epitaxy, since the bulk-silicon substrate provides a
template for epitaxial growth, so that the entire S/D regions are strained, as shown in Fig. 3.12(b).

Two gate-stack formation processes are considered herein: a Gate-First (i.e. metal-inserted
polycrystalline-silicon, or MIPS) process flow, in which the S/D epitaxy is performed after
metal/poly-Si gate formation [21], as shown in Fig. 3.12 (a, b, d); and a Gate-Last (i.e.
replacement metal gate, or RMG) process flow, in which a dummy gate is formed prior to the
S/D epitaxy and then replaced by the metal gate [22], as shown in Fig. 3.12 (c¢). Since the Gate-
Last process requires the use of chemical-mechanical polishing (CMP) which imposes some
material constraints, the integration of CESL with a Gate-Last process flow is unlikely for
FinFETs [22]. Table 3.2 lists the default FinFET geometrical design parameters used in this
work, based on recently reported 25nm-L, FInFET technologies [5, 6].
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Figure 3.12. FinFET device structures studied in this work: (a) SOI FinFET with partially strained S/D,
fabricated using a Gate-First process flow; (b) Bulk FinFET with fully strained S/D, fabricated using a Gate-
First process flow; (c) Bulk FinFET with fully strained S/D, fabricated using a Gate-Last process flow; (d)
FinFET with unstrained S/D and strained CESL, fabricated using a Gate-First process flow. SOI FinFET with
partially strained S/D, fabricated using a Gate-Last flow is also studied, but the device structure is not shown

here.

Fin width 12 | BOX or STI 80

(ts;) thickness
(Tgox)

Fin height 30 | CESL thickness” 40

(Hin) (Teest)

Gate length (Lgy) 25 | Metal gate 5
thickness™ (tyea)

Fin pitch 36 | Gate height 40
(Hgare)

Gate oxide 2 Source/Drain 18

thickness*™ Elevation

(tox) (Hsp)

Spacer length 10 | Silicide thickness 17

_(Lspacer) (Titicide)
units: nm

*: high-« dielectric material is used
“:used in CESL-strained FinFETs
*: used in Gate-First-processed FinFETs

Table 3.2: Default FinFET geometrical design parameters used in this work.

Each epitaxially grown S/D region is assumed to have no crystalline defects or distorted
atomic bonds, so that the built-in stress is modeled as a single rebalancing force. In contrast,
stress from the CESL must be rebalanced in several sub-steps [23] because the atomic bonds
within the nitride adjust upon deposition of each atom within a very short time period (on the
order of fs), and the distorted bonds are retained throughout the remainder of the CESL
deposition process. Fig. 3.13 (left) shows how the CESL-induced stress profiles in the fin along
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the channel changes with the number of deposition sub-steps. The 1-D stress profiles are
extracted at 1 nm beneath the fin sidewall surfaces (corresponding to inversion layer position
[24]), and averaged across the fin width. Fig. 3.13 (right) shows that the longitudinal stress (Sxx)
and vertical stress (Sz,) profiles do not change significantly when the number of deposition sub-
steps exceeds 15. Therefore, the CESL layer is deposited in 15 sub-steps for the remainder of
this work. For both CESL and S/D stressors, the initial stress values are isotropic. After
relaxation, the transverse stress (Syy) is always negligible compared to Sy, and S,, for the nested
FinFET structure, so it is not considered further herein.
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Figure 3.13. Contour plots of CESL-induced stress in the channel direction (Sy,) and in the vertical direction
(S,,), along the channel of a FinFET, showing the impact of the number of sub-steps used to deposit the
CESL: (a) 2 sub-steps, (b) 10 sub-steps, and (c) 15 sub-steps.

Fig. 3.14 shows the Sy and S,, profiles within the fin along the channel in an n-channel SOI
FinFET, for S/D length (Ls/p) ranging from 15nm to 40nm (corresponding to gate pitch ranging
from 75nm to 125nm, consistent with dimensions reported in [5, 6]). It can be seen that the
stress profiles are highly non-uniform along the channel direction. From Fig. 3.14(a), S/D-
induced Sy is most tensile at the center of the channel region and changes to be compressive in
the S/D regions. From Fig. 3.14(b), CESL-induced Sy« and S, each reach their peak values at
the center of the channel, which is different than for a planar bulk MOSFET structure [19, 25]
due to the elevated S/D structure: the CESL is thicker between the faceted S/D surfaces and the
gate-sidewall spacers and hence induce more stress. CESL is not as effective as S/D stressors for
FinFET structures because of the larger distance between the CESL and the channel region (due
to the silicide and elevated S/D regions).
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Figure 3.14. Simulated S,, and S, profiles in a 25nm-L, SOI FinFET with (a) S/D stressors or (b) CESL
stressors, for various values of S/D length (Lgp). The initial stress value was +1GPa in the stressors.

To examine the effectiveness of stressors at more aggressively scaled CMOS technology
nodes, FInFET structures are simulated with L, down to 17nm and 12nm. Other geometrical
design parameters that are scaled with L, according to ITRS specifications [26] are listed in
Table III. (Parameters that are not changed from Table 3.2 are not listed again in Table 4.3.)
The Lgp values studied are 15nm and 20nm (corresponding to gate pitches of 64nm and 74nm
for 17nm-L, FinFETs, and gate pitches of 54nm and 64nm for 12nm-L, FinFETs).

Lyate ts [Hso | Lgpacer | Hrn Fin
(nm) (nm) | (nm) (nm) (nm) Pitch
(nm)

17 8 15 8.4 24 24

12 6 10.5 5.8 18 20

Table 3.3. FinFET geometrical design parameters for sub-20nm CMOS technology nodes, from ITRS
specifications [26].

Fig. 3.15 shows the Sy and S,, profiles within the fin along the channel in 17nm-L, and
12nm-L, n-channel SOI FinFETs. It can be seen that both Sy, and S,, are enhanced with scaling.
For S/D stressors, this indicates that the effect of decreased volume for stress relaxation
overwhelms the effect of decreased stressor volume.
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Figure 3.15. Simulated S,, and S,, profiles in 17nm-L, and 12nm-L, SOI FinFETs with S/D stressors (left) or
CESL stressor (right), for 15nm or 20nm Lgp. The initial stress value was +1GPa in the stressors.

The impact of S/D stressors on bulk FinFETs is shown in Fig. 3.16. Since the entire S/D
regions are strained, greater stress is induced in the channel region of a bulk FinFET as
compared to an SOI FinFET. Also, the Syx profile is more similar to that for a planar bulk
MOSFET [19, 25], in that it has maximum values at the edges of the channel and decays towards
the center of the channel.
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Figure 3.16. Simulated S,, and S, profiles in 17nm-L, and 12nm-L, bulk FinFETs with S/D stressors, for
15nm or 20nm Lgp. The initial stress value was +1GPa in the stressors.

The evolution of Sy during a Gate-Last FInFET fabrication process is presented in Fig. 3.17,
which indicates that 1) Sy is enhanced and becomes more non-uniform along the fin upon
removal of the dummy gate; and 2) the metal gate refill process does not significantly change Si.
The enhancement of Sy is caused by the change in stress relaxation boundary conditions
between the S/D regions and the gate electrode region. Without the gate stack in place, S is
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more effectively transferred from the S/D regions into the channel region; however, S, is largely

reduced due to the free surface condition at the top of the fin, as shown in Fig. 3.18.
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Figure 3.17. Contour plots of S/D-induced stress in the channel direction (S,y), along the channel of a FinFET
fabricated using a Gate-Last process on bulk substrate: (a) after epitaxial S/D growth; (b) after removal of the

dummy poly-Si gate, and (c) after metal gate refill.
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Figure 3.18. Simulated S,, and S, profiles in 17nm-L, and 12nm-L, (a) SOI FinFETs and (b) bulk FinFETs
with S/D stressors, fabricated using a Gate-Last process flow, for 15nm or 20nm Lgp,. The initial stress value
was +1GPa in the stressors.

The Stress Transfer Efficiency (STE) is defined herein to be the ratio between the value of
final induced stress in the channel region and the initial value of (isotropic) stress in the stressor.
Table 3.4 lists the Sy and S, transfer efficiency values for 12nm-Lg and 17nm-L, FinFETs at the
center of the channel, at the edges of the channel, and averaged across the length of the channel.
As noted above, the STE for a CESL stressor is small compared to that for S/D stressors. S/D
stressors have >50% greater STE for the bulk FinFET than for the SOI FinFET. A Gate-Last
process can provide for >50% larger S TE, at the cost of dramatically reducing S,,TE.

54



17nm Gate First Gate Last

1 2nm ............ CESL SOI1S/D Bulk S/D SOI1S/D Bulk S/D
Edge (%) 3.0/-1.2 5 11.1/-9.4 | 23.0/-16.1 | 18.3/-4.0 | 31.5/-9.0
4.1/-1.6 __ 13.3/-10.7 | 26.2/-17.5 | 23.9/-3.6 | 38.9/-8.7
Center (%) 4.8/-2.3 14.5/-6.6 | 21.4/-12.2 | 26.2/-0.0 | 35.4/-0.0
5.4/-2.2 17.0/-7.7 | 24.6/-13.9 | 32.3/-0.2 | 42.9/-0.2
Average (%) | 4.1/-1.9 13.2/-7.3 | 21.4/-13.2 | 23.3/-1.8 | 33.1/-2.6

4.9/-2.0 15.5/-8.5 | 24.7/-14.8 | 29.4/-1.3 | 40.4/-2.6

Table 3.4. Summary of Stress Transfer Efficiency (STE) values for different stressor technologies, for 12nm
and 17nm-L, FinFETs fabricated using Gate-First or Gate-Last process flows.

3.4.2 Soucr/Drain Stress-induced FinFET Carrier Mobility Enhancement

The self-consistent Poisson-Schrodinger equation solver is used to calculate the silicon sub-
band structure and effective carrier mobility values for FinFET structures with strain, using
average values of Sy and S,, within the channel region. Only conduction along the fin sidewall
surfaces is considered, to be relevant for aggressively scaled FInFETs [27]. The initial stress is
calculated using the following equation:

Sii

=L .35i79 . oy (3.25)
1-2-v asi

where i=x, y, or z; E and v are the silicon elastic modulus and Poisson ratio for the [110]

crystalline direction, respectively; as; and ap are the lattice constants for unstrained silicon and

impurity materials (i.e. Ge or C), respectively; and D% is the atomic percentage of the impurity

in the strained S/D region.

Relative enhancement in electron mobility (Ape/p) is plotted in Fig. 3.19(a) as a function of
C mole fraction [20, 26] in the S/D regions, for various FInFET structures at low and high values
of inversion-layer electron concentration (Niny). Ape/He 1s remarkably higher for bulk FinFETs
than for SOI FInFETs. Improvement with a Gate-Last process is negligible for 17nm L, and is
marginal for 12nm L,. This is because S/D-induced S,, is more effective than Sy [10, 13, 28] for
boosting Ape/pe, and S,, 1s largely reduced for a Gate-Last process. Relative enhancement in
hole mobility (Apn/pn) is plotted in Fig. 3.19(b) as a function of Ge mole fraction [18, 19, 22] in
the S/D regions, for various FInFET structures at low and high values of inversion-layer hole
concentration (Pi,,). The benefit of using a bulk substrate is greater than that of using a Gate-
Last process. Note that Aun/p, degrades significantly at high Pj,y; this is due to the hole sub-
band reoccupation effect for (110)-oriented fin sidewall surfaces [29].
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Figure 3.19. (a) Relative enhancement in electron mobility vs. C mole fraction in the S/D regions, and (b)
relative enhancement in hole mobility vs. Ge mole fraction in the S/D regions, for various FInFET structures
with LS/D=20nm.

3.5 Summary

For Multiple-Gate MOSFET, fin crystalline orientation and aspect ratio have significant
impacts on effective carrier mobilities. <110>-oriented fins (with (110) sidewall surfaces) are
more sensitive to strain than <100>-oriented fins (with (100) sidewall surfaces). Uniaxial
stressor technology can provide the highest carrier mobility enhancement at a given stress value.
For <110> channels, electron mobility is higher for the Tri-Gate MOSFET than that for FinFET
for unstrained or low-strain channels; at higher strain, the two device architectures are
comparable in electron mobility values. Hole mobility is lower in the FInFET than in the Tri-
Gate MOSFET until the stress applied reaches ~600MPa.

Among the uniaxial stressor technologies, strained CESL is not as effective as S/D stressors
for inducing stress within the channel region of a FInFET. Bulk FinFETs with strained-S/D
regions are projected to outperform SOI FinFETs with strained-S/D regions. For FinFET
structures with S/D stressors, although a Gate-Last process can further increase longitudinal
stress (Sxx), its benefit for boosting carrier mobility will be marginal in future technology nodes,
due to the largely reduced vertical stress (S,,).
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Chapter 4

Thin-Body MOSFET Carrier Mobility and
the Impact of High-k/Metal Gate Stack

4.1 Introduction

Thin-body MOSFET structures (including planar ultra-thin body and BOX (UTBB) fully
depleted silicon-on-insulator (FD-SOI) MOSFET and the FinFET) are slated for adoption in sub-
20nm CMOS technology nodes due to their superior electrostatic integrity as compared to the
conventional planar bulk MOSFET [1, 2]. Previous studies have shown how channel stress can
boost thin-body MOSFET performance, but these only focused on devices with poly-Si/SiO, [3,
4] or poly-Si/SiO4Ny gate stacks [5], for which remote Coulomb scattering and surface optical
phonon scattering is not significant. Since high-x/metal gate stacks already have been adopted in
the most advanced CMOS technologies [6], it is important to examine the impact of channel
stress on thin-body MOSFETs with high-x gate stacks, considering all of the aforementioned
scattering mechanisms. Also, a comparison of carrier transport and strain-induced performance
enhancement in UTBB FD-SOI MOSFETs vs. FinFETs is needed to guide CMOS technology
development for future high-performance (HP) applications.

In this chapter, stress-induced enhancements in electron and hole mobilities are studied
comprehensively for UTBB FD-SOI MOSFET and FinFET structures with high-k/metal gate
stacks. Simulation data calibrated to measurement are presented to evaluate the effectiveness of
strain for boosting thin-body MOSFET performance with aggressively scaled body thickness.

4.2  Modeling for High-k/Metal Gate Stack-induced Scattering
Mechanisms in Thin-Body MOSFETsSs

4.2.1 Remote Coulomb scattering

Coulomb scattering, also referred as “Rutherford scattering”, describes the carrier’s change of
momentum under the perturbation (scattering) potentials induced by some external charges
(ionized impurities, trapped charges, etc.). For a poly-Si/SiO, gate stack, the most important
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Coulomb scattering sources are depletion charges from the poly-Si gate and heavily-doped
channel region [7], which can be overcome by using a metal gate and undoped channel region in
thin-body MOSFETs. However, during the high-x layer deposition and later-on high
temperature annealing process, additional interface charges will be generated, with the profile
peak located between the high-k and SiO; interfacial layer (IL) [8]. In contrast to the depletion
charge located close to the inversion-layer channel, these charges will scatter the channel carriers,
remotely (i.e. across the thickness of the SiO, IL), and hence cause “Remote” Coulomb (RC)
scattering.

Starting with the general form for Coulomb scattering, considering a charge located in 3-
dimensional space (0, 0, z), the screened Coulomb scattering potential is [9]

$(q.2,20) = |, dz, K(2,2,)$(q, 21, 20) + —— exp(—q|z — zo|) + A,exp(—qz) (4.1)

2€s5iq
where A is a constant to be determined, and K(z, z;) is called the “screening kernel”, which
describes the strength of carrier screening from the external field induced by the point charge,
and has the form

K(z,2) = = Sd&i@)I*S; [ dz, 1§i(2)|* - exp(=qlz — z,]) (4.2)

S; is the screening constant for the i™ sub-band as [10]

5. = 2. Ns
L 2 Ei_Ef Ef_Ei
kgT| 1+e ¥BT |in| 1+e kBT

In the oxide, neglecting the existence of free charge, the Poisson equation has the explicit
solution [9]

(4.3)

e
2&0xq

¢(q,2,20) = exp(—qlz — zo|) + Azexp(—qz) + Azexp(qz) (4.4)

Under the random phase approximation (RPA), (i.e. the different Coulomb scattering sources are
uncorrelated in position) the total squared scattering matrix element is simply given by the
summation of the squared matrix elements produced by each scattering source. For each source,
the matrix element can be expressed as

MPi(q,70) == f dz ¢(q, 2, 20)§:(2)&;(2) (4.5)
Thus, the total square matrix element is
2 2 2
|M£j(Q)| = A[f dz, Ncont(Zo)lng(Q.Zo)l + Nintf|ij(q, 0)| ] (4.6)

The coefficients A; need to be determined from boundary conditions. For example, the ionized
impurities scattering potential is (unscreened part) [7]

3(q,2,20)"" = ——exp(—qlz — z]) + (S2) —exp(—q(z + |z)) (4.7)

2€5iq €sit€sioz/ 2€s5iq

In particular, for the Coulomb centers located right at the oxide/silicon interface, the potential
can be expressed as [7]

$(q, 200" = ————exp(—qlz|) (4.8)

(esit€sin2)4
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For the RC scattering problem, in a high-k/metal gated device (as shown in Fig. 4.1),
assuming the charges are all located at the high-k/IL interface [8], in the planar bulk MOSFET,
the scattering potential within the high-« region is

$(q,2,20) = 5——exp(—qlz — zo|) + Ay exp(=qz) + Asexp(qz) (4.9)

2€nKq
Combining the unscreened potentials in the silicon channel and SiO, IL, and imposing the
following boundary conditions:

¢ continuous at z = 0, —tg;o2 (4.10)
d) = 0 at z = _tsioz - tHK (411)
% ... =% .

2 esion] =5 esi| (4.12)
9¢ ¢

— € —— €g; =eN; 4.13
9z HK Z=—t5i02_ 9z Sio2 Z=—tSi02+ it ( )

One can get, in the silicon channel:

tox— 2qt
¢(q 7 7 )unscr _ e . 3Niteq( ox Z)(l—e q HK)
o €siq (a—1)(e29tHK —2¢24tox)+(a+1)(1—2e29(tox+tHK))

(4.14)

where a=epk/€sior and €si/esioy=3 1s assumed in the derivation. The total Coulomb scattering
potential also should include the screened part.

Ni¢ Ni¢ Ni¢
Metal high-x [$iO0,| Si Metal high-x [8i0,] Si  [SiOfhigh-x [ Metal
Gate Gate Gate
'(tSioz'HHK) -tsion 0 - -(tsor2*tsi02) -tsor’2  tsor/2 (tsor2+tsion) -
(a) Planar Bulk (c) Double-gate FinFET
Ni¢
Metal high-x [SiO,| Si BOX | Ground
Gate Plane
“(tsiooTtuk)  ~tsioz O tsor  (tsorttsox)

(d) 30nm High-x/MG UTBB FD-SOI,

TEM Source: CEA-LETI
Figure 4.1, Gate/channel material stacks for (a) planar bulk MOSFET, (b) double-gate FinFET and (c) planar
UTBB FD-SOI MOSFET and their definition of coordinates used in deriving the RC scattering potentials;
the arrows show the locations of RC scattering charges. (d) shows the TEM cross-sectional view of a UTBB
FD-SOI MOSFET with gate length of 30nm, fabricated by CEA-LETI [11].

(b) Planar UTBB FD-SOI

For the UTBB FD-SOI structure (as shown in Fig. 4.1(b)), the Coulomb scattering potential
induced by charge at high-«/IL interface can be expressed as

#(q,2 20) = ——exp(—qlz — z,|) + A, exp(—qz) + A exp(qz) (4.15)

2€5iq
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within the Silicon channel layer and
¢(q, Z, ZO) = -

2€5i029
within the BOX layer. The depletion charge in the substrate is ignored, since the BOX layer is
usually thick (>10nm) so that the exponentially decayed Coulomb potential is negligible. By
adding the extra boundary conditions as

exp(—qlz — zy|) + Ag exp(—qz) + A,exp(qz) (4.16)

¢ = 0at z = —tsi02 — tuk, tsor + trox (4.17)

a¢ a¢p

2z Esi _ T 5, Esioz2 (4.18)
z z=tsol z z=tsort

One can get, in the Silicon channel:
#(q, z,zy)mser = 2. 3N e9(tox=2) (1-e2qtHK ) (297 +2¢24t501)
B €sid (a_1)(292q(tHK+t501)—4e2‘7(tox+t501)+e2qtox —2e24tHK ) +-.-

(4.19)

(a+1)(e2d(tHk ttox) 42024501 —4e24(tox+tyk+tsor) -2)

Noted that when tgo; is very large, the above expression approaches the planar bulk MOSFET
case.

For the FinFET structure, (as shown in Fig. 4.1 (¢)), due to the structural symmetry, the
induced Coulomb potentials within the 2 high-« layers are

Pur+(0.2,20+) = 5 —exp[+q(z — 20.1)] + A1 exp(Fq2) + Azexp(2qz)  (4.20)

2eykq

And within the Si0, IL, the potentials can be expressed as
$si02:+(4.2,204) = s—exp[+q(z — 20,4)] + A; exp(Fq2) + Asexp(£qz) (421)

2€5i024
Within the silicon channel, the potential has the form as

bsi(9,2,20+) = ——{exp[—q(z — 20,4 )] + exp[q(z — 2z, )|} + As[exp(qz) + exp(—qz) ]
(4.22)

where 7z . refers to the charge (- for left gate, + for right gate) locations. By adding the extra
boundary conditions as

2e5iq

¢ =0atz= = (tspz + tyx + tsor/2) (4.23)
¢ is continuous at SiO,/high-k and Si/S10, interface (4.24)
a4 i d¢si
as €si = % 65i02| (4.25)
z z=tsor z z=tso1

One can get the potentials in FInFET channel as:

t 3tsor
tox+2L)  a(tox+30L)
eCI( oxt—5 +Zeq oxt—35

3N;; (1-e?9tHK) (e~ 9% +e9%)

e

B(0,2,20)" = ==

€siq (a—1)(2e29CHK+t50D) —42d(tox*ts01) +e2qtox —2e29HK )+

(4.26)
(a+1)(e29(tHKtox) 42024t 501 —4e24(tox+tak+tsor) -2)

Once the screened RC scattering potentials have been determined, the matrix element and
momentum relaxation rates (MRT) can be calculated using the Kubo-Greenwood formalism.
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4.2.2 Surface Optical Phonon scattering

Compared to the classical gate dielectric material (i.e. SiO;), the oxygen-metal bonds in a
high-k material easily polarize to screen the external electric field. These “soft” oxygen-metal
bonds have lower optical phonon energy values, compared to those “hard” oxygen-Si bonds with
high optical phonon energy values. Due to the oscillating nature of the ionic polarization at the
oxide/silicon interface, there are scattering potentials induced from the dipoles, whose strength
can be related to the static and optical permittivity (& and &, respectively) of the high-k layer
[12]. This scattering mechanism is called “surface” optical phonon (SOP) scattering, in contrast
to conventional “bulk” optical phonon scatterings, and can be especially severe for a high-« layer,
due to the large difference between & and €., and the rather low optical phonon energy values
(as shown in Tab. 4.1).

Si0, HfO, | ZrO,

€d* 3.90 22.0 24.0

€0 3.05 6.58 7.75

€% 2.50 5.03 4.00
hwre1(meV) | 55.60 1240 | 16.67
hwro,(meV) | 138.1 4835 | 57.70

Table 4.1. Frequency-dependent permittivity and optical phonon energy values for
different oxide materials, from [12].

As derived in [13], the SOP scattering potentials at the front and back oxide interfaces

(considering only the SiO,/Si interfaces) are
1

h 2
bri(2) = |22 e 427)
1
$pi(2) = [—f:ei‘; Femdltsor=) (4.28)

where ¢ is the wave vector change during the scattering event, hwso is SOP energy. The joint

permittivity € has different forms for the 2 SO modes (TO1 and TO2 for SiO5)
1 1 1

& efves;  €Q¥+eg
1 1 1
1 _ (4.30)

& e tes; € +eg;

(4.29)

where 0, i and oo denote the static, intermediate and optical frequency permittivity. By assuming
the phonon energy values are constant with the wave vector ¢:

s
€d¥+egi| 12

hwsp1 = [6§x+62i] hwro 1 (4.31)
ef*+es; 2

hwso‘z = I:Eoocx_'l'ESL:l tho,z (432)
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Due to the large wave vector change, screening effect is neglected, SOP scatterings are restricted
to intra-valley transitions. The total squared matrix element can be written as

ij 2 2 0 2 o 2
Mg (@) = 4n2e? [|f) dz&(DE@br (@] +f, dz&:(DE;@Dbn(@)] | (433)
The scattering rates are calculated based on inelastic phonon scattering from [13]

_ 2 1-fo(Exh 1—1
=2y M @) % B [N, + 3 F 2] x (1 - cosO)dk (434)

1-fo(E)
For the high-k/metal gate stack, a comprehensive form was derived in [12] as follows.

Firstly, the permittivity is modeled as function of phonon frequency as

e (w) = /™ + i (4.35)
~(aro)
€ (w) = e + i (4.36)
1~(z75)
The low (TO1) and high (TO2) frequency from the high-k layer are:
HK 1
hool ) = [#] “horose (437)

N €% (w)+€g; €9% (w)+€g; 2
MK Lignow) = €ilo) [—S] e2dtox + €°%(w) {[—5] (e2dtox — 1) +

€% (w)—-epg(w) 2€%%(w)
€9 (w)—€s; 2 -
I:ZET((L))S] (1—8 thox)} + €g; (4.38)

where the above frequency-dependent quantities should be evaluated at w?oKll(z) separately.

The SiO; interfacial layer will totally induce a total of 4 TO modes: for low (TO1) and high
(TO2) frequency; and one from Si/SiO, IL interface (-), the other from SiO, IL/high-x interface
(+)
ox+ €o(i) t€ /2
hwgp, 12) = [m thO,l(Z) (4.39)

Eo(i)+65i

thO 1(2) — [ ox

Ei(oo)+65i

/2
] hwro1c2) (4.40)

a e%*(w)+eg; e%*(w)+eg; 2
o = ") [ ] o el ([t @ -

ox . 12
[—6 (@) Esl] (1—e‘2qt°x)}+65i (4.41)

2€%%(w)

where all the above frequency-dependent quantities should be evaluated at wg X/

50,1(2) separately.

In thin-body structures, the SOP scattering is even worse [13] than that in the planar bulk
MOSFET. The reasons are twofold: first, due to the existing 2 oxide/silicon interfaces, SOP
scattering potentials are present at both the front and back interfaces; second, the spatial-
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dependence of the SOP scattering potential (as seen in eqns. (4.27), (4.28)) suggests that when
the silicon body thickness is reduced, the decay of scattering potential will be smaller, which
results in overall high SOP scattering rates. However, by replacing the poly-Si gate with a metal
material, the SOP scattering is largely reduced and high channel mobility values (i.e. close to that
for a poly-Si/SiOxN, gate stack) are observed, experimentally [14]. This is attributed to the
metal gate screening effect, which will remove the transverse optical modes from the high-k
layer, as explained in [14, 15]. In general, SOP scattering in high-k/metal gate MOSFET is less
important than RC scattering, in terms of the carrier mobility degradation.

4.3 High-k/Metal Gate Thin-Body MOSFET Carrier Mobility
Enhancement via Strain Engineering

4.3.1 Experimental

UTBB FD-SOI MOSFETs with undoped channels and high-k/metal gate stacks (1.2nm EOT)
were fabricated on (100) silicon substrates. The silicon body thickness (tsor) is 7nm and BOX
thickness (tgox) is 10nm. Field-effect mobility values were extracted using the split-CV method
from long-channel devices.  To study the effect of strain, a wafer-bending apparatus was used
to induce uniaxial in-plane stress up to +170MPa.

To adequately suppress OFF-state leakage, the silicon body thickness is 1/3 of the gate length
(L) for a UTBB FD-SOI MOSFET and 1/2 of L, for the FInFET [16], which are also consistent
with ITRS specifications [17]. Besides having different channel surface crystalline orientation
((110) for the FinFET vs. (100) for the UTBB FD-SOI MOSFET), the FinFET is more sensitive
to RC scattering because it has 2 surfaces gated by a metal gate/high-k stack, as illustrated in Fig.
4.2.

FinFET UT2B FDSOI
L

) g
High-k

Interface

too=Ly/3

(FDSOI Surface)
[001]
—

tein = Lo/2  (EinkeT surface)

[110]

hannel Direction)

Figure 4.2, Illustration of high-k/metal gate MOSFET structures studied in this work, with [110]-oriented
channels. Note that the silicon body thinness requirement is different for the FinFET vs. the UTBB FD-
SOI MOSFET.

Simulated long-channel UTBB FD-SOI MOSFET carrier mobility vs. inversion charge
concentration curves are fitted to experimental data measured at various temperatures and with
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longitudinal bending-induced stress, as shown in Fig. 4.3. The FD-SOI surface roughness
amplitude (A) and correlation length (L.) are extracted herein, while the phonon and the FinFET
sidewall surface roughness parameters are taken from [18]. For both structures, the roughnesses
of the two Si0, IL/Si interfaces are assumed to be non-correlated [19]. To account for RC
scattering effect on carrier mobilities, following the above derived formalism, surface charge is
added between the high-k dielectric and SiO, IL. It has been shown in [14, 20] that RC
scattering is the dominant Coulomb scattering mechanism for mobility degradation in high-
k/metal gate MOSFETs. As shown in Fig. 4.3, it is evident that stress-induced mobility
enhancement is diminished at low inversion charge concentrations.

. 120 T
300 F (100)/<110> N-FDSOI E (100)/<110> P-FDSOI
- t,=7nm 100 | tso=7nm 3
2‘ 270 F i _
>
L2410 3 NE 80 F 3
£ s
= S, =
5210 1 £ —2
f 260] N
o =
3 —Si i A ) —— Simulation
0 180 Simulation ] o |
° O 300K, Longi. Tensile Stress :g O 300K, Longi. Compressive Stress
- B 300K, Unstrained B 300K, Unstrained
A 370K, Unstrained A 370K, Unstrained
150 ) 40 - -13
107 10" 10 10
Inversion Charge Concentration (cm?) Inversion Charge Concentration (cm?)

Figure 4.3, Measured and simulated electron (left) and hole (right) mobility versus inversion charge
concentration in L, = 10 um UTBB FD-SOI MOSFETs, at various temperatures, w/o stress and with £170
MPa uniaxial longitudinal stress. With phonon and surface roughness parameters calibrated at high inversion
charge concentration first, a surface charge of 1.4el3 cm * is extracted for the high-x/IL interface, from
fitting simulations with measured data.

4.3.2 Benchmarking of Thin-Body MOSFETSs Carrier Mobility

Sub-band structures were calculated by Poisson-Schrodinger self-consistent simulators, using
the non-parabolic effective mass approximation (EMA) for electrons and 6x6 k-p approach for
holes. Fig. 4.4 shows the equi-energy contours for the lowest-energy subband in the thin body
region of these 2 FET structures. Longitudinal [110] stress — which is commonly used to
enhance the performance of planar bulk MOSFETs — is an effective mobility booster mainly for
a p-channel UTBB FD-SOI MOSFET (due to a large reduction in transport mass, i.e. band
curvature change caused by the shear strain); for p-channel FinFET, the transport mass reduction
is marginal.

Carrier mobility values for scaled UTBB FD-SOI MOSFETs and FinFETs were simulated
using the calibrated parameters, and are plotted vs. inversion charge concentration, for various
values of L. The IL thickness and RC density are fixed at 1 nm and 1.4x10" cm™. For FD-SOI
and p-channel FinFET structures, longitudinal stress (as compared to other directional stresses) is
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most effective to enhance carrier mobilities, because shear strain components can reduce carrier
transport mass remarkably. For the n-channel FinFET, vertical stress provides the largest
electron mobility (i) enhancement, which is due to significant carrier redistribution to the low-
transport-mass A-2 valleys [21].

+500 MPa
L gitu i

Unstrained Unstrained

Ol

DS
(100) Surface

FinFET

(110) Surface

1

NMOS

Figure 4.4, Calculated equi-energy contours for the lowest sub-band of inversion electrons (left) and holes
(right) (within +/- 0.1 Brillouin zone) in UTBB FD-SOI MOSFET (upper) and FinFET (lower), w/o stress
and with +/- S00MPa longitudinal stress.

Fig. 4.5 (top) compares p. for the thin-body MOSFET structures. The UTBB FD-SOI
MOSFET has higher . than does the FInFET due to the smaller transport mass for the (100)
plane; this advantage diminishes with decreasing tsor, however. When the occupation of A-2
valleys by inversion electrons increases (by increasing geometric confinement or strain-induced
sub-band splitting), . is more vulnerable to RC scattering [7]; thus the benefit of reduced
transport effective mass will decrease, and . enhancement will diminish. Since the UTBB FD-
SOI MOSFET requires a thinner body at the same L,, this degradation in mobility enhancement
is larger. Note that a previously observed . peak for the (100) surface with a poly-Si/SiO, gate
stack at tsor ~3.5nm [22] is not seen here, due to the impact of RC scattering. The screening
effect is modeled by scalar dielectric functions [23] in this work; as a result, . for the FinFET is
underestimated for the range of tgi, values considered herein. Thus, the p. advantage of the FD-
SOI MOSFET likely will be smaller and may disappear altogether for sub-10 nm gate lengths.

Fig. 4.5 (bottom) compares hole mobility (u,) for the thin-body MOSFET structures. The
higher p, advantage of the FinFET (resulting from the (110) high p, sidewall surfaces) is
diminished at low inversion charge densities. This is because the inversion (hole) layer centroid
is closer to the oxide interface (and hence the remote Coulomb charge centers) for the (110)
channel surface orientation than for the (100) orientation [24]. However, p, degrades more
quickly with decreasing tso; in the UTBB FD-SOI MOSFET, because the phonon scattering form
factor and transport effective mass grow more quickly with decreasing silicon layer thickness for
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the (100) channel surface orientation than for the (110) orientation [24]. Thus, the FinFET p;,
advantage increases with body thickness scaling.
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Figure 4.5, Simulated (top) electron and (bottom) hole mobility in high-k/metal gated UTBB FDSOI
MOSFET and FinFET devices, with scaling of the silicon body thickness. Within each plot, the effect of
uniaxial stress for each of the 3 directions (for NMOS, +500 MPa Longitudinal & Transverse, -500 MPa
Verticalal; for PMOS, -500 MPa Longitudinal, +500 MPa Transverse & Vertical), is shown.

4.4

Summary

Stress-induced carrier mobility enhancement with body thickness scaling is studied for UTBB
FD-SOI MOSFETs and FinFETs with high-k/metal gate stacks. It is found that the advantage of
the high-pt. (100) surface for the UTBB FD-SOI MOSFET will diminish, whereas the advantage
of the high-p, (110) surfaces for the FinFET will be maintained with scaling. Mobility trends
can be used to project enhancements in short-channel device performance due to the
determinative role of carrier scattering in silicon MOSFETs.
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Chapter 5

Back Bias Impact on Ultra-Thin-Body and

BOX Fully Depleted SOI MOSFET
Performance

5.1 Introduction

The fully depleted silicon-on-insulator (FD-SOI) MOSFET structure with a very thin (~10 nm
thick) buried oxide (BOX) layer can well suppress OFF-state leakage current as well as random
variations in threshold voltage (Vy,), due to its superior electrostatic integrity and moderate
channel dopant concentration [1-4], so that it is a promising alternative for sub-20 nm CMOS
technology. An advantage of the Ultra-Thin Body and BOX (UTBB) structure is that it allows
Vi to be easily tuned via back biasing, in contrast to thick-BOX SOI MOSFETs and FinFETs
[3]. This independent ‘double-gate’ operation can be leveraged to optimize energy-performance
tradeoffs in circuit design [4]. Recently reported UTBB FD-SOI technologies [1, 4] use a
combination of metallic gate materials and back biasing to achieve multiple levels of Vy,. It will
be important to retain this Vy, tuning capability with gate length (Ly) scaling, i.e. for extremely
thin BOX and SOI (~5 nm thick) [2, 4]. Gate-Induced Drain Leakage (GIDL) current due to
trap-assisted and band-to-band tunneling increases with reverse back bias [5] and hence imposes
a limit for reverse back biasing voltage. The impact of back bias on effective mobility is of
interest, since mobility will continue to be a gauge for silicon MOSFET carrier velocity and the
ON-state drive current, even for devices with deca-nanometer channel length [6, 7]. Due to the
sub-band re-population effect, the strain-induced carrier mobility enhancement depends on the
transverse electric field [8]. Therefore, the amount of strain-induced UTBB FD-SOI MOSFET
performance enhancement can be further modulated by applying back bias.

In this chapter, the impact of back bias on UTBB FD-SOI MOSFET performance is
investigated, for long-channel as well as short-channel devices. Trends with SOI thickness (tsor)
and L, scaling are examined. In Section 5.2, back bias effects on UTBB FD-SOI MOSFET
device electrostatics (including Vg, and GIDL) are presented. In Section 5.3, the modulation of
back biasing on carrier transport behaviors (including carrier mobility, velocity and strain-
induced enhancement) in UTBB FD-SOI MOSFET and its implications for deeply scaled device
performance are presented. Section 5.4 summarizes the conclusions from these works.
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5.2  Back Bias Effect on Ultra-Thin-Body and BOX Fully
Depleted SOI MOSFET Electrostatics

N-channel UTBB FD-SOI MOSFETs were fabricated on (100) SOI substrates, with channels
oriented in the <110> direction [9]. A p-type ground plane was formed under the thin BOX.
The gate dielectric is 2.5-nm-thick SiOxNy and the gate material is comprised of 5-nm-thick TiN
capped with 100-nm-thick doped poly-Si. The source/drain extensions were formed by ion
implantation and the raised-source/drain regions were formed by Selective Epitaxial Growth
(SEG). Split-CV measurements were performed at 1 MHz on devices with various values of
drawn gate length (L.s). Parasitic capacitances are independent of L.k and subtracted out to
obtain the intrinsic gate capacitance values. The offset (AL) between Ly, and the effective
channel length (L) was extracted from the gate-capacitance vs. Ly,g plot (not shown here). L
ranges from 52 nm to 172 nm for the devices studied in this work. Measured I4-V, curves with
different back bias from these devices are shown in Fig.5.1.
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Figure 5.1, Measured 14-V, characteristics from UTBB FD-SOI nMOSFETs with (left) L,=10um and (right)
L.;=52nm, under different back bias voltage.

To predict the impact of extreme tso; scaling on UTBB FD-SOI MOSFET electrostatics,
quantum-mechanical device simulations are required. The self-consistent Poisson-Schrodinger
solution method is used, with the non-parabolic effective mass approximation (EMA) and
considering both A2-and A4-valley electrons [10], to simulate the one-dimensional electrostatics
of the thin silicon film structure. Simulations of areal gate capacitance vs. gate voltage well
predict the effect of back bias, as shown in Fig. 5.2, for calibrated values of BOX thickness (11
nm) and tsor (11 nm). For large forward back bias (FBB), an inversion layer is formed first at the
back oxide interface as the gate voltage is increased. This results in a ‘plateau’ in the C-V
characteristic for Vi, = 2.5 V, since the capacitive coupling between the gate and the back
inversion layer is lower than that between the gate and the front inversion layer.
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Figure 5.2, Effect of back bias on inversion capacitance compared against Poisson-Schrédinger simulation
results, from long channel (L,=10um) UTBB FD-SOI nMOSFETs.

The Vy, of a UTBB FD-SOI MOSFET is easily adjusted by back biasing. A reverse back bias
(RBB) increases Vy, whereas a FBB reduces Vy. To predict the Vy, tuning capability for
extremely thin BOX and SOI, which will be necessary to maintain good electrostatic integrity for
channel length below ~15 nm [2, 4], UTBB structures with scaled values of tso; and BOX
thickness (tgox) were simulated and the back bias coefficient was extracted for an inversion
charge density of 1E10 cm™, corresponding to V.. As shown in Fig. 5.3, the impact of back
biasing is larger for FBB than for RBB —more remarkably for thinner tgox. As tsor is reduced,
the FBB coefficient decreases and the RBB coefficient increases so that this difference is
diminished.
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Figure 5.3, Simulated back bias coefficient vs. back bias voltage in UTBB FD-SOI nMOSFETs, for different
values of tsor and tgox-
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A capacitor network model is proposed herein to evaluate the dependence of the back bias
coefficient on various parameters. Due to strong quantum confinement in thin silicon films, the
inversion charge peak appears at some distance (so-called inversion layer thickness Zi,y, ~1 nm
under strong inversion) below the oxide/silicon interface. At Vy,, device with strong FBB will
have the inversion layer formed first at the back oxide interface, and the front interface is
depleted, as the Possion-Schrodinger simulation shows in Fig. 5.4 (left). On the other hand, Zj,,
from device with RBB doesn’t change much with varying tso; and back biasing voltage values
(as shown in Fig. 5.4 (right)), which results in smaller body coefficient.
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Figure 5.4, Possion-Schrodinger simulation of inversion charge distribution across UTBB FD-SOI
nMOSFET thickness at V, (corresponding to an inversion electron concentration of 1el0cm™), with (left)
FBB and (right) RBB.

Therefore, the capacitance model for the silicon region consists of two capacitors in series,
delineated by the position of the inversion charge peak. Accounting for the gate oxide
capacitance and buried oxide capacitance, an expression for the back bias coefficient is derived
and shown in Fig. 5.5. (EOT is the equivalent oxide thickness of the gate stack, and a value of 3
is assumed for the ratio of silicon and SiO, permittivities.) It is clear from this expression that
the back bias coefficient has opposite dependence on tsor for FBB vs. RBB, due to the back-bias-
modulated Z;,,.
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Figure 5.5, Capacitor network used to model the impact of back biasing on UTBB FD-SOI MOSFET
threshold voltage.

Measured Io vs. Loy plots for short-channel UTBB FDSOI nMOSFETs (achieved by varying
the back bias) are shown in Fig. 5.6 (left). In these devices, the I lower limit is set by GIDL.
Fig. 5.6 (right) shows how the OFF-state current of a 52-nm-Lc device changes with back bias.
It can be seen that GIDL current increases with increasing RBB, consistent with the trend for a
planar bulk MOSFET.
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Figure 5.6, (left) Measured I g vs. I, for short channel UTBB FD-SOI MOSFETs; (right) measured OFF
state current for a 52 nm device.

5.3 Back Biasing Modulation of Carrier Transport in Ultra-Thin-
Body and BOX Fully Depleted SOI MOSFETSs

5.3.1 Back Biasing Modulation of Low-Field Carrier Mobility

Within this section, UTBB FD-SOI MOSFETs with more aggressively-scaled tsor and L, are
used. These devices have undoped <110>-oriented channels and high-k/metal gate stacks
(1.2nm EOT) fabricated on (100) substrates using a gate-first process flow [1]. tsor = 7nm, and
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the BOX thickness is 10nm. Field-effect mobility values were extracted using the split-CV
method. A bending apparatus was used to induce longitudinal stress (Sxx). To study the short-
channel device carrier transport characteristics, the procedure described in [11, 12] based on the
Y-function approach was used: source/drain parasitic series resistance (Ryq) is decoupled before
the short-channel apparent mobility (|V4s|=10mV) and ON-state (|V4s|=1V) velocity are extracted.

Fig. 5.7 compares extracted long-channel (L,=10um) electron (u.) and hole mobility (u,) data
against simulations, for different back bias voltages. Mobility improvement under FBB is
clearly seen, due to reduced transverse electric field and increased distance between the
inversion-layer charge centroid and the top gate dielectric (high-x) interface. The short-channel
(Lg=30nm) device shows greater mobility enhancement with FBB than the long-channel device.
This is further investigated in the apparent mobility vs. L, plots in Fig. 5.8, which show that FBB
slows the degradation in apparent mobility with L, scaling, in contrast to RBB, indicating that
the dominant scattering centers in short-channel devices are located near the top gate dielectric
(high-x) interface [13].
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Figure 5.7, Measured and simulated (left) electron and (right) hole mobility vs. inversion charge
concentration in L,=10um UTBB FD-SOI MOSFETs, under different back bias. Open symbols show
extraction results from L,=30nm devices using method in [11, 12].
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Figure 5.8, Extracted (left) electron and (right) hole apparent mobility vs. L, in UTBB FD-SOI MOSFETs,
under different back bias. Solid lines show apparent mobility degradation trends in planar bulk MOSFETSs
from [14].

Fig. 5.9 compares extracted values of carrier-mobility enhancement due to bending-induced
S« against simulations, for different back biases. Referenced to the case of zero back bias
(ZBB), FBB increases mobility enhancement while RBB reduces it. This can be explained by
the fact that stress reduces inter-valley (electron) or inter-sub-band (hole) scatterings, but this
benefit can be countered by enhanced sub-band reoccupation due to increasing quantum
confinement [15]. Under FBB, due to the reduced quantum confinement at a certain inversion
charge concentration, carriers distribute more equally among different sub-bands; strain is
effective to induce large carrier re-populations towards the sub-band with lighter effective mass.
Under RBB, the enhanced quantum confinement causes carriers re-populate into the lighter-mass
sub-band (however, the mobility is still low due to the increased transverse electric field), and
hence provides marginal room for mobility boosting by strain.
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Figure 5.9, Measured and simulated (left) electron and (right) hole mobility enhancement for longitudinal,
wafer-bending induced stress, under different back bias.

78



To maintain good electrostatic integrity, tsor should be scaled down in proportion to L, [3, 4],
so it is important to examine the impact of tso; scaling on the effectiveness of back biasing for
modulating the carrier mobility and stress-induced mobility enhancement. Using the calibrated
simulator [12, 15, 16], the unstrained p. and py, values are calculated for different tso; values and
plotted for various back biases in Fig. 5.10. For electrons, FBB (RBB) provides +30% (-20%) p.
enhancement (reduction) for a back bias magnitude of 2V; and the effectiveness of back biasing
is not sensitive to tsor scaling. For holes, p, modulation is large (-40% for RBB and +100% for
FBB) only for thick tso;, and is dramatically reduced at tso;=4nm due to the relatively large
inversion-layer thickness for holes, which reduces the ability of back biasing to modulate the
transverse electric field for an extremely thin body structure [4].
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Figure 5.10, Electron (left) and hole (right) mobility enhancement under biaxial wafer bending strain. Data
extracted from measurements of FinFETs with L, = 10 um, with <100> and <110> fins. Simulated mobility
curves are also shown.

Fig. 5.11 shows calculated piezo-resistance coefficients for longitudinal ([[xx) and vertical
([ Iz2) stress, which are the most important stress components for high-volume manufacturing of
strained-silicon CMOS transistors [17, 18]. For electrons, both [[« and [[,, are enhanced with
FBB and are degraded as tsor decreases, due to the fact that increased-confinement-induced inter-
valley scattering suppression and average transport effective mass (my) reduction tend to
mitigate the benefit of stress for p. enhancement. For holes, both [ ]« and [[., are enhanced with
FBB due to more inter-sub-band scattering suppression by stress under FBB. As tgo; decreases
to 4nm, [[xx and []., are enhanced due to hole reoccupation into the more stress-sensitive heavy
hole (HH) sub-bands in the case of very strong quantum confinement [15, 19], as summarized in
Table 5.1.
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Figure 5.11, Simulated Piezo-resistance coefficients of (left) longitudinal stress and (right) vertical stress vs.
back bias in UTBB FD-SOI MOSFETs, for different tgo;.

FBB tsor Stress becomes more (+)
Scaling or less (-) effective in:

I | ++ - = Reducing Inter-valley
scatterings

IL. | ++ - * Reducing overall m,,
due to subband
reoccupation
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[ | + + | HH, which has more
pronounced m,,
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Table 5.1, Elucidation of FBB and tgo; scaling’s impacts on [] and []..

5.3.2 Back Biasing Modulation of ON-state Carrier Velocity

Fig. 5.12 plots the ON-state carrier velocities extracted from measurements of short-channel
devices [20] with different back biases. FBB-induced enhancement for ON-state carrier velocity
is smaller than that for low-field mobility, since the carrier velocity is more closely related to myy
due to ballistic transport [6, 7]. FBB causes no change (for holes) or even an increase (for
electron) in myy, which mitigates the benefit of improved low-field mobility. Fig. 5.13 shows the
correlation between improvements in ON-state current (Ion) and linear-region current (Iqin) due
to FBB and bending-induced stress. The lower enhancement for I}, (than for mobility) is
attributed to Rgg, which is much less sensitive to stress or FBB, as compared to channel mobility.
The correlation ratio (which indicates the relationship between carrier mobility and velocity) is
similar for enhancement via FBB and enhancement via stress.
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Figure 5.12, Extracted (left) electron and (right) hole ON-state

SOI MOSFETSs measurement, under different back bias.
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Figure 5.13, Measured relationship between I, increase and I j;, increase induced by wafer bending stress
and FBB, for short-channel (left) n-type and (right) p-type UTBB FD-SOI MOSFETs.

5.3.3 Back Biasing Modulation of Carrier Fluctuations

The impact of back biasing on LFN is shown in Fig. 5.14. Improvement with FBB is clearly
seen. The normalized Iy noise spectral density in Fig. 5.15 shows that the improvement is larger
at lower gate voltage, which suggests that the LFN is dominated by carrier concentration
fluctuations [21, 22]; by moving the inversion-layer charge centroid further from the top gate
dielectric interface using FBB, carrier trapping/de-trapping can be suppressed.
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FD-SOI MOSFETs, under different back bias.
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Figure 5.15, Normalized I noise spectral density vs. Iy at /=10Hz for (left) n-channel and (right) p-channel
UTBB FD-SOI MOSFETs, under different back bias.

5.4  Summary

The threshold voltage of a UTBB FD-SOI MOSFET can be tuned more effectively with FBB
than RBB, but this advantage diminishes as the SOI thickness is scaled down. GIDL current sets
an upper limit for the RBB voltage. Forward back biasing slows degradation in mobility
degradation with L, scaling, increases stress-induced mobility enhancement, and reduces low-
frequency noise. The correlation between enhancements in Iox and Ig iy 1s similar for FBB as for
stress. The impact of back biasing on carrier mobility modulation is maintained for n-channel
(but 1s degraded for p-channel) UTBB FD-SOI FETs with tgo; scaling.
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Chapter 6

Conclusion

Since the integrated circuit (IC) was invented in 1958, improvements in device performance
and cost reduction have been successfully enabled by the steady miniaturization of the transistor
(i.e., minimum pitch is reduced by a factor of 0.7 in every new technology generation). However,
increasing OFF-state leakage and variation in transistor performance makes continuous planar
bulk CMOS technology scaling to 22nm node and beyond extremely difficult. Advanced thin-
body transistor structures which suppress short-channel effects more effectively than bulk
MOSFET structure without the need for heavy channel doping, will be needed to overcome these
challenges. Strained Silicon technology is widely used today to boost transistor drive current.
Thus, the strain-induced performance enhancement to the thin-body transistors at aggressively
scaled body thickness and channel length need to be studied comprehensively. For this reason,
this dissertation investigates the effectiveness of different stress components as well as various
stressor technologies into the performance enhancement of those thin-body transistors.

6.1 Contributions of This Work

This work contributes specifically to the following aspects: Understanding carrier mobility
enhancement mechanisms by strain in various thin-body transistor architectures; study of strain-
induced performance enhancement at aggressively scaled Silicon body thickness (tsor) and gate
length (L,); and investigation of process technology for maximizing the stress transfer efficiency.

Firstly, the Poisson-Schrodinger self-consistent simulator for Fully Depleted (FD) SOI
MOSFET carrier sub-band structures and mobility calculations is developed. Then the strain-
induced FD-SOI device carrier mobility enhancement is assessed with tsor scaling, for electrons
and holes. It is found that mobility enhancement in FD-SOI MOSFETs diminishes with scaling
tsor below 5nm for electrons but maintains for holes, which results from the different physical
mechanisms between electrons and holes. After decoupling the Source/Drain (S/D) series
resistance impact, the benefits of stress for boosting apparent mobility and limiting velocity are
found to be maintained with L, scaling [1].
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The two-dimensional (2-D) Poisson-Schrodinger self-consistent solver is developed to
simulate the Multiple-Gate MOSFET (MuGFET) structure. The effects of the MuGFET fin
aspect ratio, crystalline orientation and stress design for improving performance are studied [2].
<110>-oriented fins (with (110) sidewall surfaces) are more sensitive to strain than <100>-
oriented fins (with (100) sidewall surfaces). Uniaxial stressor technology can provide the highest
carrier mobility enhancement at a given stress value. For <110> channels, electron mobility is
higher for the Tri-Gate MOSFET than that for FinFET for unstrained or low-strain channels; at
higher strain, the two device architectures are comparable in electron mobility values. Hole
mobility is lower in the FinFET than in the Tri-Gate MOSFET until the stress applied reaches
~600MPa. Among the uniaxial stressor technologies, strained Contact-Etch-Stop-Liner (sCESL)
is not as effective as S/D stressors for inducing stress within the channel region of a FinFET.
Bulk FinFETs with strained-S/D regions are projected to outperform SOI FinFETs with strained-
S/D regions. For FinFET structures with S/D stressors, although a gate-last process can further
increase longitudinal stress (S«x), its benefit for boosting carrier mobility will be marginal in
future technology nodes, due to the largely reduced vertical stress (S,,) [3].

Next, stress-induced enhancements in electron and hole mobilities are studied
comprehensively for FD-SOI MOSFET and FinFET structures with high-x/metal gate stacks [4].
New scattering models, (i.e. remote Coulomb and surface optical phonon scatterings) are
included to account for the structural differences between the two devices. Simulation data
calibrated to measurement are presented to evaluate the effectiveness of strain for boosting thin-
body MOSFET performance with aggressively scaled body thickness. It is found that the
advantage of the high electron mobility (100) surface for the FD-SOI MOSFET will diminish,
whereas the advantage of the high hole mobility (110) surfaces for the FinFET will be
maintained with scaling.

Lastly, the performance modulation of back bias on ultra-thin-BOX FD-SOI MOSFET is
investigated, for long-channel as well as short-channel devices [5]. The threshold voltage of a
FD-SOI MOSFET can be tuned more effectively with Forward Back Biasing (FBB) than
Reverse Back Biasing (RBB), but this advantage diminishes as the tso; is scaled down. FBB
slows degradation in mobility degradation with L, scaling, increases stress-induced mobility
enhancement, and reduces low-frequency noise. The correlation between enhancements in ON-
state and linear-region current is similar for FBB as for stress. The impact of back biasing on
carrier mobility modulation is maintained for n-channel (but is degraded for p-channel) FD-SOI
FETs with tgo; scaling.

6.2 Future Directions

III-V semiconductors are promising candidates as the future MOSFET channel materials,
because of their high electron [6] and hole [7] mobilities, which promises high enough drive
current at low operation voltage. On the other hand, to maintain good electrostatic integrity, I1I-
V MOSFET also requires thin-body device structure. Thus, comprehensive studies should be
performed on the carrier band structures and mobilities from those high mobility channels. 8x8
k.p perturbation theories can capture III-V material band structure properties by including the
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coupling between conduction and valence bands, due to smaller bandgap values are usually
found in III-V semiconductors, and turn out to be in good accuracy within the interested energy
range compared to tight binding (TB) results [8], as shown in Fig.6.1. New scattering
mechanisms, such as polar phonon scatterings [9] and alloy-disorder scattering need to be taken
into account, which is different compared to the Silicon case.
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Figure 6.1, Calculated I1I-V material band structures using 8x8 k-p approach, compared to TB results in [8].

Another interesting study is to introduce strain from IC process to apply on those high
mobility channels. Due to the lattice spacing is quite different to Silicon, and the process
integration complexity, epitaxy SiGe S/D may not be applicable to P-channel III-V MOSFET.
Also, because of the production cost concern, III-V MOSFETs are ideally to be fabricated on
Silicon bulk substrate [10], as shown in Fig.6.2. Hence, the intrinsic strain induced by the lattice
mismatch from the substrate to the channel will be important to the carrier mobilities. These
aforementioned issues require further careful considerations and studies.
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Figure 6.2, Schematic view of fabricating high mobility channel materials on a Silicon fin, from [10].
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