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ABSTRACT

Rahman, Anisur. Ph.D., Purdue University, December, 2005. Exploring New
Channel Materials for Nanoscale CMOS Devices: A Simulation Approach. Major
Professor: Mark Lundstrom and Gerhard Klimeck.

The improved transport properties of new channel materials, such as Ge and
ITI-V semiconductors, along with new device designs, such as dual gate, tri gate
or FinFETSs, are expected to enhance the performance of nanoscale CMOS devices.
Novel process techniques, such as ALD, high-x dielectrics, and metal gates are now
being used to experimentally explore such devices. New materials in the channel
promise reduced series resistance and higher on-currents. The theoretical assessment
of such devices is a challenge because bandstructure, arbitrary wafer orientation,
quantum effects and electrostatics must all be treated. In the first part of this work, a
general theoretical approach for the quantum mechanical simulation of n-MOSFETSs
within the Non Equilibrium Green’s Function (NEGF) formalism is introduced, and
its application is demonstrated by performing a scaling study for the end of the ITRS
Ge device. In the second part of this work, a systematic analysis of the bandstructure
effects in deeply scaled n- and p- MOSFETs with Si, Ge, GaAs and InAs channel
is performed. Here, a 20 orbital sp?d®s*-SO tight-binding model and a top-of-the-
barrier quasi-2D ballistic transport model have revealed important trends in deeply

scaled new channel material devices.



1. INTRODUCTION

In order to assess and compare the performances of nanoscale CMOS devices with
novel channel materials (e.g. strained Si, Ge, GaAs or InAs), a simulation approach is
undertaken in this work. In Sec. 1.1, a brief overview of the evolution of MOSFETs,
over a period of four decades, is presented. In Sec. 1.2, the recent experimental
demonstration of novel channel material CMOS devices is reviewed. In Sec. 1.3,
the issues and challenges associated with the simulation of nanoscale novel channel

materials are highlighted. Finally, in Sec. 1.4, the outline of this thesis is presented.

1.1 CMOS Scaling: From Long Channel to Nanometer Scale Devices

Since their first demonstration in 1960 [1], planar Si metal-oxide-semiconductor
field-effect-transistors (MOSFETSs) have experienced a steady, exponential downsiz-
ing of their critical dimensions. Over a period of 45 years, the printed gate lengths
of the MOSFETS have been scaled down from 100um to 35 nm [2], the later refers
to the gate lengths for the 65nm technology node devices in commercial micropro-
cessors which will be available by the end of 2005. Due to a steady improvement of
their performances through scaling, MOSFETs have become the leading integrated
circuit technology for high performance and low power logic applications. Over this
long period of development, the technology has faced numerous challenges, which
were always solved by vigorous research, ingenuous design and brilliant engineering.
An excellent review of CMOS material and structural changes during the past 40
years, and their future trends, can be found in [3].

The exponential scaling down of the feature sizes, and hence the exponential
increase of the transistor count in an integrated circuit, was first observed by Gordon

Moore in 1965 [4,5]. His observation, which later became known as the Moore’s



Law, states that the number of transistors per integrated circuit doubles every 24
months. Moore’s law has been serving as the guiding principle for the semiconductor
industry for over 30 years [6,7]. According to projections by International Technology
Roadmap for Semiconductors (ITRS), by the middle of next decade, the printed gate
length of the MOSFETSs will be less than 10nm. Since no exponential can continue
forever, sustaining Moore’s Law is becoming challenging for the planar bulk CMOS
technology, where the key technical issue for scaling devices below 32nm node is the
off-state leakage current [3]. Demonstration of planar MOSFETSs with physical gate
lengths as short as 5nm [8] and 15nm [9] can be found in the literature, however,
due to high off-state leakage, they are not a viable option for integrated circuits.
The origin of this scaling limit for the single-gate, bulk CMOS technology can be
traced back to the inherent poor electrostatic design of the planar device geometry,
and the poor transport properties of carriers in the silicon channels. Consequently,
an intense research effort, directed toward exploring new device designs and new
channel materials for the future logic technologies, has recently been undertaken.

Planar silicon-on-insulator (SOI) technology shows promise for scaling beyond the
planar bulk MOSFET limit. Devices with gate lengths as short as 6 nm and channel
thickness of 4.6 nm has been demonstrated recently [10]. Recent demonstration of
ultra-thin-body SOI MOSFETSs with channel thickness less than 1nm, or only five
atomic layers, shows the maturity of this technology [11]. The electrostatic integrity
of the nanoscale CMOS devices improves considerably when additional gates are
included, such as for dual-gate [12,13], tri-gate [14,15] or FinFET devices. Due
to the inherent resistance of these non-planar devices to short-channel-effects, it is
widely believed that one of them will form the basic device architecture for future
generations of CMOS devices.

In order to sustain Moore’s law for over four decades, nearly all materials and
design aspects of the original MOSFET have been lost, except the use of Si-SiO,
material system as channel material and gate insulator. Aggressive scaling of gate

oxide has reduced its thickness to a present day value of about 1nm, and any further



thinning is prohibitive due to oxide reliability issues and the exponential increase of
leakage current from direct tunneling. Sustaining Moore’s Law, however, depends
crucially on the gate insulator scaling and consequently, replacing SiO, with high-x
dielectric-metal gate stack is within sight [16]. Among all semiconductors, although
silicon has the poorest transport properties (mobilities and diffusion coefficients for
electron and holes), its success as channel material is due to the excellent interface
property of the Si-SiOs system. As SiO, will almost certainly be replaced by high-x
gate dielectric in near future, the replacement of silicon as channel material by novel
materials with improved transport properties is being viewed as a promising option
to continue device scaling until the middle of next decade. Research activity in this
area has experienced a boom in recent years; with many new devices and material
systems now proposed. A benchmarking study of such new research devices, against
the existing Si technology, has recently been published in [17]. We will next review
the recent experimental advancements in the area of novel channel material CMOS

devices.

1.2 Novel Channel Material CMOS: Experimental Exploration

The experimental exploration of novel channel materials for CMOS devices is pri-
marily motivated by their excellent transport properties. Their high room-temperature
mobilities and saturation velocities are thought to be the key to the next genera-
tion ultra-fast, low power CMOS digital logic technology—an assumption we will
examine in details in chapters 3, 6 and 7 of this thesis.

For long time, strain has been known to improve the channel transport properties
of MOSFETSs. Strained Si is the only new channel material which has recently
made its way into the commercial integrated circuits. Beginning with the 90 nm
technology node devices, released in 2003, leading IC industries have incorporated
strained silicon, in some form, to improve the channel transport properties [2, 18—

22]. Recently, substantial progress has also been made to incorporate strain in SOI



structures using bond-and-etch-back technique [23,24]. Modulations in electron and
hole mobilities with the scaling of body thicknesses in strained SOI has been reported
in [25] and [26]. Also, devices fabricated on Si (110) wafer orientations has shown
improved mobility characteristics over (100) devices [27-29]. Recently, similar results
for (110) strained SOI MOSFETS has also been published [30].

Beyond silicon, germanium is an interesting candidate for nanoscale CMOS tech-
nology due to its excellent transport properties — two and four times bulk mobilities
for electrons and holes compared to silicon, respectively. Room temperature hole mo-
bility in a 7.5nm thick Ge quantum well has already been reported to exceed 2500
cm?/V-sec [31]. Recently, a great progress has been made to integrate high-x gate
dielectric with Ge process and active research in this field is underway [32-35]. High
performance, n- and p- channel Ge MOSFETSs has been reported in [36-41].

Robust and highly manufacturable new process technologies, such as atomic layer
deposition (ALD), hetero-epitaxy and metal gates, have opened the opportunity to
integrate I1I-V semiconductors with Si technology. With their exceptionally high
mobilities, I1I-V materials display promise for ultra-fast, very low power digital logic
technology. In [42-44], using ALD Al,O3 as the gate insulator, GaAs MOSFETs
with excellent performance was reported for the first time. Later, GaAs MOSFET
with oxidized InAlP gate insulator was reported in [45]. Other III-V materials, InAs
and InSb, also show great promise as novel channel material for logic technology
due to their exceptionally high carrier mobilities. Recently, for the first time, InSb
based Quantum Well FET was reported in [46]. Fischetti et al. showed in [47] that
indium based semiconductor can outperform Si and Ge MOSFETs in deeply scaled

MOSFETsS.

1.3 Simulation Approach: Issues and Challenges

In addition to experimental exploration of nanoscale novel channel material MOS-

FETs, physics based simulation for such devices can offer valuable insight into their



operation and can help their design optimization. Numerical simulation not only
proves valuable to guide experiments and to explain their results, it also helps to
identify the strengths and the weaknesses of different approaches in the emerging
field of nanoelectronics. The simulation approach has already proven useful in de-
termining the performance limits of the Si technology by comparing their experi-
mental performances with their ballistic performances [48]. A full 2-D simulation
tool, nanoMOS 2.5, developed at Purdue University, quantum mechanically models
the Si n-MOSFETS fabricated on (100) wafers.

Device modeling at nanoscale consists of self-consistently solving the Schrodinger
equation and the Poisson equation. For a given potential profile, Schrodinger equa-
tion quantum mechanically calculates the carrier densities and their transmission
probabilities, while the Poisson equation ensures that the charge profile is consis-
tent with the potential profile. The most widely invoked assumption to solve the
Schrodinger equation is known as the effective mass approach, where the slowly vary-
ing envelope of the electronic wave function is obtained by solving a Schrédinger-like
effective-mass equation (EME). Inside the tool nanoMOS 2.5, this effective mass
equation is solved within the Non-Equilibrium Green’s Function (NEGF) formalism.
A a coupled/decoupled mode-space approach was used, where, by expanding the
electronic wavefunction in mode-space, great efficiency was achieved for solving the
quantum transport problem [49-52]. Another full 2-D quantum mechanical tool,
QDAME, developed at IBM, solves the effective mass equation to treat the open-
boundary ballistic quantum transport problem by expanding the electronic wave-
function as a linear combination of wavefunctions which satisfy zero value and zero
slope boundary conditions [53]. Both nanoMOS and QDAME employ parabolic E-k
relationships for electronic bandstructure. Scaling study results for UTB nanoscale
Si (100) n-MOSFETS has already been published using both nanoMOS [54-56] and
using QDAME [57].

For Si n-MOSFETSs fabricate on (100)-wafers, the effective mass approach has

been proved to be an enormously useful technique to treat quantum transport in



an approximate manner. However, there are two limitations. First, for holes in the
valence bands, where the parabolic E-k bandstructure is not valid and the heavy,
light and spin-off valleys are strongly coupled, effective mass approach results in a
complicated k- p description of bandstructure, which is not suitable for quantum
simulation of hole transport. Second, even for electrons in the conduction band, if
the principal axes of the constant energy ellipsoids are not aligned with the device
axes (channel, thickness and width directions), the effective mass equation for the
electrons becomes enormously complicated. This becomes a serious issue, limiting
the application of effective mass equation to novel channel material devices, since for
germanium n-MOSFETS, or silicon n-MOSFETSs on wafer orientations other than
(100), the device axes and the ellipsoid axes are no longer aligned. Consequently, the
usefulness of the mode-space approach vanishes for quantum mechanical treatment
of electronic transport in novel-channel material n-MOSFETs. QDAME employs a
technique to address this problem by discretizing effective mass equation along the
principal axis of the ellipsoid; however, this becomes a real-space approach therefore,
is numerically cumbersome [58,59]. In order to use the efficient techniques, such as
mode-space approach and NEGF formalism, the first challenge for simulation of novel
channel material n-MOSFET is to develop a generalized effective mass approach
where the complicated Hamiltonian arising from the non-alignment of device and
ellipsoid axis can be simplified.

As already pointed out, effective-mass-approach is an approximation which disre-
gards the atomic scale fluctuation of the electronic characteristics and describes the
band edge electronic properties in an approximate manner. However, as size goes
down, the behavior of the electronic states in nanoscale CMOS devices become in-
creasingly sensitive to all sorts of microscopic phenomena: atomic-scale fluctuations,
local bond distortions, alloy effects, structure of the interfaces, quantum tunneling
and energy quantization. An improved modeling of such effects is not possible within
effective mass approach and a full band atomistic treatment is necessary to address

them. Semi-empirical tight-binding approach [60-62], a full band technique, proves



extremely useful for atomistic treatment of nanoscale devices with any materials,
provided that the tight-binding parameters for the material is known in advance. It
correctly captures full-band effects, such as valley splitting in a nanostructure [63],
and also treats alloy effects on bandstructure [64].

Tight-binding modeling of nanostructures, using s, p and d type atomic orbital
basis, has already been successfully employed for the predictive simulation of 1-
D structures such as resonance tunneling diode (RTD) [65], and zero dimensional
system such as quantum dots [66]. In silicon technology, its application is limited
to calculation of MOS gate oxide tunneling current, an inherently 1-D problem [67—
71]. Nanoscale UTB MOSFETS, however, require a 2-D atomistic description of the
structure, along channel and along thickness, making them extremely challenging,
computationally. As a result, no attempt has yet been made to address the carrier
transport in a MOSFET using the tight-binding method. Since, it is computationally
prohibitive to do a full 2-D atomistic treatment of MOSFETS, the second challenge in
simulation of novel channel material devices is to develop the appropriate transport
model and make the necessary simplifying assumptions that allow the use of full

band atomistic tight-binding model to simulate such devices.

1.4 Outline of The Thesis

This thesis is divided into following chapters:

e Chapter 2 (page 11): This chapter generalizes the effective mass approach
to treat nanoscale n-MOSFET fabricated on arbitrarily oriented wafers. It is
shown that under certain simplifications, which are generally valid for UTB
nanoscale devices, an arbitrarily oriented constant energy ellipsoid can be
transformed into a regular ellipsoid which has its ellipsoidal axes aligned along
the device axes. The three effective masses along channel, width and thick-
ness, calculated from the transformed ellipsoid, can then be used in any quan-

tum simulation tool developed for Si n-MOSFETs on (100) wafers (such as



nanoMOS) to treat quantum transport of electrons. The approach in this
chapter has been published as a full length journal paper in Journal of Applied
Physics [72].

Chapter 3 (page 38): An application of the generalized effective mass approach,
introduced in Ch. 2, is demonstrated in this chapter. A design study for the
UTB dual-gate (DG) 10nm gate length germanium n-MOSFET is performed
using the specifications given for end of the ITRS 2001 device. All simulation
were performed by using the correct effective masses for Ge in nanoMOS 2.5.
Contrary to popular belief, that devices fabricated on Ge (111) wafers will show
best performance, it was observed that n-MOSFETSs fabricated on (100) wafers
will offer the best performance. The reason for this is, the density-of-states for
electrons in Ge (111) is severely degraded, which in turn degrades the gate
capacitance. As a result, although the electron injection velocity for Ge(111)
devices is very high, fewer carriers in the channel reduces the current. NEGF
scattering simulation using a simple Biittiker-probe treatment shows that the
electron transport in the channel is near ballistic, but the performance will be
limited by the low mobility, highly doped source and drain regions. The results
of this chapter has been published in the Technical Digest of 2003 International
Electron Device Meeting [73].

Chapter 4 (page 51): A top-of-the-barrier semiclassical ballistic transport
model, for arbitrary bandstructures, is introduced in this chapter. It was
demonstrated that for a given set of gate and drain control parameters, and
source Fermi level position, all extracted from the subthreshold region of device
operation, this model can reproduce nanoMOS 2.5 results for a Si (100) UTB
DG n-MOSFET. The treatment of floating source potential, a characteristic
phenomena in ballistic FETSs, can be easily incorporated in this model. Also,
quantum capacitance effects due to finite density-of-states in a nanoscale MOS-

FET is autometically included in this model. This top-of-the-barrier ballistic



transport model will be the key vehicle for the assessments of novel channel
material devices presented in subsequent chapters. The model in this chapter
has been published as a full length journal paper in IEEE Transactions on
Electron Devices [74].

Chapter 5 (page 68): This chapter describes the semi-empirical tight-binding
model and its application to nanoelectronic devices. The historical develop-
ment and the assumptions involved are clearly described. Also the technique
to apply the model to nanostructures to calculated 2-D bandstructure is ex-

plained.

Chapter 6 (page 77): In this chapter the application of tight-binding approach
to UTB DG MOSFETsS is presented. First, the validity of using parabolic E-k
effective mass approach to Ge n-MOSFETSs was investigated and was observed
that below a body thickness of 4nm, use of parabolic E-k can introduce serious
error in the performance assessment of n-MOSFETs. These results has been
published in the Technical Digest of 2004 International Electron Device Meet-
ing [75]. In the second half of this chapter, performances of UTB DG nanoscale
n- and p- MOSFETs with Si, Ge, GaAs and InAs were compared. It was ob-
served that there is often a tread-off between the high-injection velocity and
the gate capacitance degradation due to low density-of-states. As a result, for
highly scaled MOSFETSs, GaAs and InAs channel devices fail to out-perform Si
and Ge channel devices and Ge channel becomes the clear winner. The results

presented in this part will appear in the Technical Digest of IEDM 2005 [76].

Chapter 7 (page 103): Application of tight-binding model with self-consistent
electrostatics is presented in this chapter. Two type of devices, bulk strained
MOSFETs and heterostructure on insulator (HOI) devices, were explored. It
was demonstrated that the experimentally observed hole mobility vs. gate
field behavior in single-gate bulk strained p-MOSFETSs can be explained in

terms of their ballistic performances. However, bandstructure alone cannot
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explain similar behavior in the n-MOSFETSs. Simulation of charge profile in
HOI devices shows that the profile critically depends on the gate bias, and the
band discontinuity alone does not control the peak of hole density profile along

the thickness.

Chapter 8 (page 119): Summary of the thesis is presented and future work
suggested.

Appendix A (page 132): Mathematical details and derivations relevant to Ch.

2 are presented.

Appendix B (page 139): Mathematical details and derivations relevant to Ch.

4 are presented.

Appendix C (page 146): Mathematical details and derivations relevant to Ch.

5 are presented.
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2. A GENERALIZED EFFECTIVE MASS APPROACH
FOR N-MOSFETS

In this chapter, the general theory for quantum simulation of cubic semiconductor
n-type metal oxide semiconductor field effect transistors (MOSFETS) is presented
within the effective mass equation approach. The full three-dimensional transport
problem is described in terms of coupled transverse subband modes, which arise
due to quantum confinement along the body thickness direction. Couplings among
the subbands are generated for two reasons: due to spatial variations of the con-
finement potential along the transport direction, and due to non-alignment of the
device coordinate system with the principal axes of the constant energy conduction
band ellipsoids. The problem simplifies considerably if the electrostatic potential is
separable along transport and confinement directions, and further, if the potential
variations along the transport direction are slow enough to prevent dipolar coupling
(Zener tunneling) between subbands. In this limit, the transport problem can be
solved by employing two unitary operators to transform an arbitrarily oriented con-
stant energy ellipsoid into a regular ellipsoid with principal axes along the transport,
width and confinement directions of the device. The effective masses for several
technologically important wafer orientations for silicon (Si) and germanium (Ge) are

calculated in this chapter.

2.1 Introduction

Metal oxide semiconductor field effect transistors (MOSFETS) constitute the fun-
damental building block of present day complementary metal oxide semiconductor

(CMOS) technology. Current research in this field is largely geared towards improv-
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ing MOSFET performance and increasing device density through aggressive scaling
of their feature sizes [6,7]. The importance of quantum mechanical size effects in
MOSFETSs, where the inversion layers are just a few nanometers thick, was realized
during the early period of their development [77,78]. Moreover, as MOSFET channel
lengths approach few tens of nanometers, source-to-drain and gate tunneling in these
near-ballistic devices become important issues [79]. Numerical simulations provide
valuable insight into the physics of device operation at this scale, requiring an ap-
propriate treatment of the device bandstructure as well as a rigorous formulation of
quantum transport.

The effective mass equation (EME) provides an accurate, easy to implement
model Hamiltonian that does justice to the device bandstructure including quan-
tum confinement effects within the inversion layer, and describes the slowly varying
envelope part of the underlying Bloch wavefunction. The Non-Equilibrium Green’s
Function (NEGF) method provides a rigorous formulation of quantum transport in
nanoscale devices [80]. Together, the NEGF formalism and the EME have been used
to describe transport in nanoscale MOSFETSs both in the ballistic limit [49, 81-83],
as well as including the effects of carrier scattering [51,84]. In [49] and [85] the
coupled- and decoupled-mode-space approaches were introduced, and in [52] the
coupled-mode-space approach is used in order to assess the effects of channel ac-
cess geometry and series resistance in nanoscale n-MOSFETs. In the presence of
strong dephasing with band like transport, the NEGF equation reduces to the semi-
classical Boltzmann transport equation (BTE). The BTE has also been used, along
with related concepts such as density-of-states (DOS) and conduction band (CB)
effective masses, in order to explore the upper limit of nanoscale MOSFET perfor-
mance [48,74,86]. The two dimensional (2D) numerical simulator nanoMOS 2.5,
a freeware, has been developed to simulate the ballistic and scattering characteris-
tics of ultra-thin-body (UTB), double gate (DG) Si (100) n-MOSFETSs using both
semiclassical (BTE) and fully quantum (NEGF) methods [50,87].
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Silicon (100) wafers are almost universally used by the semiconductor industry
for CMOS integrated circuit fabrication. Simulation of n-MOSFETSs is generally
performed for devices fabricated on (100) wafers, motivated by its technological im-
portance. The quantum simulation of Si (100) devices is substantially simplified by
the fact that the principal axes of the six fold degenerate conduction band ellip-
soids are aligned along the device coordinate axes, effectively decoupling the kinetic
energies along the device coordinate axes. In general, however, the principal axes
of the conduction band ellipsoids are not aligned with the device axes, so that the
associated kinetic energies become coupled and the effective mass equation becomes
non-trivial. Such a situation arises for transistors that employ germanium as a high-
mobility channel material [32,36,38], as well as for alternate wafer orientations of
silicon [27]. To extend the application of EME to analyze these novel n-MOSFETs
it is necessary to generalize the EME approach to arbitrary wafer orientations. In
the past, Stern et al. proposed a method which, in such non-trivial cases, decou-
ples the kinetic energy associated with the quantum confinement direction from that
associated with the motion in the transport plane [77,88]. In this chapter we in-
troduce a technique that decouples the energy associated with all three device axes,
i.e., transport, width and confinement directions, for devices with unvarying cross
sections and slowly varying channel-directed potentials. This allows us to use all the
EME based simulation tools developed so far for modeling novel channel material
n-MOSFETs.

This chapter is organized as follows. In Sec. 2.2 we outline our general solution
procedure, describing the full three dimensional (3D) problem, and the conditions un-
der which it can be simplified. In Sec. 2.3 we discuss the conduction band structure
in cubic semiconductors and derive the effective-mass-tensor (EMT) in an arbitrary,
orthogonal device coordinate system. In Sec. 2.4 we present the technique to solve
the resulting EME for n-MOSFETSs. This general technique shows that under cer-
tain conditions one can employ two unitary transformations that map any arbitrarily

oriented constant energy ellipsoid onto a regular ellipsoid having principal axes ori-
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ented along the device axes. In Sec. 2.5, the effective masses are calculated for
several technologically significant silicon and germanium wafer orientations. We fol-
low by presenting the discussions in Sec. 2.6, and finally, we summarize and conclude

this section in Sec. 2.7.

2.2 Summary of the Overall Solution Procedure

The complete problem involves the full 3D quantum transport and electrostatics
of the system. In page 18, we start by writing down the non-diagonal EMT in the
device coordinate system, and the corresponding dispersion relationship (2.12) for
the arbitrary oriented conduction-band ellipsoids. We then perform a basis transfor-
mation which recasts the general effective-mass equation in a fully equivalent form
in terms of a complete set of transverse subband eigenmodes. These transverse
modes are obtained by considering the confinement potential along the principal-
axis directions of the constant energy ellipsoids (2.19). The general 3D nature of
the problem is manifested in (2.34) (page 24) through coupling among these sub-
bands, so that the corresponding coupled-mode-space transport formulation is fully
equivalent to the original effective-mass (2.14), with no further assumptions. Some
of the coupling terms disappears if the confinement potential remains same as we
move along the transport direction, making the overall electrostatic potential sepa-
rable (2.35, 2.36); at this stage, however, there are still coupling among the different
subbands representing subband-to-subband Zener tunneling caused by the nonalign-
ment of the ellipsoidal principal axes with the device coordinate axes (2.39). These
couplings are not present when the device axes align with ellipsoidal axes, as in Si
(100) devices. The origin of these couplings can be traced back to the nonalignment
of the device and ellipsoidal axes, which complicates the description of kinetic en-
ergy in the device coordinate system through the non-diagonal effective-mass-tensor
(2.12). In effect the couplings arise because the channel potential itself is varying

along the confinement direction, effectively coupling the two coordinates. If now
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the transport potential varies slowly enough that the total variation in the channel
potential between the confinement planes along the ellipsoidal axis is much smaller
than the subband separation (2.40), the inter-subband coupling terms are further
eliminated, leading to a simplified decoupled-mode-space description in terms of iso-
lated ellipsoids with their principal axes oriented along the device axes (2.41), albeit
with modified effective masses. The problem is further simplified computationally
for ultra-thin-body MOSFETs with a large energy difference between the transverse
subbands, so that only the lowest few modes that are thermally populated need to

be considered.

2.3 Conduction-band Structure in cubic semiconductors

The conduction-band minima of cubic semiconductor materials appear either at
a single point (for direct band-gap materials such as GaAs or InAs) or at multiple
equivalent points (for indirect band-gap materials such as Si and Ge) within the
first Brillouin zone (BZ). The constant energy surfaces become non-parabolic and
warped for energies away from the band minima; close to the band edge, however,
the relevant electronic states for transport calculations can be described by simple
ellipsoidal surfaces. We can safely ignore the coupling with the valence band for
semiconductors with moderately large band gaps. Under these circumstances, the
constant energy surface for electron in the direct band-gap material is spherical,
centered on the I' point and described as
27.2
be Q?T:ff’

(2.1)

with a constant, isotropic effective mass, m.s¢. For indirect semiconductor mate-
rials, the CB minima are located at multiple equivalent points: six points near X
along the A (=< 100 >) crystallographic directions for silicon, and eight equivalent
points at L along A (=< 111 >) for germanium. In indirect semiconductors, the
constant energy surfaces are ellipsoids of revolution around A and A axes, respec-

tively [89,90], requiring two effective masses, longitudinal m,; and transverse m,, for
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description. In general, the nonalignment of the ellipsoidal principal axes with the
device coordinate axes causes the effective mass to become a 3 x 3 tensor quan-
tity in the device coordinate system [91,92]. In this section, we will systematically
derive this effective-mass-tensor in an arbitrary orthogonal coordinate system, and
in Sec. 2.4 we will simplify the resulting EME for quantum transport simulation
of n-MOSFETs. We formulate the generalized EME by defining three orthogonal
coordinate systems, presented schematically in Fig. 2.1. They are called the device
coordinate system (DCS), the crystal coordinate system (CCS), and the ellipsoid co-
ordinate system (ECS). Three unit vectors, l%l, 1%2, and 1%3, span the DCS and form its
basis. We take k3 along the body thickness (i.e., quantum confinement of inversion
carriers), k; along the source-to-drain (i.e., transport) direction, and kqo(= ks x k)
along the device width direction. The second coordinate system, CCS, is spanned
by three unit vectors, l%’l, 15’2, and 15’3, oriented along the tree orthogonal < 100 >
crystallographic directions of the underlying channel material. Finally, the basis for
the ECS consists of the unit vectors I%II’ k 11, and k 12, chosen along the principal axes
of each constant energy ellipsoid. In summary, the CCS is unique for all our simula-
tions, the DCS depends on the fabrication choice (that is, on the wafer orientation
and the source-to-drain direction in the chip design layout), and the ECS depends
on the specific channel material and is unique to each ellipsoid.

We now describe the key steps in determining the EMT for a general CB ellipsoid.
In the ECS the constant energy ellipsoid can be expressed as:
_ thﬁ 2 (K2, + k1)
2my + 2my '

E

(2.2)

In (2.2), the k-space origin is translated to the CB minima, which serves as the
reference for the electronic energy. In compact vector notation, (2.2) can be written
as

h? - -
E = Ekg (M5"] ke, (2.3)

where EE = (ka 11k lg)T consists of the components of an arbitrary wave vector in

the ECS, and the inverse EMT, [M,;l}, is a 3 x 3 diagonal matrix with ml_l, m; !, and
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Fig. 2.1. Three orthogonal coordinate systems: Device coordinate
system (DCS), Crystal coordinate system (CCS), and Ellipse coor-
dinate system (ECS).

m; ! along the diagonal. For a given channel material and for a given CB ellipsoid,

the directions of the unit basis vectors IE:H, k 11, and k 19 are known relative to the

CCS, thus allowing us to write the 3x3 rotation matrix Rg. o, which transforms
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the components of an arbitrary vector ke = (K, kbks)™ defined in the CCS, to its
components in the ECS,

kp = Re_cke. (2.4)

A similar rotation matrix o p transforms a wavevector kp = (klkgkg)T in the

DCS to Eg in the CCS as
ko = Roopkp. (2.5)

Combing 2.4 and 2.5 we obtain
kp = Re_pkp, (2.6)
where the rotation matrix is defined as
Re—p =Re—cReep. (2.7)

Inserting 2.6 into 2.3 we obtain
h2

E="2
2

kb [Mp'] kp, (2.8)
where the inverse effective mass {M 51} in the DCS is
(Mp!| =REp |Mg'| Rep. (2.9)

In Sec. 2.5 we will evaluate Rg. p for various wafer orientations and for both A
and A type CB valleys. From (2.9) we find that the general EMT, [M 51}, is a full

3x3 symmetric matrix whose elements [Mgl} ~are
)
1 a13a1; | Qi02j + a3;a3;

= + : (2.10)
mij my my

where a;; = [Rp_p); ;- Equation 8 can now be written in compact form as

3. Wlkik;
E(kl,kz,kg) = #. (211)
”2221 2mi;

From (2.10) we find m;; = m;; and therefore the above expression can be rewritten

as
3 hK2k2 3 thflk'
E(kfl,kg,kg) :Z ml +22 Z j. (212)

i—1 41 i=14<5<3 2m;




19

Comparing with (2.1), we see that the expression for the constant energy ellipsoidal
surface in (2.12) contains additional cross terms k;k; in kinetic energy. In Sec. 2.4
we will see that this makes the corresponding general EME non-trivial and there we

will outline our treatment of the problem.

2.4 The Generalized Effective-Mass Equation and the Solution

The bulk band structure for any semiconductor is calculated by solving Schrédinegr
equation using Bloch’s theorem for a periodic lattice. Although this technique yields
and accurate description of the E(l;) relationship for the electron over the entire
BZ, it is unnecessarily complicated for treating transport problems in the MOSFET
device structure. Since an accurate description of only the band-edge electronic
states is sufficient for transport simulation, the effective-mass approximation scheme
(also known as the envelop function approximation) becomes an attractive alter-
native. The effective-mass approximation uses an accurate description of the F (E)
relationship over only a limited range of energy near the valence- or conduction-
band extrema. The k - p perturbation technique is employed in this regard, which
describes the band structure over a limited range of energy near the band edge with
sufficiently accuracy [93]. A Schrédinger like effective mass equation is obtained by
replacing certain component of the wave vector, k;, in the expression for E(k) with
their quantum-mechanical operators, —id/0x;, and the electronic states are obtained
by solving this differential eigenvalues equation.

The EME scheme described above is universally used by the electronic device
community for quantum-mechanical simulation of MOSFETSs. For silicon devices
fabricated on (100) wafers with the source-to-drain direction oriented along [010],
the EMT continues to be diagonal and, therefore, the cross terms in 2.12 drop out.
In this case, the EME can be solved without difficulty and the quantum-mechanical

effects are accurately included in the simulation. Since the work of Stern et al. [78],

the above-mentioned device orientation has been exclusively used for simulation.
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Channel

N

> X Bottom Gate

Fig. 2.2. The ultra-thin-body, double-gate device structure. The
device coordinate system consists of orthogonal axes X, Y and Z
along transport, width and thickness directions, respectively. The
wavevectors along the thickness, k3, and along the transport, ky, are
treated quantum mechanically while in the width direction, Y, plane
waves were assumed.

The quantum-mechanical simulation of MOSFETs fabricated on germanium (100)
wafers or silicon (111) or (110) wafers still remains a non-trivial problem, since
their EMT in the device coordinate system are full 3 x 3 matrices. In this section
we will introduce the general solution technique and will show that under certain
simplifying conditions we can decouple the energies in (2.12), thereby, eliminating
the limitations of EME. In Fig. 2.2 the UTB DG semiconductor-on-insulator (SOI)
MOSFET device structure is shown as the model device; however, the general theory
we are developing is valid for bulk MOSFETSs as well. In this figure we have defined
X, Y, and Z, as the real-space Cartesian axes along the previously mentioned 12:1, 1%2,
and k3 unit vectors, respectively. Accordingly, we replace the k-subscripts in (2.12)
from {123} to {xyz}. For the MOSFET, X, Y, and Z represent the transport,
quantum confinement and width directions, respectively.

Our general strategy will be to first solve the quantum problem along the confine-
ment direction and then use the corresponding eigenvectors to construct a complete
basis set for the full three-dimensional quantum transport problem. Using the new

-

labels for the axes of the DCS, the general E(k) in (2.12) becomes

B2k RPE2 RAK2 Rk k, Bk k. BPkok,
E (ky, ky, k) = Ty Y= vy Y= .

— (2. 13)
2mn 2mag 2mss mia ma3 ms3y
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By substituting k, — —id/0x and k, — —i0/0z we now find the corresponding 2D

effective-mass equation,

ntoo0* W'k, 0 Wk
— ) - +
2m11 0x? mi2 ox 2m22

R 0 o [ ky 1 9\ 0
B o ok 1 0O v
+{ 2mss 022 ih (m23 Zm318x> 8Z+W(x’Z>H by (2,2)
= EVy, (z,2). (2.14)

The potential along the width direction is unvarying and therefore, W (z, z) is
not a function of y. k, is a constant arising from the commutation of —id/dy and
the Hamiltonian in 2.14. The two independent degenerate solutions, e**v¥ and of
the y-dependent part of 2.14 carry no net current along Y, despite the non-diagonal
character of the EMT. We now discuss the general mode-space formalism for solving

this problem in general, without postulating any separability for the potential energy

Wz, z).

2.4.1 The Quantum Confinement Problem

The confinement modes diagonalize the part of the Hamiltonian associated with
the confinement potential and serve as basis sets for evaluating the complete trans-
port equation. From (2.14) we separate the terms dealing with the quantum con-

finement problem at a given z,

[H, + W (z,2)] <_if%’ k, x,z) =g (—i%, k, : x) G (—i%, ky : x, z) ,
(2.15)

where the confinement Hamiltonian is

2 2
Ho—_ " e (ﬁ _Z-LQ> 9 (2.16)

2m33 822 mMas mas1 or ) 0z .

We now perform a canonical transformation by substituting

—i( B33, ;Mm33 .0 ),
¢ <—ia%, k, x,z) =e (m23k' sl 8"> ¢i (z,2), (2.17)
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m33p _;M33 0
mog Y "mgy dz

in (2.15) and left multiplying the equation by ei< )Z . The exponential
term in (2.17) is a unitary operator that basis transforms the wave function. The
algebra is considerably simplified by employing the following well-known operator
identity:

e BAeP = A+[A, B+ = [[A,B],Bl + cccon... (2.18)

1
2
The above operation on the kinetic energy H, causes the linear term in 0/0z to
drop out (the exponential term being just the translation operator in 9/9z space),
while the corresponding unitary operation on the potential W (z, z) transforms it into
44 (x + iz, Z) . For a given z, this expression implies that the quantum confine-
ment potential needs to be sampled along the principal axis of the constant energy

ellipse at fixed &k, . At the end of this canonical transformation, the confinement

problem becomes

[_ " a—2+w<x+%z,z)]¢i<x,z>=ei (¢4 28 guw2), (219

2mi3 022 ma31 ma1
which we have to solve in order to obtain the orthonormal eigenvectors, ¢;’s, hereafter
referred to as "modes” Using the inverse canonical transformation, the confinement

problem can be rewritten as

m33 ;m33 9

[H, + W (z, 2)] e_i(m_% v ma %)qul (z,2)

_i[ ™33 _;m33 0 ),
= {ei (z) — € (—Q%@)}e (Fmh-E2 %) ¢i(x,2), (2.20)
X

where ¢; (x) is the i-th subband energy at x and

2 2
€ <—ig,ky> - (—m33 Oy Maags o Mas Q) , (2.21)

Ox 2 m3, 0x2  mi, M31Mas 0T

is the kinetic energy.

Equation (2.20) embodies two accomplishments when compared with (2.15).
Firstly, we have identified the transverse modes ¢; which together with the expo-
nential pre-factor selectively diagonalize the confinement part of the Hamiltonian;
secondly, we see that the eigenenergy term is separated into subband energy and

kinetic energy. Next we will exploit these two accomplishments.
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2.4.2 The Transport Problem

We now return to the original 2D EME in (2.14), by

R e B - — B
— —1 — H,+W V| —i—,k,:
2my; Ox? ' mig O + 2mao * Wiz, Z)] < Zax’ vy Z)

0
=EV <—z%, k, : x,z) . (2.22)

m33 Zm33 9
moz Y “mgy Oz

At a given z, the eigenfunctions e Z( >Z¢Z (z, z) diagonalize the confine-
ment Hamiltonian in (2.20) and form a complete set. This allows us to expand the

wavefunction ¥ in (2.22) in this complete basis

v <—z’% T z) Ze (- g), (@, 2) o (2, ) (2.23)

where x,, (z, k,) are the corresponding expansion coefficients. We substitute (2.23)
in (2.22) and left multiply it by ¢ (z,2z)e \™ ™31 92" which amounts to doing
a unitary transformation for the transport Hamiltonian. Using the operator identity

(2.18) and the confinement eigenvalues from (2.20), equation (2.22) boils down to

%:qb;i (z,2) [Htmm + €m (a: + m—glz)] O (2, k)
=F ; O (@, 2) o (7, 2) X (7, ky) , (2.24)

where the Hamiltonian for this transport problem is now

h? 9% Bk, 0 Rk
Htrans = - -1 a_ z
2m/ Ox? miy Ox  2mj

(2.25)

In (2.24) the new effective masses are obtained by regrouping terms as

mi — <i—@> (2.26)

1 mi1 m§1
1 1
— = <——m—§’3> (2.27)
m2 m22 m23
1

= (1 - ) (2.28)

misy M2 Ma3MMs3;

Equation (2.24) can be simplified further using another canonical transformation,

Xm (2, ky) = e_im_bkyxwm (x), (2.29)
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which on substituting in (2.24) and left multiplying with e ™2 ' eliminates the
linear terms in d/0x. We find

. n* Nk
%:(bm(x’ 2 _2m’1 Ox? + 2mY +€m(

= EZQSZ(*I’ Z)¢m($7z)¢m(l‘)v (230)

msy

n @2)1 O (T, 2)Um ()

where we have again made use of (2.18) and defined the mass

1 1 m)
— = <—, — ,; ) (2.31)

Equation (2.30) is now integrated over z. Employing the orthogonality condition

/45;(1.7 Z)(bm(xa Z)dZ = 5n,m7

> [ d {qs;;(x,z) l—;‘; e ( 4 %z)] phin(z, z)} ()

. (5~ Zﬂ’j) 0o, (232)

The potential term in (2.32) can be expanded by using the Taylor series as,

* m33 B m33 E)em( )
/¢n(x, Z)em( + m—glz) Om(x,2)dz = /qﬁ [ mgle ] bmdz
= (@) 0 + 2 ae’” / 20 Gz +
_ el
= €n(2)0nm s O JUm—

while the kinetic-energy operator can be simplified using integration by parts, yield-

ing our general coupled-mode-space equation in full 3D transport problem.

I Pyn(w )
[_lel o2 ( )¢n ]+2an Qﬁm( )

d ! {@Z)m(ﬁv) /dZ lgbm(f,z’)%] + Q/dza(b:l(x’z) a[(bm(x’az)wm(xﬂ}

_ <E 7;2/#)%( ). (2.34)
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Equation (2.34) serves as the generalization of a similar one derived from the
restricted case of silicon (100) MOSFETSs in [49]; however, in that treatment the
summation terms involving coupling W,,,,(z) among the subbands, arising due to
the nonalignment of device axes with ellipsoid axes, were absent. These terms repre-
sent Zener tunneling between the subbands. Ignoring higher-order corrections, they

are proportional to the inter-subband dipole i, and the local field generated by

the variation in the subband eigenvalues along the transport direction, &gx(x). Con-
tributions to W, (z) arise both from the cross terms in the potential energy, as in
a channel with varying cross section, as well as from the cross terms in the kinetic
energy due to the nonaligned device and ellipsoidal axes. While the latter terms
never arise for silicon (100) devices, the effect of the former cross terms has been

included in the coupled-mode-space approach of [52] to analyze the effects of channel

access geometry in nanoscale silicon n-MOSFETs.

2.4.3 Simplifications in UTB Devices

In an UTB SOI MOSFET with uniform channel thickness (Fig. 2.2), the electro-

static potential is separable along the confinement and transport (channel) directions,
W(z,z) =U(z) + V(z). (2.35)

The channel potential V' (z) simply shifts the confining potential U(z), but does not
alter the shape of the models as we move from one point to next along the transport

direction. This implies
¢j (:L‘7 Z) _ 62¢j (l’, Z)
Ox Ox?

The z dependence of ¢; (x, z) is eliminated since it selectively diagonalizes the con-

=0. (2.36)

finement Hamiltonian which now depends only on U(z) and therefore x independent.

In this special case (2.34) simplifies considerably and becomes

h M+en(x)¢n($) +2an(x)@/)m($):<E_

a 2my  0x?

ky
(2.37)
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Additionally, (2.37) allows us to write

€n (x + @2) =€, +V (x + @2) . (2.38)
msi1 msi1
€, is the n-th subband energy arising from diagonalizing the x-independent confine-

ment potential U(z), and is unvarying along x. The only role of the channel potential

V(z) in this special separable case is to shift the bottom of the subbands:

s V)| @)+ X Vonhnlo) = (B0 = 32 ) ). 239

2m} 0z n 2m/’y

In (2.39), the coupling between models is still present and represents the Zener
tunneling between subbands due to the cross terms in the kinetic energy, arising

from the arbitrary orientation of the ellipsoids. The tunneling is negligible if
[V (2)| << len(z) — €m(2)]
which amounts to

my OV ()

ms1 or o

<< |én — €ml - (2.40)

It can be shown, in general, that m—i’j < 1 and |pnm| < s, so that ignoring the Zener

tunneling amounts to
oV (x)
Ox

where t; is the body thickness. This inequality can be restated as follows: if at any

b

<< € — €ml,

point along the channel, the channel-directed potential drop between the confining
planes and sampled along the ellipsoidal principal-axis direction is much smaller
than the corresponding inter-subband separation, the coupling between modes can
be safely ignored. Indeed, the coupling arose precisely because the channel potential
varies along the ellipsoid’s principal axis, which determines the confinement potential
generating the transverse subbands (2.19). For Si (100) the coupling does not exist
since there is no drop in the channel-directed potential along the direction of the
ellipsoidal axis.

A simple estimate tells us the conditions under which this Zener tunneling is

h22
2m33t12) :

negligible. The smallest inter-subband separation is given roughly by (3% —12)
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The channel potential drop along the ellipsoid between the confinement planes de-
pends on the local field. For a linear channel-directed potential profile, this drop is
given by %, where V' is the applied bias and L is the channel length. Near the top

2
V2

T For a 10nm

of the barrier, the field is smaller and the drop is given roughly by
channel length with a 0.6V applied bias and for ms3 = 0.1, the drop is the chan-
nel potential along the confinement direction is negligible compared to the subband
separation, provided the body thickness is smaller than about 5nm (for the average
potential, and 10nm for the top of the barrier potential).
In the absence of inter-subband Zener coupling, the corresponding decoupled-
mode-space equation finally becomes
h? 0%y, ()

Com!,  Ox2

+ V(x),(x) = (E — €, Wk, ) (). (2.41)

2m/

In this section we have demonstrated an exact mathematical transform that con-
siderably simplifies the quantum-mechanical treatment of electronic transport in a
nanoscale n-MOSFET with arbitrarily oriented transport, width, and thickness direc-

tions w.r.t. the CB ellipsoidal. The conditions under which this simplified equation

is valid are:

1. an unvarying device cross section that allows us to separate the confinement

and transport potentials and

2. a channel-directed potential that varies slowly enough that there is no Zener

tunneling between transverse subbands.

A simplified mapping operation is performed by two unitary operations in (2.17),
(2.29) that map each conduction-band ellipsoid into an equivalent regular ellipsoid
whose principal axes are oriented along the device coordinate axes X, Y, and Z with
corresponding effective masses m’y, m”s, and mgs, respectively. For separable poten-
tials with coincident device and ellipsoidal axes (i.e., no cross terms in the kinetic en-
ergy), the normal mode ¢,,(z) selectively diagonalizes the confinement Hamiltonian

—0?/02°+U(z). Non coincident device and ellipsoidal directions introduce additional
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. o . . . *Z(ﬂﬁkyfimai)z
cross terms in the Hamiltonian which are diagonalized by e \™2"" ™19%/7¢_ ().
Finally, in the general case of an arbitrary potential W (x, z), the transverse modes
¢m(x, z) depend on both x and z. In Sec. 2.5, we present several applications of the

transformation developed here.

2.5 Application to Ultra-thin-body Si and Ge MOSFETsSs

We now demonstrate the usefulness of our generalized treatment by applying it
to several technologically important materials and wafer orientations. Until recently,
nearly all quantum simulations of MOSFET's were performed for silicon (100) wafers
with transport along < 100 >. We will discuss several non-trivial cases here—effective
masses for UTB silicon and germanium MOSFETSs fabricated on (100), (111), and
(110) wafers.

2.5.1 Transformation Matrices for the DCS

First, we will evaluate the transformation matrix Rc. p for various wafer orien-

tations.

(100) Wafers

This is the most common wafer orientation used for the fabrication and simulation
of nanoscale silicon MOSFETSs. In these devices the inversion layer electron are
confined along the [001] direction which is the Z axis for the DCS. The transport
and width directions (X and Y axes) are along [100] and [010], respectively, so that
the basis vectors are k; = (100), ky = (010), and ks = (001). Since the columns of
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the transformation matrix . p are components of 1%1, 12:2, and 12:3, the matrix itself

becomes and identity matrix,

100
RO, =101 0. (2.42)
00 1

(111) Wafers

For MOSFETSs fabricated on (111) wafers, the gate electric field confines the
inversion layer carriers along the [111] crystallographic orientation. We choose the
transport direction along [211] and the width direction along [011]. These crystal-

lographic orientations represent the Z, X and Y axes for the device. The basis

/’fgz(O—LL),andlAﬂg:(L 1 1)

vectors for the DCS are k; = =75 )

( V6 \f V6) )
respectively. The rotation matrix ¢ p becomes

_2 9 L
Vo V3

(111) o 1 1 1

Reep=| % % ¥ (2.43)
1 1 1
K Vi VB

(110) Wafers

In this case the inversion layer electrons are confined along the [110] crystallo-
graphic orientation, which is the Z axis. We choose the transport direction, X, along
[001] and the width direction, Y, along [110], so that the corresponding unit vectors

1

are ky = (001), kg = (— — %O), and ky = (%50 , and the rotation matrix Rc_p:

N—

o L L1
2 V2
110
RO, =0 —= . (2.44)
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2.5.2 Transformation matrices for the ECS

There are two types of valleys in indirect band-gap semiconductors—the sixfold
degenerate A valleys and the eightfold degenerate A valleys. These are classified
according the orientation of the major axes of the constant energy ellipsoids along
the < 100 > or < 111 > directions. In bulk silicon the A valleys are energetically
lower than the A valleys; consequently, the conduction-band electron populate the A
valleys, while the A valleys can be ignored for transport simulations. The opposite
is true for bulk germanium, where the A valleys are energetically lower than their
A counterparts, and therefore, the states near the CB edge are of the former type.
Interesting phenomena can be observed when quantum confinement is present, since
there, in addition to the energy of the bulk band edge, inversion layer thickness and
the confinement direction effective mass determine which valley forms the energeti-
cally lowest subband. In this subsection, we will evaluate the transformation matrix,

Re.c, for these valleys.

A-Valleys

Figure 2.3 shows the three doubly degenerate constant energy A valley conduction-
band ellipsoids. The basis vectors for the ellipsoid coordinate system are unique for
each ellipsoid, with I%H along the major axis, and iy and ko along two orthogonal
minor axes. For ellipsoid 1, for example, lAfH = (100), k11 = (010), and k&, = (001).
For each ellipsoid there is a unique transformation matrix Rg. ¢, the rows of which

are the components of I%II’ k 11, and k 19. For ellipsoid 1, Rg. ¢ becomes

1 00
ReLo=10 1 0]. (2.45)
0 0 1
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Fig. 2.3. Conduction band constant energy ellipsoids along A. Each
of the three ellipsoids is doubly degenerate. In silicon, such valleys
form the conduction band minima.

Similar expressions can be obtained for ellipsoids 2 and 3:
Rp2o=1001]. (2.46)

and

REc=[10 0. (2.47)

A-Valleys

Figure 2.4a shows the eight-half A-valley ellipsoids with centers at the equivalent

L points at the surface of the first Brillouin zone. Since the diagonally opposite L
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Fig. 2.4. Conduction band constant energy ellipsoids around the L
points in the first BZ. (a) The major axis of the eight half ellipsoids
are along A. (b) Since the centers of the diagonally opposite half
ellipsoids are one wavevector apart, they can be combined into four
equivalent full ellipsoids. In bulk Ge they form the conduction band

edge.
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points are one reciprocal-lattice vector apart, they can be combined into four full

ellipsoids, as shown in Fig. 2.4b. The major axes of ellipsoids 1-4 are along [111],

[111], [111], and [111], respectively. The rotation matrix R4, for ellipsoid 1 can be

written from the components of the basis vectors l%H, k 11, and k.5 in the CCS, and

18

R

Ay _
E—C —

[
s gl 8

S s
S o gk

S

Similar matrices for ellipsoids 2-4 can be readily calculated, and are

R

Ao _
E—C —

Sl < S

ST
=

© sk

(2.48)

(2.49)
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1 1 1
V3 V3 V3

A

Reic=| 55 7 O (2.50)
1 2
NG NG

and

S U S O
V3 V3 V3

A

Rio=| L L o0 (251)
4 1 2
V6 NG NG

2.5.3 Evaluating Effective Masses

Using the results presented above, we can now calculate the effective masses for
both A and A valleys in the conduction band, and for different wafer orientations.
In Table 2.1, the results are given in terms of bulk m; and m;. The following steps

were used to obtain the results:

1. for the given wafer orientation, choose the appropriate Rc.p from (2.42-2.44).

2. for the given valley type (A or A) and for each of the conduction-band ellipsoids,
choose the appropriate Rg. ¢ from (2.45-2.47) and (2.48-2.51).

3. From (2.7), evaluate . p, and then using (2.10) find the effective mass tensor,

[M 51}, in the device coordinate system.

4. The confinement effective mass, mz (= mgs), is directly obtained from [Mgl}.
The transport effective mass, mx (= m'y), is calculated from (2.26). Finally,
the effective mass along the width direction, my (=mj), is calculated from

(2.31).

Table 2.2 shows the m; and m; values for the A and A valleys of bulk silicon and
bulk germanium. The effective masses of the lowest valleys for each materials, i.e., A
valleys for silicon and A valleys for germanium, were obtained from cyclotron exper-

iments [89,90,94,95], while those for the upper valleys are obtained from empirical
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pseudopotential calculations [96,97]. Using the effective masses in Table 2.2 and the
expressions for my, my, and myz in Table 2.1, the effective masses for the A valleys
and A valleys in silicon and germanium can be calculated for the corresponding wafer

orientation.

2.6 Discussion

In this chapter we introduced a generalized effective mass equation framework for
the quantum-mechanical simulation of cubic semiconductor n-MOSFETSs. It is well
known that when one or more principal axes of the conduction-band constant energy
ellipsoid do not coincide with the device coordinate axes, X, Y, and Z, the solution
of the effective-mass equation is non-trivial. Our treatment simplifies if the electro-
static potential is separable, valid if the cross section is unvarying along the transport
direction. Further simplifications occur for thin-body MOSFETSs, where the cross
terms in the kinetic energy arising due to the arbitrarily oriented conduction-band
ellipsoids do not couple the various subbands. The unitary operation in (2.17) decou-
ples the energy along the confinement direction, Z, from the energy associated with
the carrier’s motion in the transport plane. A physical picture of the result of this
operation is schematically present in Fig. 2.5, where we see that this transforms the
arbitrarily oriented ellipsoid (top) in such a way, that the resultant ellipsoid (middle)
becomes symmetric across the X — Y plane, and therefore, one principal axis of the
transformed ellipsoid becomes aligned with the Z axis. Consequently, in (2.20) we
see that the X —Y plane energy is decoupled from the quantum confinement problem.
By substituting —id/0x — k, in (2.21), we find the constant energy contours for
the electrons in the X — Y plane as ellipses. In general, their principal axes are not
aligned with X and Y, and the Hamiltonian in (2.24) remains complicated due to the
presence of the first derivative. The second unitary operation in (2.29) transforms
these ellipses in such a way that the transformed constant energy elliptical contours

have their principal axis aligned along the transport direction. This is also schemat-
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Table 2.1

Transport, width and confinement effective masses and subband de-
generacies for three different technologically important semiconduc-
tor wafer orientations.
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Table 2.2
Transverse and longitudinal effective masses for the A- and A-type
valleys in silicon and germanium.

Material Valley | m; | my

A 0.91 ] 0.19

Silicon
A 1.7 1 0.12
A 095 0.2
Germanium
A 1.64 | 0.08

Fig. 2.5. The effects of unitary transformations of (2.17) and (2.29).
The first operator transforms the arbitrarily oriented CB ellipsoid
into an equivalent one, which is symmetric across k, — k, plane. The
second unitary operation transforms it into the regular ellipsoid with
its principal axes along X, Y and Z. The density-of-states effective
mass and group velocity of each k-state is conserved.

ically presented in Fig. 2.5, where we see that the bottom ellipsoid has its principal
axes along the device axes. In summary, since the top and the bottom ellipsoids in
Fig. 2.5 are exactly equivalent, the well-defined effective masses, mx, my, and my,
determined from the bottom ellipsoid describe the effective masses of the original
ellipsoid. It can be observed from Table 2.1 that for each row mymymy = mlm?,
which ensures that the volume of the transformed ellipsoid is the same as that of the
original one, and therefore, the density of states is conserved. Additionally, these

unitary operations change only the phase velocity of the states and thus the group
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velocity of the carriers, determined from the gradient of the E(k), is also conserved.
Conservation of the density of states and carrier group velocity ensures that the
results obtained by performing quantum simulation of a MOSFET using myx, my,
and my gives the same result as by treating the nondiagonlal effective mass tensor,
[M 51}. The density of states effective mass per valley can be readily obtained from

Table 2.1, using the expression, mg = /mxmy .

2.7 Summary and Conclusion

The simple technique for mapping arbitrarily oriented conduction-and constant
energy ellipsoids into regular ellipsoids, where the principal axes are aligned along the
device axes, allows us to perform quantum transport simulation in ultra thin body
n-MOSFETSs with any channel materials and arbitrary wafer orientations. The effec-
tive masses presented in Table 2.1 can be readily used in any quantum-mechanical

simulator to determine I-V and C-V characteristics.
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3. ASSESSMENT OF GERMANIUM N-MOSFETS BY
NEGF SIMULATION

In this chapter, quantum simulations of ultra-thin-body (UTB), double-gate (DG),
end of the I'TRS-2001 roadmap germanium n-MOSFETSs are performed using the
Non-Equilibrium Green’s Function (NEGF) formalism within the generalized effec-
tive mass equation framework presented in Ch. 2. Ballistic simulations show that Ge
(111) n-MOSFETS suffer from high source-to-drain tunneling in the off-state, and low
semiconductor capacitance in the on-state. However, devices fabricated on Ge (100)
wafers perform better compared to their silicon counterparts. Design optimization
studies show that a stiff tolerance for body thickness variations and a super-steep
source-drain doping gradient are necessary to optimize the device performance. Fi-
nally, it was observed from quantum scattering simulations that the source-drain

series resistance limits the otherwise near-ballistic intrinsic device operation.

3.1 Introduction

Germanium is an interesting candidate for ultimate CMOS because of its excel-
lent transport properties. Compared to bulk silicon, bulk germanium has two times
and four times higher mobilities for electrons and holes, respectively. Several ex-
perimental groups have recently reported devices based on germanium [32, 36, 37].
The quantum simulation of germanium MOSFETSs is a challenge because for arbi-
trary surface orientation and transport direction, the effective mass tensor becomes
a 3 x 3 non-diagonal tensor and the effective mass equation becomes complicated.
This problem was partially addressed in [77], which treated quantum confinement,

not transport. In this chapter, we use the general theoretical approach, introduced
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Channel

N

> Bottom Gate

k;

Fig. 3.1. The ultra-thin-body, double-gate device structure. The
device coordinate system consists of orthogonal axes kq, ko and ks,
along transport, width and thickness directions, respectively. In this
work, confinement along ks and transport along k; are treated quan-
tum mechanically. The width direction, k9, is considered to be much
longer, so plane waves were assumed. An equivalent gate insulator
thickness (EOT) of 0.6 nm [32] and channel thickness of 2.5nm were
assumed in this work.

in Chapter 2, for the quantum mechanical simulation of n-MOSFETSs within the
Non Equilibrium Green’s Function (NEGF) formalism [72], and demonstrate its
application by performing a scaling study for the end of the ITRS germanium MOS-
FETs [6,7]. We show that ultra-thin-body germanium MOSFETSs fabricated on
the (111) wafers are not scalable due to source-to-drain tunneling problems in the
off-state and low semiconductor capacitance in the on-state. Devices fabricated on
germanium (100) wafers, however, perform better than their silicon counterparts.
We perform both ballistic and scattering NEGF simulations of such devices to de-
termine the ultimate and realistic performance limits, and to identify key design and
fabrication issues. In this work, we have treated only the eight conduction-band
half ellipsoids around the equivalent L points in the first Brillouin zone. The higher
energy valleys, such as those along the delta directions, may have important effects
in charge transport and subband occupation, which we will explore in Sec. 6.2 of

chapter 6 (page 79).
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Fig. 3.2. Three orthogonal coordinate systems, device, crystal and
ellipse, are shown. The effective mass tensor is diagonal only in the
ellipse coordinate system, and becomes a full matrix in the device
coordinates. The resulting effective mass equation becomes compli-
cated. The technique presented in Ch. 2 diagonalizes the effective
mass tensor in the device coordinate system, thereby decoupling en-
ergies along ki, ko and ks [72].

3.2 Approach

The effective mass tensor is diagonal when the device coordinate axes (Fig. 3.1)
are along the major and minor axes of each of the constant-energy ellipsoids. This
condition is satisfied for n-MOSFETS fabricated on silicon (001) wafers, but not for
devices on germanium (001) or silicon (111) wafers. The general scenario is presented
in Fig. 3.2, where we see three different coordinate systems: device, crystal and

ellipse. To solved this problem within the EME approximation, we:

1. identify the rotation matrix for the coordinate transformation between the

ellipse and device coordinate systems,
2. use it to get the EMT and the EME in the device coordinate system, and

3. use two unitary transformations to decouple the energies in the EME along the

device coordinate axes [72].
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Fig. 3.3. Sketch showing the doping profile along the device and
the key length parameters. The source and drain contacts are at A
and F| respectively. The region between A and B (E and F)) is the
source (drain) and is doped at Ny ( 10*cm™3). Between B and E,
the doping falls off with a Gaussian profile in both directions. Ly
is a measure of the channel length. Between C' and D, the length
L¢ (printed gate length) is under the direct electrostatic control of
the gate electrodes. The region between B and C (D and F) is the
source/drain under-lap and improves short-channel effects.

As demonstrated in Ch. 2, this method maps the arbitrarily oriented constant-
energy ellipsoid in to a regular ellipsoid with the principal axes aligned along the
device coordinate system, and thus allows use of all the techniques developed so
far for silicon (001) n-MOSFET simulation. We made necessary changes in the
2D quantum simulation nanoMOS 2.5 [50] and performed ballistic and scattering
simulations using the NEGF formalism.

To ensure electrostatic integrity, we choose the UTB double gate (DG) MOSFET
as our model device (Fig. 3.1), but similar results are expected for other device
geometries. The device dimensions and the optimized parameters for the nominal
device are given in Table 3.1 (page 49), and in Fig. 3.3 the doping profile and the
key device lengths are shown. The source/drain (S/D) under-lap shown here plays

an important role in device operation by suppressing source-to-drain tunneling and
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Fig. 3.4. Quantum ballistic (NEGF) Ip — Vi simulation at Vp =
Vpp, for different channel materials and surface orientations. The
first indices specify wafer orientation and the second is the transport
direction. (001) oriented Ge and Si have almost identical transport
effective masses, 0.16 mg and 0.19 mg, respectively, and hence they
have identical sub-threshold slope. However, because of a very low
transport effective mass (0.08 my), for Ge (111) tunneling current is
dominant in the off-state, which degrades the sub-threshold slope.
The off-currents are adjusted to the ITRS limit, 10 pA/pum.

improving short-channel effects. Effects of the source-drain doping gradient and the

gate under-lap are explored in this work in order to optimize the device design.

3.3 Results

The ballistic performance of germanium (001)/[100] and germanium (111)/[110]
devices are first compared. Here the first and second sets of indices specify the wafer
orientation (quantum confinement) and the transport direction, respectively. The
Ip — Vg plot (Fig. 3.4) at high drain bias shows degraded sub-threshold slope due to
strong source-to-drain tunneling in the Ge (111) devices. The output characteristics
(Fig. 3.5) show that the on-current for Ge (111) devices suffer. This happens because

the low density-of-states (DOS) in their conduction band lowers the semiconductor
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Fig. 3.5. Output characteristics for the devices in Fig. 3.4 at
Ve = Vpp. The on-current degradation for the Ge (111) device is
due to very low density-of-states (mpos = 0.08mg and valley degen-
eracy one). Maximum ballistic on-current is delivered by Ge (001),
which has mpog = 0.3mg per valley, and a valley degeneracy of four.
Performance of Si (001) lies in between.

capacitance, which lowers the overall gate capacitance. The silicon (001) device
performs in between the germanium limits. These figures show that best performance
can be obtained from germanium (001)/[100] devices.

The optimization procedure for choosing the device dimensions is summarized in
Fig. 3.6. Using the approach of [56], we calculated the ballistic on-current for the
nominal device with different S/D under-laps. For each under-lap, the off-current for
the worst case device was adjusted to 10uA/um by varying the gate work function,
®,,,, which is also plotted. The worst case device is assumed to have 5% thicker
body and 10% shorter gate length due to process variation. Results for two different
channel doping gradients, G = 1 and G = 2 nm/dec, are shown. Both gradients
deliver almost the same maximum on-current, but, G = 1 nm/decade gives a shorter
device and thereby less series resistance. In this figure, for each Ly , the Ippp
for the corresponding worst case device was adjusted to 10uA/um by varying ®,,.

Therefore, when the ®,, for the optimum L7 was used to simulate the nominal device,



44

3000 44 G

o

) ez @

— il O, P 42 =

\\ ad °

£ a1 =

3_ “\ 1"' l x

g l" =

<€ 2000 Solid- 1nm/idec ¢ &

= R 5

e 13.9

[— Dashed - 2 nm/dec |¥- 9..

% 1500k '.' e ...13.8 g
— Fd = AN

",opj%-n L 7137 )

5214 16 18 20 ~Ci3

Total channel length, L - [nm]

Fig. 3.6. Device design optimization technique. Left axis: The quan-
tum ballistic Ioy vs. Ly is plotted for a nominal case Ge (001)/[100]
device. The total channel length is the sum of gate length, Lq, and
under-lap, L,;, on both sides of the gate. Two different doping gra-
dients, 1 nm/dec and 2 nm/dec are considered. Both offer almost
the same optimum Iy, but the optimum L for the steeper doping
gradient is shorter. Therefore, the optimum device is chosen to have
Inm/dec S/D doping gradient and 3 nm under-lap. Right axis: Gate
work function needed to adjust Ippr to 10 pA/pm for the worst case
device.

it is naturally ensured that the worst case device operates within the ITRS specified
limit for /oss. The optimum values for device parameters are given in Table 3.1, and
the intrinsic performance metrics for the ballistic nominal device are summarized in
Table 3.2.

The quantum ballistic I-V characteristics are shown in Figs. 3.7 and 3.8. The
off-current is lower than the ITRS specification (Fig. 3.7) since the ®,, used here
assures that if the body thickness increases 5% and gate length decreases 10% due
to process variation, the Ippp still remains below the I'TRS limit. Figure 3.9 plots
Iorr as a function of gate length, L, with channel thickness, ty.qy, as a parameter.
Here the ballistic Ippr from NEGF simulation is plotted as a function of printed

gate length, at three different channel thicknesses. All other simulation parameters
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Fig. 3.7. Ballistic NEGF Ip—V; characteristics at high and low drain
bias for the nominal device; the gate length is Lg = 9nm and the
body thickness is tpoqy = 2.5nm. The under-lap, doping gradient and
gate work-function were chosen from the device optimization tech-
nique shown in Fig. 3.6. The off-current is lower than the ITRS limit
since the work function was adjusted to obtain Ippr = 10uA/pum for
the worst case device.

are the same as in Table 3.1. Variation in Ippp can be observed due to changes
in both Lg and t4.4,, but, the effect of the latter is more serious. The plots are
equivalent to the Vi roll-off plot for bulk MOSFETSs. They represent the effects of
process variations in fabricating such devices. Here the worst case device operates
exactly at the ITRS limit for Iprr and for the nominal device it remains within
the limit for Ls as short as 6nm. Also, the thinner body results in higher V; and
therefore, the on-current is degraded.

Figure 3.10 shows results with scattering for the Ge (100) n-MOSFET. A doping
dependent Caughy-Thomas mobility model was used to calculate the local mobility
for the doping profile shown in Fig. 3.3. A simple phenomenological model based on
the Biittiker-probe treatment was used for scattering simulation within the NEGF
formalism. This model has been successful for silicon MOSFETSs [51]. Since the

channel of this L = 9nm MOSFET is near ballistic, increasing the channel mobility
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Fig. 3.8. Output characteristics from quantum ballistic (NEGF) sim-
ulation for the nominal device.

does not improve the performance significantly; however, the mobility in the highly

doped S/D regions has an important effect on performance enhancement.

3.4 Discussion

Figures 3.4 and 3.5 present the general characteristics of bandstructure effects
in ballistic nanoscale MOSFETs. Low effective mass along the channel direction is
necessary for the channel material in order to obtain high injection velocity at the
source end of the channel. However, high density-of-states (DOS) is also needed to
induce sufficient charge at the top of the source-channel barrier. For the channel
materials with low DOS effective mass, such as germanium (111) wafers, a greater
fraction of applied gate voltage is consumed to shift the potential at the top of
the barrier; therefore, less voltage is available to drop across the gate insulator.
As a result, the gate cannot efficiently induce charge and the current suffers. The
degradation of Ipx in low DOS channel materials has been discussed in detains by

Solomon and Laux [98].
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Fig. 3.9. Effects of process variation. It can be seen that in UTB
MOSFETS, the off-current (or equivalently threshold voltage) is very
sensitive to the body thickness variation.

The S/D under-lap plays an important role in device scaling in two ways. First,
the source-channel barrier becomes thicker with under-lap and this suppresses tun-
neling. Second, the source and drain regions are moved farther apart, which improve
short-channel effects. However, since the potential in this region has to be modulated
by the fringing field of the gate, the modulation is not as efficient as the channel
region directly under the gate; therefore, we can see in Fig. 3.6 that after attaining
its peak value, Ipy decreases with under-lap.

In UTB devices, threshold voltage, Vr, is a strong function of the body thick-
ness. In order to fabricate operational devices with a body thickness of 4nm or
less, the process variation of thickness has to be within a single atomic layer. Thin
body devices also suffer from the series resistance in the S/D regions. Scattering
simulation has shown that the channel in the nanoscale device is near ballistic, and
the degradation of carrier mobility in the S/D regions causes degradation of Ipy.
The higher mobility in germanium is attractive in this regard, but, currently the

key challenge of fabricate germanium n-MOSFETSs is that the S/D regions cannot
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Fig. 3.10. Quantum scattering simulation for the nominal device.
On-current vs. source/drain mobility is plotted for two different
channel mobilities. The key observation is, increasing channel mobil-
ity by more than 300% does not enhance the Iy accordingly, since,
for this Lg = 9nm MOSFET, the channel is near ballistic. The
current is limited by the series resistance in the highly doped, low
mobility S/D regions.

be doped a sufficiently high density due to low solid-solubility for the n-type im-
purities. Technological advancement is necessary to overcome this challenge before

germanium CMOS can be viable.

3.5 Summary and Conclusion

Ballistic NEGF Simulations show that UTB DG Germanium n-MOSFETSs fab-
ricated on (111) wafers suffer from high source-to-drain tunneling which makes it
difficult to turn off the device. The on-current suffers due to a very low density-of-
states effective mass. Germanium (001)/[100] MOSFETs deliver high on-currents as
a result of their high density of states and performs better than their silicon coun-
terparts. One key device design parameter is the body thickness, and Ippp is very

sensitive to body thickness variations. Successful fabrication of such devices depends
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Table 3.1
Device parameters for the optimally designed device. The worst case
device has 10% shorter channel length and one atomic monolayer
(one quarter of the lattice constant) thicker body, and hence exhibits
degraded short-channel behavior.

Parameter Value

tins [nm] | 0.6 (EOT)

thody [NIN] 2.5
L [nm] 9
Ly [nm] 15
N [em™3] 0

Ngg [em™3] | 2X10%

Ly [nm] 7.5
G [nm/dec] 1
o, [eV] 3.8
Vg [V] 0.4

on technological advancement that will limit the process variation in body thickness
to within one atomic layer. Quantum scattering simulations for germanium MOS-
FETSs show that higher mobility in the highly doped S/D regions is desirable and is

important to achieve target on-currents.



Table 3.2

Performance projection for a ballistic Ge n-MOSFET.

ITRS Target

Nominal

Ge (001)/ < 100 >

device
Ion A/ pm) 1500 2750
Lorp[pA/pm] 10 1
Vop/Ion|Q2 — um)| 267 145
DIBL [mV/V] - 60
S [mV/dec] 75 75

20
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4. A TOP OF THE BARRIER BALLISTIC MODEL

Numerical simulations are used to guide the development of a simple analytical the-
ory for ballistic field-effect transistors. When two-dimensional (2-D) electrostatic
effects are small (and when the insulator capacitance is much less than the semicon-
ductor (quantum) capacitance), the model reduces to Natoris theory of the ballistic
MOSFET. The model also treats 2-D electrostatics and the quantum capacitance
limit where the semiconductor quantum capacitance is much less than the insulator
capacitance. This new model provides insights into the performance of MOSFETSs
near the scaling limit and a unified framework for assessing and comparing a variety

of novel transistors.

4.1 Introduction

MOSFET channel lengths continue to shrink rapidly toward the sub-10 nm di-
mensions called for by the International Technology Roadmap for Semiconductors
[6,7,99]. Coupled with the use of high-mobility channel materials [32,36,100-104],
nanoscale channel lengths open up the possibility of near-ballistic MOSFET oper-
ation. For these reasons, it is important to understand ballistic operationboth in
conventional MOSFETSs and in unconventional transistors. Our objectives in this
paper are to present a simple analytical theory for ballistic transistors and to ex-
plore its application to MOSFETS and to unconventional field-effect transistors.

The operation of MOSFETS in the ballistic regime has recently been explored by
simple, analytical models [105], [106], [107] as well as by detailed numerical simula~
tions [50,54,55,82,108,109]. In Section 4.2, we review our understanding of the device
physics of ballistic MOSFETS as developed in previous publications [79,110,111]. In

Section 4.3, we present a simple, analytical model, and in Section 4.4, we show that
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Fig. 4.1. Structure of the model device, a double-gate MOSFET.
A body thickness of 1.5 nm and an oxide thickness of 1.5 nm were
assumed. Both the source and drain regions were doped at 10 /cm?.
The gate workfunction was set to 4.25 eV which produced an off-
current of 1.6 nA/um.

it agrees with two-dimensional (2-D) numerical simulations of ballistic MOSFETs.
Finally, in Section 4.5, we discuss why the model developed here does not describe

devices like Schottky barrier FETs before concluding in Section 4.6.

4.2 Device Physics of Ballistic MOSFET's

Numerical simulations provide detailed information on the operation of nanoscale
devices. Two transport models have proven to be especially useful in our work. The
first is a numerical solution of the ballistic Boltzmann equation, and the second
is the non-equilibrium Green’s function (NEGF) formalism for quantum transport.
Fig. 4.1 shows a model 10-nm MOSFET, and Fig. 4.2 shows the computed ballistic
distribution function within the device under on-state conditions. The results show
that two distinct carrier populations exist: one due to source injection and another
due to drain injection (scattering would mix these two populations). Deep within
the channel, the drain-injected population retains a near-equilibrium shape, but the

source-injected population is strongly distorted. Fig. 4.3 is an NEGF simulation of
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Drain injection Y

Channel
i

Fig. 4.2. The ballistic distribution function within the model device
under on-state conditions as computed by solving the ballistic BTE
(From [111])

the energy-resolved electron density under on-state conditions. Although quantum
interference effects are seen as well as tunneling of carriers beneath the source-channel
barrier, NEGF simulations of the terminal I-V characteristics of well-designed MOS-
FETs agree rather well with semi-classical simulations-even at the 10-nm scale (when
the strong effects of quantum confinement are included in both simulations). Both
the quantum and classical simulations show rich, complex phenomena within the
device, but it turns out that a simple description of the current versus voltage char-
acteristics is possible. Fig. 4.4 shows the computed self-consistent potentials within
the model nanoscale MOSFET under low and high drain bias with gate voltage as a
parameter (what is plotted is actually the bottom of the first subband versus posi-
tion). At low gate voltages, the energy barrier between the source and drain is high,
and the device is off. A high drain bias lowers the energy in the drain, and when a
high gate voltage lowers the potential energy barrier, electrons flow from source to

drain. This picture of the MOSFET is essentially that of the bipolar transistor; tran-
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Fig. 4.3. The energy-resolved (a) density-of-states vs. position and
(b) electron density vs. positions with the model device as computed
using the ballistic NEGF formalism.

sistor action occurs by modulating the height of an energy barrier. It is more common
to thin of MOSFETS in terms of the gate modulating the charge in the channel, but
the charge in the channel is controlled by the height of the barrier. MOSFETSs are
bipolar transistors operate by similar principles (both below and above threshold);
in the bipolar transistor, the height of the energy barrier is controlled directly by
the base-emitter voltage, whereas in the MOSFET) it is controlled indirectly by the
voltage on the gate. As will be discussed in Section 4.5, not all transistors operate

by this charge (or barrier height) modulation principle.
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0.4
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Fig. 4.4. The computed energy band diagrams under: (a) low drain
bias and (b) high drain bias. The parameter is the gate voltage.
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Fig. 4.5. Computed behavior at the top of the source to channel
barrier. (a) The electron charge, @, (0) at the top of the barrier vs.
Vps, (b) The average electron velocity at the top of the barrier vs.

Current is the product of charge and velocity, which we plot separately in Fig.
4.5. In this figure, the gate voltage is high, and we plot the two quantities as a
function of Vpg, fig. 4.5(a) shows that the charge at the top of the barrier is nearly
independent of Vpg for a well-designed MOSFET, and for operation above threshold,
it is given by MOS electrostatics as

Qn(o) ~ Oox (VGS - VT) (41)

We will show in a later section that the initial dip in @,(0) and the subsequent
rise can be explained. Fig. 4.5(b) shows that the average electron velocity at the
top of the barrier increases with Vpg and then saturates. The saturated velocity at
the top of the barrier is simply the velocity of the thermal equilibrium hemi-Fermi-
Dirac distribution shown in fig. 4.2. Note that above threshold, the electron gas is
degenerate, and the magnitude of this injection velocity depends on the gate voltage.
It is interesting to note that velocity saturation occurs in a ballistic MOSFET, but
it occurs at the top of the barrier where the field is zero rather than at the drain end

where the field is high.
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Fig. 4.6. Filling of the k-states at the top of the barrier by two Fermi
levels Ery and Eps.

Because the top of the barrier has special significance, it is the starting point for
our analytical model. For a ballistic transistor, the states at the top of the barrier
are filled from either the source or the drain. For a quantum transport model, the
local density of states fillable by the source and drain can be evaluated directly
from the spectral function. In a semi-classical model, the local density of states is
determined by the E (l;) relation for the semiconductor shifted by the self-consistent
potential at the top of the barrier. Fig. 4.6 shows how the states at the top of
the barrier are filled for a simple bandstructure. The positive velocity states are
populated according to the Fermi level of the source and the negative velocity states
by the Fermi level of the drain. Our key task is in developing an analytical model
will be to devise a simple approach to determine the self-consistent potential at the
top of the barrier. Finally, we mention ones subtle point. A careful examination
of fig. 4.4b indicates that the conduction band in the source region actually floats
down by about 10mV as the gate voltage increases. This unfamiliar behavior is
a consequence of transport at the ballistic limit. The source Fermi level is fixed

at 0eV and represents the Fermi level of the equilibrium source reservoir/contact.

Under low gate bias, most of the positive velocity electrons injected from the contact
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reflect from the energy barrier so that both positive and negative velocity states in
the source extension are filled. When the gate voltage is high, however, the barrier
decreases, and the fewer of the injected electrons reflect from the barrier so that it
is mainly positive-velocity states in the source that are occupied. To achieve space-
charge neutrality in the highly doped source extension, the conduction band must
float down so that more electrons are injected from the source contact. When strong
scattering is present inside the source extension, electrons occupy both positive and
negative velocity states, and this effect is absent. For a more complete discussion of
boundary conditions fro ballistic MOSFETS, see [112].

In the following section, we introduce a simple analytical model, and in section

4.4, we show that it accurately describes the physics of ballistic nanoscale MOSFETsS.

4.3 Model

A simple 2D model for the ballistic MOSFET is shown in Fig. 4.7. It consists of
three capacitors, which represent the effect of the three terminals on the potential
at the top of the barrier. As also indicated by the shaded region in Fig. 4.7, mobile
charge can be placed at the top of the barrier. The mobile charge is determined
by the local density of states at the top of the barrier, the location of the source
and drain Fermi levels Fry and Ers, and by the self-consistent potential at the top
of the barrier Uy.s. Because there is a relation between the local potential and the
charge, this effect can be described by a nonlinear quantum capacitance [113]. In

equilibrium

_d(gN) 4t Of(E — Er)
Cp = U = /_OO D(E) <_—6E )dE, (4.2)

which, since (—0f/0F) is sharply peaked about the Fermi energy, is ¢* times the
density of states near the Fermi energy. Solomon et al. have pointed out in [98] that
Natori’s analytical ballistic model [105] does not include this non-geometric, quantum
(or degeneracy) capacitance. Neglecting the quantum capacitance is justified for

thick gate insulators (i.e., when Cg << Cg); however, it fails to describe gate
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Fig. 4.7. The 2D circuit model for ballistic transistors. The potential
at the top of the barrier, Uy, is controlled by the gate, drain, and
source potentials through the three capacitors shown. The mobile
charge at the top of the barrier is determined by U,.; and by the
location of the two Fermi levels. The nonlinear semiconductor (or
quantum) capacitance is not shown explicitly but is implicit in the
treatment of band filling.

electrostatics when the insulator capacitance is large compared with the quantum
capacitance (i.e., when Cg > Cp), which occurs when the electrical thickness is
small or when the quantum capacitance is small, as in a one-dimensional conductor.
Our model does not treat the quantum capacitance explicitly; however, it is included
naturally through the treatment of self-consistent gate electrostatics.

When the terminal biases are zero, the equilibrium electron density at the top of
the barrier is

No = /”o D(E)f(E — Ep)dE (4.3)

where D(FE) is the local density of states at the top of the barrier, and f(E — Er)
is the equilibrium Fermi function. The function D(FE) is nonzero for positive values
of its argument only, which represents the minimum of the density of states and is
specified as £ = 0 in equilibrium. When a bias is applied to the gate and drain

terminals (the source terminal is always grounded in the work), two things happen:
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1. the self-consistent potential at the top of the barrier becomes U,.¢, and

2. the states at the top of the barrier are now populated by two different Fermi

levels.

The positive velocity states are filled by the source, according to
1 oo
Ni=5 [ D(E= U f(E - Epi)dE, (4.4)
and the negative velocity states are filled by the drain according to

1 oo
N, = 5/ D(E — Upf) f(E — Eps)dE, (4.5)

where Epy = Ep, and Epys = Er — qVps. A change of variables can be used to

re-express these equations as

N, = % L ;OO D(E)f,(E)dE, (4.6)

N, = % /_ ;OO D(E) f2(E)dE, (4.7)
where

H(E) = f(E+ Uss — Er), (4.8)
and

fo(E) = f(E + Uses — Era). (4.9)

Given an arbitrary density of states D(E) and the location of the source and
drain Fermi levels, we can evaluate the electron density at the top of the barrier
N = N; + Nj if the self-consistent potential U, is known.

Finding the self-consistent potential involves solving the two-dimensional Poisson
equation as represented by the three capacitors in Fig. 4.7 with the bias induced
charge AN = (N; + N3) — Ny at their common terminal. We obtain the solution
by superposition. First, ignoring the presence of the mobile charge in the channel,
we calculate the Laplace potential at the top of the barrier due to terminal biases,
which is

Up = —q(acVe + apVp + asVs). (4.10)
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In this equation, the three as describe how the gate, drain and source control the

Laplace solution and are given by

Ca Cp. Cs

OCG:C—E, OCDIC—E, g = C—Z, (411)

where Cy; is the parallel combination of the three capacitors in Fig. 4.7.

For a so-called, well-tempered MOSFET, the gate controls the potential, and
ag ~ 1 and ag,ap ~ 0. The second part of the solution consists of grounding the
three terminals and computing the potential due to the mobile charge, at the top of
the barrier AN, from

q2
= —AN. 4.12
Up Cn (4.12)

Physically, a positive bias applied to the drain and gate terminals pushes down
the potential energy at the top of the barrier as described by U, but because of
the charge, the potential floats up, as described by Up. The complete solution is
obtained by adding the two contributions to obtain

Uses = UL +Up = —q(acgVa + apVp + asVs) + UcAN, (4.13)
where
q2
Uc =+ 4.14
= (4.14)

is the charging energy.

Equations (4.6), (4.7), (4.13), and (4.14) represent the coupled nonlinear equa-
tions for the two unknowns N and U,.s. These equations can be solved iteratively to
find the carrier density and self-consistent potential at the top of the barrier. Finally,
the drain current is evaluated from

In= [T IE)A(E) - HEE, (4.15)

where J(F) is the ”current-density-of-states” defined in the Appendix B.1.

In summary, the procedure for computing Ip(Vg, Vps) consists of the following

steps.
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1. Specify the semiconductor carrier and current-density-of-states, D(F) and J(E)

either analytically or by a numerical table.
2. Specify Vg, Vp, Vs and EF.
3. Iteratively solve (4.6), (4.7), (4.13) and (4.14) for Uy.y and N.
4. Evaluate the current from (4.15) for the assumed Vi and Vpg.

We have defined the model in terms of two density of states-one for the carrier density
D(FE) and one for the current density J(F) -which can be determined directly from
the semiconductor bandstructure. In general, the integrals in 4.6, 4.7, and 4.15, must
be done numerically, but for simple bandstructures, they can be done analytically.
In the Appendix B, we evaluate these expressions for 2D carriers in a simple band

and discuss how to use more general bandstructures.

4.4 Application to Ballistic MOSFET's

To illustrate the use of the model, we apply it to the double gate MOSFET
presented in Fig. 4.1 and compare the results to 2-D numerical simulations with
nanoMOS 2.0 [50]. Although the expressions for the a’s given in (4.11) are exact,
they are difficult to evaluate in practice because they depend on the 2D structure
of the device. We will, therefore, treat them as fitting parameters and present a
step-by-step procedure for determining the three parameters Er, ag, and ap. The
result show that this simple, three-parameter model does a good job of fitting the

simulated [-V characteristics over the full range of operation.

4.4.1 Parameters for the Analytical Model

The first step is to set the Fermi level Er = Ep; for the correct threshold voltage,
which is equivalent to setting the correct gate work function. Alternatively, setting

the Fermi level is equivalent to setting the correct equilibrium carrier density at the
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top of the barrier as given by (4.3). For a well-designed MOSFET at low gate and
drain bias, ap, U, and AN are all small so U,y ~ 0, and (4.3) for Ny depends on a
single parameter Er. In practice, we adjust the Fermi level in the analytical model
so that the current matches that of the simulator for V; = 0 and Vpg = 50mV..

Next, after setting Er;, we adjust the gate control parameter ag until the an-
alytical model gives the same low Vpg sub-threshold swing as does the simulation.
We do this for Vi << Vr and for Vpg = 50mV. The induced charge at the top
of the barrier AN is very small so that the gate controls the position of the top of
the barrier U through Uy,. For complete gate control (ag = 1), the sub-threshold
swing is ideal, i.e., S = 60 mV/dec at room temperature. For our model device, we
obtained ag = 0.87.

Finally, having specified Fr; and ag, the drain control parameter ap was ob-
tained by horizontal shift of the log(Ip) versus Vi characteristics in the sub-threshold
regime (i.e., by matching the drain-induced barrier lowering (DIBL) of the simple
model to the detailed numerical model). This parameter describes the additional
change of the potential at the top of the barrier due to the drain bias. For our model
device, we found ap = 0.033. Figures 4.8a and b compare the I-V characteristics
from the analytical to those obtained by numerical simulation. From the log(/ps)
versus Vg plot of Fig. 4.8a, we see that the sub-threshold characteristics match very
well both for low and high Vpg. From the linear plot in the same figure, we also see
that at low Vpg and high Vi, the characteristics match very well. However, when
both Vpg and Vi are high, the match is poor, and the analytical model underesti-
mates Ipg. This mismatch is also clear in the output characteristics presented in
Fig. 4.8b, where we can see that for Vi; above threshold, the drain current from the
analytical model saturates at a lower value than numerical simulation. The reason

for this mismatch under high Vi and Vpg and a way to treat it are discussed next.
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Fig. 4.8. Comparison of the analytical model to numerical simula-
tions for the ballistic MOSFET of Fig. 4.1. (a) The transfer char-
acteristics under both low and high drain biases. (b) The output
characteristics. In both cases, the solid lines are from the analytical
modes and the points are from nanoMOS simulations.

4.4.2 Treatment of the Floating Source Potential

The discrepancy between the analytical and numerical models under high gate
and drain biases is related to the floating source potential, which was discussed
briefly in Sec. 4.2. This phenomenon, which is important only in ballistic devices,
is correctly implemented in the numerical simulator but has yet to be considered in
our analytical model.

As discussed in Section 4.2 (and, at greater length, in [112]), for ballistic trans-
port, a floating source potential is necessary to maintain charge neutrality in the
highly doped source and the drain region under high bias conditions. As the gate
voltage increases, fewer electrons are reflected from the barrier; the source potential
must drop, so that enough additional electrons are injected to restore space-charge
neutrality in the source. When the source potential decreases, so does Uy at the
top of the barrier. The result is that this floating source effect increases the carrier
density at the top of the barrier, which explains the discrepancy observed in Fig. 4.8

under high gate and drain biases.
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Fig. 4.9. Comparison of the analytical model to numerical simula-
tions for the ballistic MOSFET of Fig. 4.1. In this case, the floating
source potential was accounted for. In addition to good agreement
at low gate and drain biases and as low gate and high drain biases,
this plot show that the agreement at high gate and drain biases is
also good.

With regard to the simulation procedure, the floating source potential means that
the source Fermi level (Er; — E¢) cannot be fixed at the beginning to produce a
given Vr since it both gate and drain bias dependent. As discussed in the Appendix
B.1, one can readily extend the procedure so that the Fermi level is iteratively
adjusted to maintain space charge neutrality in the source under all bias conditions.
Fig. 4.9 compares the Ip — Vpg plots from the ballistic numerical simulation to
the analytical model with the floating source treated, as discussed in the Appendix
B.1. Figure 4.9 shows that when the floating source effect is included, the analytical
model reproduces the full, numerical simulation quite well. The agreement is very
good under high V; and Vpg (where ignoring the floating source potential produced
serious errors) but not quite as good under high V; and low Vpg, where the model

without floating source correction worked better.



4.4.3 Charge and Velocity at the Top of the Barrier

Finally, we examine the charge density

and the carrier velocity

< v(0) >

_ Ip(Va, Vbs)
- Q(Va,Vps)’

Q(0) = —q[N1(Ve, Vbs) + Nao(Vi, Vbs)l,
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(4.16)

(4.17)

at the top of the barrier. Recall that the nanoMOS simulation of Fig. 4.5 shows

that these quantities had a simple behavior at the top of the barrier. In Figs. 4.10a

and b, we plot these two quantities from the analytical model. Figure 4.10a shows,

in agreement with Fig. 4.5a, that the charge at the top of the barrier is nearly

independent of the drain bias. The initial dip and subsequent rise are also seen,

although not as pronounced as in the full, numerical mode. (The simpler model,

which ignores the floating sources, actually does better in this regime.) the initial rise

and subsequent saturation of the velocity at the top of the barrier is well-described

by the simple model. These results show that Natori’s assumption (and our own in
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Fig. 4.10. Charge and injection velocity behavior at the top of the
source to channel barrier as obtained from the analytical model. (a)
The electron charge, Q,,(0) at the top of the barrier vs. Vpg, (b) The
average electron velocity at the top of the barrier vs. Vpg.
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subsequent publications), where @),,(0) is independent of drain bias, is a good one
for typical MOSFETs.

In practice, the model developed in this paper may be useful to compare the
measured characteristics of nanoscale MOSFETSs to their ballistic limits. From the
measured electrical characteristics, the techniques presented in this section can be
used to extract the parameters needed for the model. Another use for the model
might be to compare the upper limit performance of devices that use novel channel
materials to that of the conventional silicon MOSFET. (The model has been formu-
lated to allow the use of numerically tabulated bandstructures) Finally, we note that
the ballistic model is not entirely academic. Comparisons with experiments suggest
that present-day MOSFETS operate at roughly 50% of the ballistic limit [48,114] and
much of the research on new channel materials is motivated by a desire to approach

the ballistic limit.

4.5 Discussion

The simple model we have developed does a rather good but not perfect job
of reproduction more detained numerical simulations. The discrepancy under high
gate and drain bias was resolved by forcing the potential at the top of the barrier
Uscy to follow the floating source potential, but the high-gate, low-drain bias region
is better described when Us.s is not allowed to follow the floating source potential.
The reason for this behavior can be understood from Fig. 4.4. Under high gate and
drain bias, the potential energy maximum is pushed up against the source; therefore,
it seems reasonable that Uy follows the floating potential in the source. Under low
drain bias, it is not pushed as close to the source, and therefore, Us.s is not as
tightly coupled to the source potential. Whether this physics can be captured in an

analytically simple way is still under investigation.
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4.6 Summary and Conclusion

In this chapter, we have developed a simple analytical model for ballistic nan-
otransistors that operate by modulating the charge in the device (as opposed to
modulating the current at the contact). For conditions typical of silicon MOSFETSs
and when 2D effects are small, this surface potential model reduces to Natori’s
theory of ballistic MOSFET. When the insulator capacitance exceeds the quantum
capacitance, however, some interesting new effects arise. This analytical model cap-
tures the essential physics of MOSFET-like ballistic nanotransistors and provides a

convenient way to assess and compare transistors at the ballistic limit.
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5. TIGHT-BINDING APPROACH TO SIMULATE
NANOSCLAE MOSFETS

In this chapter we are going to relax one of the most widely employed assumptions
in the simulation of nanoscale CMOS devices—the use of effective-mass bandstruc-
ture model with parabolic E-k relationship. Effective mass approach greatly reduces
the computational effort required to calculate device electrical characteristics. This
approach, however, comes under serious scrutiny when applied to the nanoelectronic
devices. We will first list the key limitations of effective-mass approach when em-
ployed at nanoscale.

In deeply scaled devices, the quantum size effect along the thickness direction
forms the discrete subbands with energies far from the bulk band edges. Since
effective masses are calculated from the band curvatures near the bulk band edges,
they do not provide a good description of these subband energies and their dispersions
[115]. Subband dispersions, being formed at higher energies relative to the bulk band
edges, often display anisotropy. An inherent limitation of the effective mass approach
is its inability to treat such anisotropic dispersions. Valence bandstructure, especially
the dispersion for heavy-hole band, cannot even be described by a simple parabolic
dispersion due its anisotropic nature. Here one needs to use at least a six band k- I
Hamiltonian to describe dispersions near bulk band edge, which is not accurate at
higher energies where the subbands are formed. All these show the limitations of
effective-mass approach in treating nanoelectronic devices.

Since, a correct description of the band structure is crucial for accurately calcu-
lating the subband energies and their dispersions at nanoscale, in this chapter we
will introduce a semi-empirical atomistic tight-binding approach, a powerful tool to

incorporate accurate full bandstructure in nanoelectronic devices, for this purpose.
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This chapter is organized as follows. In Sec. 5.1 we present a very brief overview
of tight-binding approach. In Sec. 5.2 we will highlight the semi-empirical nature
of the approach, list the approximations and assumptions involved, and discuss on
the choice of a basis set. In Sec. 5.3, we present tight-binding Hamiltonian in a
sp3d®s*-SO basis set and will show how to treat strained material. The application
of the model to finite dimensional materials is presented in Sec. 5.5, and finally, the

chapter is summarized in 5.6.

5.1 Introduction

In recent years, the semi-empirical atomistic tight-binding approach has received
considerable attention, mainly because it offers an intuitively simple accurate de-
scription of the bandstructure in terms of chemical bonds, and its applicability to
simulated nanostructures. Historically, the model was known as linear combination
of atom(like) orbitals or LCAO and, Slater et al. first proposed it as a semi-empirical
approach by treating the Hamiltonian matrix elements as disposable constants [60].
The Slater-Koster suggestion to treat the TB approach as an interpolation scheme
was extensively used in a wide range of material systems—from transition metals to
elemental and compound semiconductors. We will next highlight the approximations

involved in tight-binding approach.

5.2 Semi-empirical Tight-binding Model
5.2.1 Assumptions Leading to A Semi-empirical Model

The mathematical details for the steps involved in deriving the tight-binding
Hamiltonian is described in details in Appendix C.1 on page 146. Here, we will
present the underlying assumptions and approximations involved.

Tight-binding or LCAO method begins with the assumption of an one-electron

Schraodinger equation for the crystal, where the Hamiltonian is the sum of kinetic
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energy and the potential energy operators. The potential energy operator itself is
again a sum of spherically symmetrical nuclear potential at each atomic location in
the crystal. We then expand the electronic wavefunction as a linear combination of
a finite number of Bloch sums and attempt to write a secular equation in this Bloch
sum basis. Use of Bloch sums as the basis for expanding the electronic wavefunc-
tion is necessary since in an infinite periodic potential, the solution of one-electron
Schrodinger equation must obey Bloch’s theorem, and Bloch sums always satisfy this
condition.

Now we will see how these Bloch sums are constructed. In principal, a set of true
atomic orbitals, such as those with s, p, d type symmetries, can be assigned at each
location of the infinite periodic crystal and for each orbital in the set, Bloch sum
can be performed. However, this immediately leads to problem. Two different true
atomic orbitals sitting on different atomic sites are non-orthogonal to each other,
and as a result, two Bloch sums that corresponds to these two orbitals are also
non-orthogonal to each other. To avoid this non-orthogonality problem, instead of
using true atomic orbitals, we use the Lowdin orbitals corresponding to them. These
Lowdin orbitals are the symmetrically orthogonalized form of the original true atomic
orbitals, constructed by subtracting all the overlaps with other orbitals on all other
atomic locations in the crystal. As a result, Lowdin orbitals, whether located on
different atomic sites or on same atomic site, are always orthogonal to each other
and so are their Bloch sums [116]. Additionally, it can also be shown that Lowdin
orbitals retain the symmetry of the original orbitals from which they are constructed,
therefore, a Lowdin orbital constructed from a true atomic p, orbital continues to
possess all symmetry properties of the p, orbital. For this property, from now we
will call them as atom-like orbitals. The only disadvantage of employing the Lowdin
orbital is, they are constructed by combining atomic orbitals located on different
atomic sites, therefore, are more delocalized in space compared to the true atomic
orbitals. However, since we will use the tight-binding method as a semi-empirical

approach, we will not really attempt to calculate matrix elements corresponding to
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these atom-like orbital, rather use them as fitting parameters. Thus the Bloch sums
corresponding to these atom-like orbitals can be constructed and used as the basis
for expanding the one electron wavefunction.

We then expand the crystal Hamiltonian in the Bloch sum basis and attempt to
write the secular equation, the roots of which at a given k will give the bandstruc-
ture. The problem now is, the expression for Hamiltonian matrix elements between
two Bloch functions is the sum of many terms, each of them is has the form of
an spherical atomic potential sandwiched between two atomic orbitals with every
possible combinations of their locations. Three major types of combinations can be

identified:
1. On-site Both orbitals and the potential are located on the same atom.

2. Two-center Two orbitals located on different atoms and the potential is on

one of these two atoms.

3. Three-center Each of the two orbitals and the potential are located at differ-

ent atoms.

In addition to these three types of integrals, there is also intra-site overlaps, where
two orbitals are located on same atom but the potential is on a different atom. Such
integral is added to the on-site integral and becomes the diagonal, k-independent
on-site energy. We now make an assumption that the three-center integrals are
much smaller compared to the on-site and two-center integrals and therefore, will
be ignored. This assumption is known as the two-center integral assumption, which
leads to an important consequence, as shown in [60], that the orbital overlaps can
be decomposed into a fewer two-center overlap energies with o, 7, or ¢ type bonding
symmetries.

Two center integral assumption greatly reduces the number of integrals in the
Hamiltonian matrix element, but still there are interactions present between orbitals

located all over the crystal. To reduce the size of Hamiltonian, we now invoke
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the tight-binding assumption, where we limit the maximum relative distance be-
tween atoms on which the orbitals are located. Most often, interactions between
orbitals located on the nearest-neighboring atoms are only retained, leading to a
nearest-neighbor tight-binding model, but occasionally, treatments of second even
third neighbor interactions can be found in the published literature.

Finally, a semi-empirical assumption is employed, according to which we do not
calculate the Hamiltonian matrix elements from the Lowdin orbitals and the spher-
ical atomic potentials, rather we use a set of fitting parameters for the two-center
integrals and the on-site energies, which finally leads to the correct band gap, posi-
tion of band extrema, and band edge curvatures.

A few words on cubic semiconductor crystal structure is helpful to understand
the structure of their tight-binding Hamiltonians. Semiconductors are tetrahedrally
coordinated cubic materials. In general, they display zinc blende crystal structure,
which consists of two inter-penetrating face-centered-cubic (FCC) lattices; each FCC
may be considered as a sub-lattice. The two sub-latices are displaced by one quarter
of a body diagonal and each consists entirely of one species of atoms. If the two sub-
lattices are identical, we have a diamond structure. The two sublattices are called
anionic and cationic, respectively. The nearest-neighbor atoms for an anion are four
cations, and vice versa. The second-nearest neighbors of an anion are twelve anion.

Similarly, other distant neighbors can be accounted for.

5.2.2 Choice of Basis

For cubic semiconductors, the minimal tight-binding basis is sp®, and in the
simplest case, interactions between the nearest-neighbor atoms are only treated.
Such model satisfactorily describes the valence-band energy dispersion, as shown
in [117], but fails to reproduce the indirect gaps of semiconductors at X and L

correctly. The reason for this is pointed out in [118], where we see that at X and L
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points, the electronic states contains substantial contributions from d-type orbitals,
which are not included in the minimal basis set.

In [61], Vogl et al. attempts to mimic the influence of the excited d orbitals by
adding an excited s orbital, namely s*, to the minimal sp® basis. The resulting model
is called sp3s*, which offers the correct positions of the lowest conduction minima at
X and L. The limitations of the model are, the transverse masses for these indirect
valleys and, the higher conduction bands show poor agreement with the experiment.
The sp3s* model has limited use for the calculation of optical properties involving
points at the surface of the Brillouin zone, and is not suitable for use in simulation
of semiconductor devices. This basis set, sp®s*, with nearest neighbor interactions
treated only, is indeed inherently incapable to describe correct transverse effective
mass [119]. In order to correctly describe the effective masses of the indirect bands
we have to either go beyond the nearest-neighbor interaction in sp3s* basis [119,120],
or have to enlarge it by including higher d orbitals, resulting in a sp3d°s* model [62].
It is difficult to treat strained materials when interactions between distant neighbors
considered, the only remaining choice is to include the d orbitals to the nearest-
neighbor sp3d®s* basis.

In [62], a nearest-neighbor sp>d°s* tight-binding model is introduced. By includ-
ing five d orbitals, the size of the atomic basis set has now grown to ten orbitals
per atom per spin. With the inclusion of five d orbitals, the Bloch functions at the
X and L points are considerably improved. In [62], the density-of-states, effective
masses, and the deformation potentials are correctly reproduced. Finally, in [121],
the usefulness of nearest-neighbor sp3d®s* tight-binding model is further extended
by including treatment of local strain in nanoscale devices such as quantum well or
heterostructure.

The tight-binding Hamiltonian can be written with or without treating spin-orbit
(SO) coupling. When SO coupling is treated, the Hamiltonian size doubles. SO cou-
pling introduces coupling elements between opposite spin orbitals on the same atomic

site. Therefore, it does not include any matrix elements in the overlap energy bloc
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of the Hamiltonian. The diagonal on-site energy blocs receives off-diagonal elements
when SO coupling is treated. An excellent overview of the general treatment of SO
coupling in cubic semiconoductors is presented by Dresselhaus in [122]. Treating SO
coupling within the tight-binding context is elaborated in Appendix C.3 (page 160).
SO coupling affects valence band only and when it is not accounted for, the heavy
hole, light hole and split-off hole bands become degenerate at I" point of the Brillouin
zone. SO coupling removes the degeneracy of the split-off band. Such splitting off is

large for Ge and GaAs, however, is small for Si valence bands.

5.3 The 3-D Tight-binding Hamiltonian in spds* Basis

The tigh-binding Hamiltonian in a sp3d®s* basis and without spin-orbit coupling

can be written as,
| g | -
[Hea]  [Heel
In {s,p,d, s*} bais, each of the blocs are 10x10 matrices. In absence of SO coupling,
the diagonal blocs, [H,,] and [H.], contain only the diagonal elements, which are
the on-site orbial energies for anion and cation respectively. The off-diagonal overlap

energy blocs, [Hg.| or [H,,), however, are full matrices. The structures of the matrices

are discussed in details in Appendix C.1 on page 146.

5.4 The Treatment of Strain

Boykin et al. presented a highly accurate parametric model to treat local strain
in semi-empirical tight-binding formalism in [121]. In this model, modifications of
the Hamiltonian matrix elements due to the displacements of the atoms from their
equilibrium unstrained positions, is described. Strain not only affects the overlap
matrix elements of the orbitals, but also changes the on-site energies of the orbitals.

Treating the modulation of overlap matrix elements is rather straightforward.

In strained materials, the relative positions of the neighboring atoms are different
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from their equilibrium values where both the bond-angle and bond-length between
nearest neighbors has changed. For a relaxed crystal, the directional cosines for the

anion-to-cation bond orientation are equal and

1 1 1
l:— m = — n =

For a strained material they are no longer equal and must be calculated from the
deformed crystal structure. These new directional cosines automatically incorporate
the modification of overlap matrix elements due to change in bond angle. The
modification of the Slater-Koster two-center-integrals due to change in bond length
is treated according to ;
= (%) v 52
In (5.2), d and dy represent the strained and unstrained bond lengths and, o €
{o, 7,0} is the bond type. Primed and unprimed matrix elements, V'; ;.o and V;_;.a,
denote the strained and unstrained values, respectively. The parameter, 7, is differ-
ent for different types of bondings and the value is within the range of 1 to 4 [121].
Equation 5.2 is the generalization of Harrison’s scaling law, which has similar ex-
pression but with n = 2 [123].
Treating the modulation in on-site energy due to strain is not straightforward.
In [121], the expression for diagonal parameter shift is derived, and the diagonal

parameter for strained material becomes

Visniaw = V68060
Eio=EFEi.+ C.8) (i0) — el (5.3)
2| Ey5 T B

Equation (5.3) describes the relationship between the strained (primed) and un-
strained (unprimed) on-site energies. The strained on-site energy for a given orbital,
a, at the lattice point, 7, now depends on its unstrained value, E; ,, the unstrained
on-site energies, I3, of all orbitals, 3, of all of its nearest-neighbors, j, and the
unstrained and strained overlap matrix elements, V{; g) (i) and V'(; 3) .y, With all

the neighboring orbitals.
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5.5 Application to Finite Dimensional Systems

In Sec. 5.3, the tight-binding Hamiltonian for bulk material is presented. Here we
will briefly review its application to the ultra-thin-body devices. In Refs. [120,124],
some numerical details of writing the tight-binding Hamiltonian in finite dimensional
system is shown. In [124], Stgvneng and Lipavsky presented a inverse Fourier trans-
form method to decompose the interaction matrices between the different atomic
layers along the growth direction. For the (001) wafers, the UTB structure can
be constructed by alternaively stacking anion and cation type atomic layers. The

Hamiltonian for this becomes,

[Haa]  [Vacl
Vael ' [Hee] (U]’
Hrp (kg ky) = [Uae]  [Haa]  [Vael : (5.4)

where the overlap blocs, [V, and [U,.], are functions of the in-plane wavevector

EH.The detailed structure of the matrix is discussed in Appendix C.4 on page 164.

5.6 Summary

In this research, we have used a nearest-neighbor sp3d®s* tight-binding model,
with spin-orbit (SO) coupling, for treating nanoscale CMOS devices with strained /unstrained
Si, Ge, GaAs and InAs as novel channel material. The applications of this model

are presented in Ch. 6 and Ch. 7.
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6. APPLICATION OF TIGHT-BINDING APPROACH TO
UTB DG MOSFETS

In Ch. 5, a semi-empirical tight-binding approach was introduced and its potential to
offer an improved understanding of the nanoscale device operation was discussed. In
this chapter we present specific applications of a 20 orbital sp?d®s*-SO tight-binding
approach to UTB DG nanoscale CMOS devices. We assume ballistic transport and
use the top-of-the-barrier transport model introduced in Ch. 4.

This chapter is organized as follows. First, the calculation of the bandstructure
in UTB MOSFETS is briefly described in Sec. 6.1. Then in Sec. 6.2, we discuss the
validity of using the parabolic £ (E) relationship in UTB DG Ge n-MOSFETSs and
will show that below 4 nm body thicknesses, the use of parabolic £ (E) may introduce
serious error. Also in this section, the effects of relative orientation of uniaxial strain
and quantum confinement axes in UTB Si p-MOSFETs is discussed [75]. Finally, in
Sec. 6.3, we explore novel channel materials for nanoscale MOSFETSs by comparing
the ballistic performances of UTB DG Si, Ge, GaAs and InAs MOSFETs. Here we
will see that very high injection velocities of III-V materials does not always ensure
high on-current, since such high velocity also degrades density-of-states which, in

turn, lowers the gate capacitance [76].

6.1 Overall Simulation Approach: Tight-binding without Band Bending

This chapter presents results for UTB DG devices where the body is thin enough
to ignore the electrostatic potential variation along the body thickness direction. We
call this non-self-consistent application of tight-binding model. In Fig. 6.1 the band-

structure is schematically presented. For the ultra-thin-body, we first calculate the
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Fig. 6.1. Tight-binding simulation approach without treating self-
consistent electrostatics. For an UTB MOSFET, the band bending
along the thickness direction due to electrostatic potential is negli-
gible. As a result, a constant potential can be assumed to calculate
the 2-D bandstructure.

bandstructure over the entire 2-D Brillouin zone assuming zero externally applied
electrostatic potential for all atomic layers. The gate electrostatics is then included
by solving the Poisson equation at the top-of-the-barrier, as described in Ch. 4. The
self-consistent potential at this point along the channel raises or lowers the band-
structure, but does not affect the band bending inside the body, hence bandstructure
is not changed.

In Fig. 6.2 the band profile in UTB device along thickness is schematically
presented. For body thickness less than 3—4nm, the subbands are formed high enough
and the negligible band bending does not affect the bandstructure.
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Fig. 6.2. The band profile in an UTB DG MOSFET. For thin bod-
ies, the top and bottom gate insulators offer the carrier confinement
in the channel. Electrostatic potential has negligible effect on band-
structure.

6.2 Application: On the Validity of Parabolic E(E) in Nanoscale Ge n-
FETs and Effects of Strain Orientation in Si p-FETSs

New device geometries, ultra-thin bodies, new channel materials, and the use
of strain engineering are being explored to address the device design challenges of
the ITRS [6,7]. Strained channels have been shown to be effective for improving
the transport properties of bulk silicon MOSFETs [18-22]. New channel materials
and device structures, such as pure germanium channels, ultra-thin-bodies (UTB),
dual-gate, tri-gate, and FinFET structures, are also being studied. Assessing perfor-
mances of such devices by physics-based quantitative simulation is a challenge as the
use of the traditional effective mass (EM) approach becomes questionable. Although
carrier transport depends on both bandstructure (effective mass) and scattering, in
this work we neglect scattering because our objective is to understand the role that
bandstructure plays. It is important to understand how atomistic effects, quanti-
zation, and strain influence the extremely scaled ballistic novel devices, and this
section presents and atomistic approach to address the questions. The results show

that bandstructure effects play an important role in nanoscale MOSFETs.
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Fig. 6.3. The UTB DG MOSFET structure fabricated on (100) wafer
and the underlying atomic arrangement. The body is organized as
atomic layers (right). The TB modeling of cubic semiconductors
as two inter penetrating FCC lattice classifies the atoms according
to their positions-lattice atom (black) and basis atom (white). For
elemental semiconductors, both types are the same atom.

6.2.1 Approach

Figure 6.3 sketches the UTB-DG device structure and the underlying atomic
arrangement. The translational symmetry of the crystal is broken along the channel
thickness direction and therefore, the bulk TB Hamiltonian is discretized along this
direction (Appendix C.4 on page 164). The channel is organized as N, layers of
atoms, each atom is modeled using 10 orbitals per atom per spin — totaling 20 orbitals
per atom [125]. These atom-like localized orbitals have s, p, and d type symmetries,
respectively, and the model is known as sp®d®s*. Each layer contributes a 20 x 20
block in the block tri-diagonal thin film Hamiltonian. The resulting 20N, x 20N,
Hamiltonian is solved by sparse matrix technique to find the bandstructure. This
atomistic approach allows device simulation with acceptable computational burden.
A zero boundary condition for the wavefunction is used at the top and bottom
semiconductor-oxide interface. The dangling bonds at these interfaces are pacified

using a hydrogen termination model of the sp® hybridized interface atoms. This
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Fig. 6.4. The semi-numerical ballistic model for arbitrary bandstruc-
tures. (a) The states at the top-of-the-barrier are classified in two
groups according to the direction of their velocity—towards drain or
towards source. The velocity is calculated from tabulated 2D band-
structure, and the carrier groups are in equilibrium with the source
or drain Fermi level, respectively. (b) The equivalent circuit for mod-
eling 2D electrostatics such as DIBL and output conductance.

technique, introduced in [126] and elaborated in Appendix C.5 on page 169 of this
thesis, successfully removes all the interface states from the bands gap.

Figure 6.4 summarizes the top-of-the-barrier ballistic transport model used in
here to assess the ballistic performance of the nanoscale devices. This model is a
generalization of the analytical model introduced in Chapter 4 [74]. The states at
the top of the barrier are divided into two groups according to their group velocities
and two fluxes of carriers are found, source injected and drain injected. For each
gate and drain bias, the Poisson’s equation is solved at the top of the source-channel
barrier to get a self-consistent potential. The equivalent circuit model to treat 2D
electrostatics is also shown.

The bulk conduction band (CB) of germanium, near and away from conduction
band edge, is shown in Fig. 6.5. The near CB edge constant energy surface is shown
in Fig. 6.5a, where it can be observed that the lowest valleys of Ge conduction band
are L type-ellipsoids of revolution around eight equivalent A = [111] directions. Half
of teach ellipsoid is within the first Brillouin zone. In addition to this, in the Ge
CB there are spherical I' valley and six silicon like X valleys along A, all within 250
meV from the L-valley edge. In Fig 6.5b, 300 meV above the CB edge, all valleys
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(a)

Fig. 6.5. Tight binding simulations of the constant energy sur-
faces of bulk Ge: (a) near CB edge, AE-=100meV and (b) away
AFE-=300meV.
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Fig. 6.6. Tight binding (solid) density-of-states of a 16 nm (113
atomic layers) thick Ge (100) channel compared with the results from
EM approach (L-valley). At this thick body limit, Ge bandstructure
near the band edge is well described by parabolic E — k. Inset:

Conduction subband E(k). Here, the L valley subbands form the
lowest ladder of subbands at the band edge (as in bulk Ge).

are visible. Due to close proximity of these band edges and the difference in their
curvatures (effective mass) along the quantum confinement directions, the valley en-

ergies re-order when quantization forms subbands in ultra-thin-body devices. Thus,
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Fig. 6.7. Ballistic Ip — Vi for tight-binding and effective mass band-
structures of Fig. 6.6 at Vp = Vpp = 0.4V. Transport along [100] is
considered. Neither threshold voltage shift, nor density-of-states is
an issue at this body thickness and the two curves practically lie on
top of each other.

below a certain body thickness, X-valleys become lower than L valleys [127]. This

dramatically changes the transport properties of the thin channel devices.

6.2.2 Results and Discussions

Using the tight-binding bandstructure and ballistic transport models described
above, the performance of unstrained germanium n-MOSFETSs are first compared
with the effective-mass (parabolic E-k) results. Then the effect of strain orientation
with respect to channel thickness direction is explored in an UTB strained silicon
p-MOSFET.

Unstrained Ge n-MOSFETs
Figures 6.6 and 6.7 explore bandstructure and ballistic characteristics of a (100) Ge
film in the thick body limit, 113 atomic layers (approximately 16nm). In Fig. 6.6,
as a result of the finite body thickness, the CB conduction band splits into subbands
with the L valleys forming the lowest subband ladder (inset). The L-point in the
2D Brillouin one is actually the projection of the 3D L-point on the k, — k, plane.
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Fig. 6.8. The 2D density of states and subband F — k from TB
and EM calculations for a 4nm (30 atomic layers) body. The non-
parabolicity in L valley subbands is apparent here, manifested as a
disagreement in the band edge position between the two approaches.
The lowest subbands are still from L type valleys but the projection
of two of the X valleys at I' forms nearby subbands.

Similarly, at the I' point, both the 3D I' point and the projection of the A line along
k. on the k, —k, plane are located. As a result, the subbands at I" can be either from
bulk T" valleys or from the X valleys with major axis along k.. The 2D density-of-
states (DOS) plot shows that the tight-binding and effective mass (always treating
only lowest L valleys) approaches agree well in predicting both the DOS at band
edge and the lowest subband energies. At this thick body limit, Ge bandstructure is
approximately described by the EM approach in an energy range of 120 meV above
the band edge. For energies below 1.62e¢V, both the position of the band edge and
the 2-D DOS agree. Although, the TB DOS includes the effects of higher subbands
from higher valleys at I' and X, the ballistic Ip — Vg at Vp = Vpp in Fig. 6.7 shows
that they don’s participate in transport, and the I-Vs from effective mass and tight-
binding are essentially identical. At this body thickness limit conduction subbands
are closely separated in energy and six subbands were used in these [-V calculation.

In Figs. 6.8 and 6.9, similar characteristics were investigated for a 4nm (30 atomic

layers) body. In Fig. 6.8, the effects of non-parabolicity in L valleys, which still form



85

VD=VDD=0.4V

I~
o
(@]
(=
Current, ID, [LA/m]

> AVy=55meV

. g 0T 0z 03
2000 Gate bias, Vg, [V]

0.4

Current, ID, [WA/um]

..--"—— Tight-binding

e gEn Effective mass

0 0.1 0.2 0.3 0.4
Gate bias, Vi, [V]

Fig. 6.9. The ballistic Ip — Vi for a 4nm Ge (100) MOSFET at
Vp = Vpp=0.4V. For this moderately thin body, the shift of Vi
becomes the prime issue. The Vr from the EM approach is higher
and the corresponding Ipy is underestimated by about 25%.

the lowest subband ladder, are visible. At this body thickness, the effective mass
and tight-binding subband energies do not agree, which is manifested in the Ip — Vg
at Vp = Vpp plots (Fig. 6.9) as a threshold voltage, Vr, shift. The result is a 25%
underestimation of Ipy from the effective mass approach. The key limitation for the
effective mass approach at this body thickness range is the non-parabolicity of the L
valleys. The 2D DOS, calculated from these two approaches agree at their respective
subband band edges, therefore, if Vi is adjusted by correct amount, their I-Vs will
coincide.

The case of extreme scaling of body thickness is presented in Fig. 6.10. Here,
for a 2nm (12 atomic layers) thick body, the scenario changes completely from the
previous cases. The inset F — k from tight-binding approach reveals that the two
X type conduction band valleys, with major axes along [001] forms the 2-fold de-
generate lowest subband at I'. This is similar to the unprimed subband ladder in Si
(100) wafers. Additionally, due to strong non-parabolicity in L valleys, their four-
fold degenerate subbands remain close to the lowest X, valley subbands, and the

lowest subband practically become 6-fold degenerate. The effective mass approach
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Fig. 6.10. Bandstructure and 2D DOS for a 2nm (12 atomic layer)
Ge (100) body. L valleys are strongly affected by non-parabolicity.
The lowest subband at I' stems from the two longitudinal X valleys
along Z. The fourfold degenerate L subbands are very close to the
X subband edge-all six subbands effectively participate in transport.
The EM approach does not capture such effects.
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Fig. 6.11. The ballistic Ip—V for a 2nm Ge n-MOSFET compared at
Vp =0.4V. The large mismatch of the EM subband energies from the
TB results is compensated by adjusting the gate work function, and
both have the same V7 (inset). Compared to TB, the EM approach
overestimates Ipy by about 15%.

is unable to treat the L-valley non-parabolicity and predicts very high subbands
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from them. A large band edge disagreement (0.57 V) between these two approaches
is visible, as well as a disagreement between the values of 2D DOS at the respec-
tive band edges. The huge band edge disagreement between the effective mass and
tight-binding approaches necessitates Vr adjustment, otherwise comparison of their
ballistic characteristics is meaningless. In Fig. 6.11, the Ip — Vgs are compared
after adjusting the gate work function to account for this V; difference, and the
characteristics show a 15% overestimation of Ipy is predicted by the effective mass
approach.

Strained St p-MOSFETs

Strain alters the position of the atoms in a crystal and in a tight-binding model,
both the overlap energies between orbitals sitting on neighboring atoms and the on-
site orbital energies are altered because of this. The relevant theory to treat strain in
semi-empirical tight-binding approach, and its application to III-V semiconductors
are presented in [121] and [66]. In this work we have used the same formalism to
treat strain in ultra-thin-body Si p-MOSFETs.

It has already been observed experimentally that relative orientation of compres-
sive strain with respective to the gate electric field has a profound effect on the hole
transport properties in planar Si MOSFETS, especially at high gate bias [18-22]. Tt
has been pointed out in [21] that hole mobility enhancement in substrate induced
biaxially strained Si MOSFETsS is present only at low gate field and disappears com-
pletely at high gate bias. However, if process induced compressive strain is applied
uniaxially along channel direction, then the hole mobility enhancement, over un-
strained devices, continues to be present both at high and low gate biases. The
main difference between these two kind of strained devices is — in the first case,
compressive strain axis and the gate field are aligned, while in the second case they
are normal to each other. Gate field causes quantum confinement of carriers along
the thickness direction and in these two device geometries, relative orientations of

strain and quantum confinement are different. Since both strain and quantum con-
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Fig. 6.12. Two strained Si p-MOSFET geometries compared in this
work-SiGe substrate and SiGe source/drain devices. For the SiGe
substrate device, compressive strain is along quantum confinement
direction of inversion layer holes, while in the SiGe S/D device it is
along transport.

finement substantially change the bandstructure, their combined effect on valence
bandstructure must be treated to explain such mobility behavior in Si p-MOSFETsS.

Figure 6.12 sketches the two different strained p-MOSFET geometries compared
in this work. They mimic the two strained devices described above. In both cases,
relaxed SiGe induces strain in the pseudomorphic Si channel. Lattice mismatch
between SiGe and Si causes biaxial tensile strain (e > 0) in Si channel, parallel to
the SiGe-Si interface, and compressive strain (¢ < 0) normal to the interface. The
holes are quantum mechanically confined along thickness direction, Z, and we find
that in these two geometries, the relative orientation of the uniaxial compressive
strain and confinement direction are different.

The combined effect of strain and quantum confinement on the Si valence sub-
bands is presented in Fig. 6.13. In bulk Si, quantum confinement is absent and
biaxial tensile strain removes the degeneracy of heavy hole (HH)-light hole (LH)
band at I'. As a result, the LH band with better transport properties rise in energy
and is primarily populated by holes. In Fig. 6.13 we observe that such strain ad-
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Fig. 6.13. TB simulations of strain effects in quantized valence sub-
bands of Si. Thickness of Si-(001) channel is 24 atomic layers ( 3.5
nm). Strain inducing SiGe regions contain 25% Ge. Left: In SiGe
substrate device, top hole subband in Si is HH type (small curva-
ture). Right: Top hole subbands of Si in SiGe S/D device is LH
type (large curvature). In presence of strong quantum confinement,
a clear bandstructure advantage of SiGe S/D device is visible.

vantage is nullified by quantum effects in silicon-on-SiGe devices (left), and the top
subband again becomes HH like, resulting in poor transport properties. However,
for the strained Si channel in SiGe-S/D devices (right), the top subband remains LH
like (large curvature) even at strong quantum confinement. In Fig. 6.14, the ballis-
tic I-V of such devices reflects this bandstructure advantage, and we find the SiGe
S/D devices offers 25% more Ipy compared to its counterpart. In order to perform
a valid comparison, the same Ippp is obtained in both devices by adjusting their
respective gate work-functions (inset). The results clearly highlight the importance

of bandstructure effects in ballistic p-MOSFETSs.

6.2.3 Summary and Conclusion

In this subsection, the key bandstructure related issues in the operation of ballistic

nanoscale CMOS have been investigated. We have gone beyond the effective mass
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Fig. 6.14. Ballistic Ip — Vi for strained Si p-MOSFETs: SiGe-
substrate vs. SiGe-S/D devices. A bandstructure advantages in the
SiGe S/D device is clearly visible-a 25% higher Iy than its coun-
terpart at the ballistic limit.

approach (parabolic E — k) by using an atomistic model, the sp3d°s* semi-empirical
tight-binding model with spin-orbit coupling. The electronic subband structure,
2-D DOS, and ballistic device operation of UTB-DG Ge (100) n-MOSFETSs have
been studied using these two approaches with 16, 4, and 2 nm body thickness,
respectively. The results show that below 4nm body thickness, the tight-binding
approach captures non-parabolicity and multi-band transport phenomenon in Ge
correctly. These effects are, however, missed by the effective mass approach. For
the extremely thin bodies ( 2nm), the lowest subbands in Ge are of a very different
nature than the results from the results of parabolic £ — k approach; therefore, the
scattering dominated transport properties are going to be completely different from
those in bulk materials. Finally, a study of the effects of strain vs. quantization
orientations in p-MOSFETSs show that when strong quantization is present, there is
a clear bandstructure advantage in UTB devices where uniaxial compressive strain

is applied along the transport direction, compared to the device under biaxial strain.
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6.3 Application: Comparing Si, Ge, GaAs and InAs as Nanoscale CMOS
Channel Materials

Novel materials such as pure Ge or III-V semiconductors (e.g. GaAs or InAs)
has raised considerable interest for their possible use in nanoscale CMOS devices as
alternative channel material. Their improved transport properties, along with the
use of new device designs are expected to enhance the performance of end of ITRS
CMOS devices. Novel process techniques, such as ALD, high-x dielectrics, and metal
gates are now being used explore I1I-V MOSFETs [43]. New materials in the channel
promise reduced series resistance and higher on-currents. The theoretical assessment
of such devices, however, is a challenge because bandstructure, quantum effects and
electrostatics must all be treated. In this subsection, a systematic analysis of the
bandstructure effects in deeply scaled n- and p- MOSFETSs with Si, Ge, GaAs and
InAs channel is performed. A sp?d®s*-SO tight-binding (TB) model and a top-of-
the-barrier ballistic transport model have revealed important trends in deeply scaled

novel channel material devices.

urce Channel Dr
I

Fig. 6.15. UTB DG MOSFET as model device and the underly-
ing atomic structure. A 20 orbital sp3d°s*-SO TB model is used to
calculate the 2D subband dispersions for Si, Ge, GaAs and InAs.
Bandstructure is calculated assuming translation symmetry along
transport and width directions; however, along thickness direction
the body is resolved atomistically.
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Fig. 6.16. Formation of 2D Brillouin zone. The shaded square in right
is the 2D BZ. The bandstructure is calculated over LI'X triangle and
using symmetry, the entire 2D BZ is filled [67].

6.3.1 Approach

The model device, an ultra-thin-body (UTB), symmetrical, dual gate (DG) MOS-
FET, is shown in Fig. 6.15. Here the shaded and open spheres represent atoms from
two (anion or cation) inter-penetrating FCC lattices of the diamond or zinc-blend
crystals, respectively. Two dimensional bandstructures for the channel materials
were calculated using a 20 orbital sp3d®s*-SO semi-empirical tight-binding model.
The tight-binding input parameters are the orbital on-site energies and the overlap
energies of nearest neighbors. The parameter sets for each material, Si, Ge, GaAs,
and InAs, is optimized to give accurate bandgaps and effective masses simultaneously
for the conduction (CB) and valence bands (VB) [121,125].

While calculating 2-D bandstructure, crystalline translational symmetry is as-
sumed along transport, [100], and width, [010], directions. Due to ultra-thin-body
nature of the device, along the thickness direction, [001], periodicity is broken and
the body is treated as discrete atomic layers. As elaborated in Appendix C.4 in
page 164, the tight-binding Hamiltonian of a Nz mono atomic layers (AL) thick
body is represented by a 20Nz x 20N, hermitian matrix for each k point in the 2D
Brillouin zone (BZ) (Fig. 6.16). The size of this sparse matrix may be huge, from
which few eigenvalues near the bandgap are obtained using a sparse matrix tech-

nique. Hard-wall boundary condition for wavefunction is assumed at the top and
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Fig. 6.17. The semi-numerical quasi-2D top-of-the-barrier ballistic
transport model.

bottom interfaces, which results in discrete subbands due to energy quantization
along thickness direction.

Figure 6.16 describes the formation and shape of 2-D Brillouin zone in the k-
space. We know that reciprocal lattice for real space FCC lattice has BCC type
symmetry. In order to obtain the 3-D BZ we need to draw the Wigner-Seitz cell for
this BCC reciprocal lattice. Since diamond or zinc-blend crystal structure consists of
two inter-penetrating real space FCC lattices, formation of their 3-D BZ follows the
same process, and in Fig. 6.16 shape of such zones in k-space is shown (left). Now to
find 2-D BZ in presence of quantum confinement of 3D crystal along [001], we first,
project the reciprocal BCC lattice on (001) plane, and then draw the Wigner-Seitz
cell on this 2-D plane.

We thus obtain the shaded square on right side, which is the 2-D BZ for all
cubic semiconductors. Here, The L point is the projection of 3D L point on &k, — &,
plane. The A line along k. is projected at the center, I" point. As a result, the X,
conduction band valleys form the unprimed subbands at 2D I' point. Due to zone
folding, the 2D BZ is smaller in area than the octagonal shape (dotted) obtained by
slicing 3D BZ at k, = 0. The bandstructure is calculated over LI'X triangle and
symmetry is used to fill the entire 2D BZ.

Abrupt termination of crystal symmetry at top and bottom semiconductor-

insulator interfaces leaves unsatisfied dangling bonds. These bonds generates lo-
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Fig. 6.18. UTB (19 AL, ~ 2.75nm) (001) Si (top) and Ge (bottom)
VB and CB subband dispersions.

calized interface states causing charge trapping. These interface states are removed
using a technique similar to hydrogen passivation of Si-SiO interfaces [126].

The 2-D bandstructure thus obtained were used to calculate the ballistic I-V using
the semi-numerical, top-of-the-barrier transport model shown in Fig. 6.17 [74]. This
model treats ballistic transport semiclassically by filling the k-states at top of the
source-channel barrier. Carriers are grouped in two fluxes, Fis and Fp, which are
in equilibrium with source and drain Fermi levels, Erg and Epp, respectively. Flg
and Fp are calculated by populating the positive and negative velocity states in 2D
k-space according to Erg and Erp and weighting them with velocity at each point.
The model can treat arbitrary bandstructures. Their difference is the net current.
Self-consistent potential at beginning of channel obtained by solving Poisson equation

and the 2D electrostatics treated using the circuit model shown right.
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Fig. 6.19. UTB (19 atomic monolayers, ~ 2.9nm) (001) subband
E — k for ITI-V materials. Top: GaAs, Bottom: InAs.

6.3.2 Results and Discussion

The ITRS 2004 specifications for the 2016 MOSFET are: physical gate length,
Le = 9nm, equivalent oxide thickness (EOT) tox = 0.5nm, off-current, Ippp =
0.5 A/pum and supply voltage, Vpp = 0.8V (0.6V used here considering series resis-
tance drop). Using the full 2D ballistic simulator nanoMOS 2.5, a Lg = 9nm UTB
DG silicon device is first simulated and the optimum body thickness of 3nm ( 19
AL) is determined. From the full 2D Si I-Vs, the circuit model parameter are then
extracted and used in the quasi-2D model of Fig. 6.17 to treat the 2D electrostatics.

The 2-D conduction and valence subband dispersions for 19 atomic layer thick
Si and Ge bodies are presented in Fig. 6.18. Here, strong quantum confinement
increases their effective bandgaps (energy difference between lowest conduction sub-
band edge and highest valence subband edge) to 1.3 and 1.04eV, respectively. For Si
conduction band, the 2-fold degenerate X, valleys form the unprimed ladder at T'.
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Fig. 6.20. Ballistic Ip — Vp at Vo = Vpp =0.6V for 19 AL DG
p- and n-MOSFETS; calculated using the 2D TB bandstructures for
various channel materials (Figs. 6.18, 6.19). The reason for the poor
performance of III-V MOSFETSs is their very low CB DOS, which
the degrades their gate capacitance C¢ and lowers Q-

In Ge conduction band, the lowest subbands are the projected 4-fold degenerate L
valleys. In addition to these L valleys, 2-fold degenerate X5 valleys at I' are only 75
meV higher and therefore, Ge conduction band at this body thickness range is effec-
tively 6-fold degenerate. High density-of-states in Ge conduction band is attractive
since it increases the semiconductor capacitance.

Similar dispersions for 19 AL GaAs and InAs are presented in Fig. 6.19. Here,
quantum confinement increases the effective bandgaps for GaAs (top) and InAs
(bottom) to 1.72 and 0.78eV, respectively. Conduction subband for both are from
singly degenerate I' valleys. Additionally, for GaAs the 4-fold degenerate higher L
valleys are just 200 meV away. Although, the small transport m* in I1I-V materials is
desirable for high v;,;, their low DOS m* has the adverse effect of degraded quantum
capacitance effect in deeply scaled MOSFETs.

Figure 6.20 compares the ballistic Ip — Vp for p-and n-MOSFETs at |Vg| =
0.6V using the 2-D tight-binding bandstructures for various channel materials in
Figs. 6.18 and 6.19. The EOT is 0.5nm and for all devices, and Ippr is adjusted to
0.5 pA/p m by varying gate work functions. For both n- and p- devices Ge offers

maximum ballistic Iony. While GaAs and InAs n-channels offers very high room
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Fig. 6.21. Injection velocity, vi,;, vs. Vi plots for UTB (19 AL) n-
and p- MOSFETs at Vp = Vpp = 0.6V. Holes have nearly same vy,
but electron vy,; vary widely.
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Fig. 6.22. Carrier density, Qp, vs. Vi plots for UTB (19 AL) n-
and p- MOSFETs at Vp = Vpp =0.6V.

temperature mobility, neither of them offer improved ballistic performance over Si
or Ge. The explanation is offered in next paragraph using the injection velocity,
ving, and carrier density, Qop, vs. Vi plots in Figs. 6.21 and 6.22. Because p- type
devices behave nearly the same for all materials, we will focus on the n- devices.
First recall that current is the product of Q¢ and v;,;. In Fig. 6.21, at low
Ve the carriers are non-degenerate and v;,; is flat. At high Vi, v,; increases due

to degenerate carrier statistics. Electron wv;,; is very high for III-V materials due to
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Fig. 6.23. CB subband E — k’s for 100 AL bodies on (001) wafers.
The lowest subband edges coincide with the bulk band edges since
the quantum confinement is negligible.

low CB m*. In this figure, InAs displays a very high v;,;, as expected, however, its
Qiop in Fig. 6.22 is drastically reduced. This happens because the very small CB
DOS lowers the overall gate capacitance C¢. Similarly, @y, for GaAs displays some
reduction due to the low DOS; however, additional degradation of v;,; at high Vg,
due to carrier filling higher slow velocity L valley subbands, is the main reason for
its overall poor ballistic performance. GaAs v;y; starts to fall from Vi 0.4V due to
carriers populating higher energy, yet low velocity L valleys. Similarly, Si v;,; starts
to flatten due to populating higher X, valleys. Finally, although Ge has the smallest
Vinj, it is the overall winner because of very high Q.

The importance of maintaining high density-of-states for deeply scaled EOT
(0.5nm) is apparent in Fig. 6.22. Valence band DOS are nearly same for all mate-
rials, so are Q-V for holes. However, CB DOS can vary widely and the associated
Cq (= slope of Q-V plots) also varies over a wide range. For III-V n-channels, CB

DOS are very small and as a result, they display strongly degraded C'g. Higher L
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Fig. 6.24. Ip —Vp at Vg = 0.6V for thick body (100 AL) (001)/[100]
DG n-MOSFET: for two different EOTs, (a) Inm and (b) 0.5nm. For
thicker oxide (a), the degradation of C¢ in III-V devices is minimal
and they offer the highest Ioy. For thin EOT (b), C¢ for III-V
degrade and the Ge channel offers maximum Iy .

valleys in GaAs begin to populate at Vi 0.4V and C¢ increases due to this increase
in DOS. Finally, Ge, although have lowest v;,;, offers maximum ballistic Jox due to
high Cg.

In chapter 4, the concept of semiconductor capacitance, Cg, (also known as
quantum capacitance, Cg) was introduced. This capacitance is a function of the
density-of-states of the carriers in a device. Since this capacitance appears in series
with the gate insulator capacitance, Cpyx, the overall gate capacitance, Cg, which
is the series combination of Cpx and Cj, is always smaller than Cpx. In order to
further explore the relationship between Cpox, Cg, and ballistic Iy, we simulate n-
MOSFETs with different combinations of Cox and Cg. Smaller Cpx can be obtained
by increasing the EOT. In order to increase Cg, we use thicker bodies, where due
to negligible quantum confinement effects the subbands are closely spaced in energy
and therefore, higher Cg results. The calculated 2-D conduction subband E-k’s for
100 AL thick Si, Ge, GaAs and InAs bodies are presented in Fig. 6.23. Body
thicknesses in nm are 13.7 (Si), 14.3 (Ge and GaAs) and, 15.3 (InAs). Quantum
confinement effects are minimal here, therefore, subbands are closely spaced in energy

and multiple subbands can be populated at high V;. Thus, degradation of Cs due
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Fig. 6.25. Injection velocity, v;nj, vs. Vi characteristics at Vp =
0.6V for thick body (100 AL) DG n-MOSFETSs with two EOTs, (a)
Inm and (b) 0.5nm. III-V channel materials are clear winner due to
their low CB m* along transport. In (a) such enhancement in v;,;
offsets the degradation of Cg and in Fig. 6.24(a) III-V materials
offer maximum Ipy. In (b), however, enhanced v;,; cannot offset
degradation of C and Ge offers maximum /lpy. In (a) and (b), at
low Vi, vin; is for non degenerate carriers, which increases at high
Vi due to degenerate carriers following Fermi-Dirac distribution. In
(b), vin; for GaAs drops at high Vi due to occupation of higher L
subbands.

to smaller DOS becomes less severe. Si band edge is 6-fold degenerate X type and
Ge band edge is 4-fold degenerate L type. For both ITI-Vs they are singly degenerate
I type.

The ballistic I-V calculations for these thick body devices were computed for two
different EOTSs, 1.0nm and 0.5 nm. In contrast to the I-V results for the 3nm (19 AL)
bodies (Fig. 6.20), now Fig. 6.24a shows that among 14nm thick devices, ballistic
Ion for III-V devices (GaAs and InAs) exceeds Si and Ge performances. However,
in Fig. 6.24b, when a thinner EOT (0.5nm) was used for the same thick body, I1I-V
devices fall back, and Ge device offered maximum [Ioy. For fair comparison, Ipppr =
0.5 ¢ A/ u m obtained in all devices by tuning gate work function. Thick Si always
compares worst due to carriers occupying the low velocity 4-fold degenerate primed

(X4) subband ladder. For thick bodies, due to multiple subband occupation, the
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Fig. 6.26. Carrier density Q¢ vs. Vi at Vp = 0.6V for thick body
(100 AL) DG n-MOSFETs with two EOTs, (a) Inm and (b) 0.5
nm. Current, Ip, is the product of Qy,, and v;y;, and here, Q) is
presented. Although threshold voltage, Vr, is adjusted for all devices
to obtain same Ipppr, Cg is different for different channel materials
with same EOT. (g is the series combination of Cpx and Cg, where
Cg depends on DOS at band edge. Low CB DOS in III-V materials
always results in lower C's and so have degraded C'¢. Doubling Cox
does not double @y, due to series Cs.

semiconductor capacitance, Cg, is higher than that of thin bodies. This Cy is in
series with Cox, therefore, although Cpx for 6.24b is double of that in 6.24a, Ipy
is less than twice. These results show that maintaining a high value of the ratio
Cs/Cox is crucial to maximize IoN.

Figures 6.25 and 6.26 present the v;,; and Qyp vs. Vi plots for 100 AL devices.
For Inm EOT, the degradation of ()4, in III-V devices is offset by the enhancement
of vj,;. For 0.5nm EOT, however, the degradation of @, is too severe and the
ITI-V material currents do not increase as expected. These results can be explained
as follows: the semiconductor capacitance, C's (also known as quantum capacitance,
Co) is a function of the 2D DOS. The 2D DOS depends on number of subbands
occupied, number of valleys participating, and the DOS of each such subband. The
gate capacitance Cg, which determines (), is the series combination of insulator
capacitance, Cox (function of EOT), and Cs. When Cpx << Cg (thick EOT and

thick body) effects of C's are minimal on C¢, therefore, v;,; determines the ballistic
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Ion. However, if Cox > Cs (thin EOT and thin body), the degradation of Cg due
to Cy is severe and consequently Ioy suffers. Finally, thick body Si always compares

poorly because of carriers populating the X, valleys, two of which have very low vy, ;.

6.3.3 Summary and Conclusion

Bandstructure plays a crucial role in the ballistic performance of novel channel
material MOSFETs. The 2D DOS and v;,,; are the most important quantities de-
termined by bandstructure. A low DOS degrades C's, which lowers C'¢ and hence,
reduces @)y, for the same gate overdrive. The degradation due to DOS becomes
more severe as EOT becomes thinner. Such degradation is often associated with an
enhancement in v;,;, however, only when both the body and EOT are thick enough,
can an enhanced v;,; offsets the reduction of C¢ and increases ballistic Ion. As a
result, II1-V devices offer maximum ballistic /oy for a thick body and thick EOT.
For deeply scaled DG FETSs, however, a Ge channel is found to be the best choice

in the ballistic limit.
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7. APPLICATION OF TIGHT-BINDING APPROACH
WITH SELF-CONSISTENT ELECTROSTATICS

In chapter 6, band bending along the thickness direction due to electrostatic potential
was ignored while treating the ultra-thin-body (UTB) dual-gate (DG) MOSFETSs.
Such band bending is negligible when the body thickness is scaled below 3-4 nm,
and can be safely ignored. For thicker bodies, however, ignoring band bending may
introduce serious error, especially, when strong electric field limits the spatial extent
of the wavefunction within a small part of the device. Treatment of electrostatic po-
tential is necessary to treat gate electrostatics in planar, single-gate, bulk MOSFETsS.
Additionally, band bending due to applied electrostatic potential plays an important
role in the operation of heterostructure-on-insulator (HOI) devices [128,129]. HOI
devices rely on the band discontinuity of various material regions to preferentially
populate the high mobility regions and therefore, improving Ioy. For HOI devices
operating at high gate bias, band bending may override band discontinuity and so
accurate treatment of band bending is important.

The objective of this chapter is to use a self-consistent tight-binding approach,
where Poisson’s equation is iteratively solved with the bandstructure calculation.
we will see that this approach explains some experimentally observed phenomena in
deeply scaled CMOS devices, and offers an improved understanding of their oper-
ation. In Sec. 7.1, the method to incorporate self-consistent electrostatics within
the tight-binding formalism is described. We next apply this method to treat two
different experimental device structures: single-gate, planar CMOS devices and HOI
p-devices. In Sec. 7.2, the experimentally observed mobility vs. gate field behavior

in uniaxially and biaxially strained bulk Si p-MOSFETS is explained in terms of their
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ballistic behavior. Then in Sec. 7.3, the charge profile inside HOI p-type devices is

explored and their C-V characteristics calculated.

7.1 Overall Simulation Approach: Self-consistent Electrostatics

Treatment of self-consistent electrostatics demands heavy computational burden
since, 2-D bandstructure in the transport-width plane now depends on the elec-
trostatic potential at every atomic layer. The process is schematically presented
in Fig. 7.1. Unlike UTB bandstructure calculation, where bandstructure needs to
be calculated only once, bandstructures now must be calculated until it converges
with the 1-D Poisson equation along thickness direction. In Fig. 7.2, the domain
for atomistic bandstructure calculation and that for Poisson equation are shown.
The Poisson domain is much larger compared to tight-binding domain. Using entire
Poisson domain for tight-binding calculation is computationally prohibitib and also
unnecessary, since at reasonable gate bias, band bending due to external electrostatic
potential limits the spatial extent of the wavefunction and tight-binding domain does
not need to include the region where the wavefunction practically vanishes.

The approach is as follows. For a given gate bias, we first assume an electro-
static potential profile for the 1-D Poisson equation. From this we then interpolate
the potential within the tight-binding domain and get the potential energy at each
atomic layer. Adding the potential at each atomic layer to its on-site energy, we
then calculate the 2-D bandstructure over the entire k, — &, plane. Each point in the
k-space is then filled with carriers, according to either source or drain Fermi levels,
grouped according to velocity component along channel, and the charge is multiplied
by the modulus square of the tight-binding wavefunction to get the spatial charge
profile. Sum of all charge profiles over the entire 2-D Brillouin zon gives the charge
profile along thickness. This charge is then used as an input to Poisson equation,
which calculates the correction needed in the potential profile. The corrected poten-

tial profile is then used again to calculate bandstructure, and the steps are repeated
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until the charge profile becomes self-consistent with the potential profile. After self-
consistence is achieved, we calculate the ballistic current from the self-consistent

bandstructure and move to next gate and drain bias.
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7.2 Application: Mobility vs. Ballisticity in Strained Bulk single-gate
COMS Devices

7.2.1 Background

Improvement of transport properties of carriers in CMOS devices, by the use of
strained materials, has been known for long time. It is experimentally observed that
correct type of strain enhances both electron and holes mobility.

Over three decades, use of biaxial strain remained the prime technique to incor-
porate strain in the channel of the device. Biaxialy strained Si is achieved by growing
silicon layers epitaxially on relaxed Sij_yGex substrate. On the plane of epitaxial
growth, silicon layers achieve the same in-plane lattice constant as Sij_Gex, which

is determined by the linear interpolation of those from Si and Ge as,
asige = (1 — ) as; + Tage.

Lattice mismatch between relaxed Si and Ge is about 4%, therefore, as x is changed
from 0 to 1, the strain in the epitaxially grown silicon layer changes linearly from
0 to 4%. The grown Si layer is under biaxial tensile strain since for [001] growth
direction, silicon crystal along both [100] and [010] are under tension. Due to this
biaxial strain, the lattice constant along [001] becomes less that that of relaxed
Si and the strained silicon thus grown is called pseudomorphically grown silicon.
Since the SiGe substrate acts as strain inducing region, biaxial strain is often called
substrate-induced strain. Due to matured growth techniqe, this has been the most
common way of introducing strain in the MOSFET channel. As the thickness of the
pseudomorphic layer increases, it stores more and more elastic energy, and beyond a
critical thickness (depending on x in substrate), stacking fault or dislocation appear,
which relaxes the strain and the grown layer ceases to be a single crystal. A MOSFET
with biaxial strain in channel is shown in the middle of Fig. 7.3.

Strain can also be induced in the channel during device processing and packaging.

In the bottom of Fig. 7.3, we find the demonstration of process-induced strain. Here,
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Fig. 7.3. MOSFETs with unstrained and strained channel. Top:
unstrained, middle: biaxially tensile strain, bottom: uniaxialy com-
pressive strain

SiGe is grown in the source and drain regions by selective epitaxy. This SiGe in source
and drain, with ag,ge > ag;, tries to expand and therefore, causes compression
along the channel direction. Unlike the biaxial case, the strain in channel is now
compressive and acts uniaxialy, along the channel. We next will show that mobility
behavior of different types strains are also very different.

In Fig. 7.4, the hole mobility vs. gate effective field characteristics for devices
with substrate induced and process induced strain are presented and compared with
the unstrained behavior. The biaxial strain results by Rim et al. show that [130,131],
hole mobility is enhanced over relaxed (unstrained) universal mobility at low gate

field only. As gate field increases, such improvement diminishes and finally totally
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Fig. 7.4. Experimentally observed hole mobility vs. effective field
characteristics for strained and unstrained p-MOSFETSs

lost at high field. The uniaxialy strained device, however, consistently offers im-
proved hole mobility over the entire gate field range. Using self-consistent tight-
binding approach, where strain is treated atomistically within sp?d®s*-SO formal-
ism, we will next show that such behavior is directly related to the bandstructure
modulation of silicon under combined effecs of strain and quantum confinement—a

phenomena also directly related to their ballistic characteristics.

7.2.2 Approach

When applied gate bias depletes and eventually inverts the channel, it creates a
potential well along the thickness direction in which carriers are quantum mechani-
cally confined. Their energy is quantized along this direction and discrete subbands
are formed. The degree of quantum mechanical confinement depends on the gate
bias—higher is the bias, stronger is the confinement. The direction of confinement is
always along the thickness, which is true for both the strained devices presented in
Fig. 7.3. The relative orientation of the compressive strain direction, with respect to
quantum confinement direction, is however different in the two strained devices. For

the substrate induced biaxialy strained device, quantum confinement axis is aligned
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Fig. 7.5. Ballistic Q-V (left) and I-V (right) plot for three differ-
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along the compressive strain axis, while for the process-induced strained device, they
are perpendicular to each other. Since in each device strain is a fixed in direction and
magnitude and quantum confinement is what changing with gate bias, we explore
this orientation dependence by simulating these two device structures for the gate

bias range, Vg =0- -1.5V, at Vp =-1.5V. The result is presented in next section.

7.2.3 Results and Discussion

First, we use the self-consistent tight-binding approach, described in Sec. 7.1,
to calculate the Q-V characteristics for the strained and unstrained devices in Fig.
7.3 at high drain bias, Vp =1.5V. This result is presented in Fig. 7.5 (left). Here
we observe that, above threshold voltage, V, all devices, strained and unstrained,
have almost same charge at the beginning of the channel. This happens because
in p-MOSFETSs, the amount of charge is controlled by gate electrostatics, not the
bandstructure. Recall the results in Fig. 6.22 on page 97, where similar results were
observed. However, the Ip-Vg plots on right of Fig. 7.5, show strong dependence of
currents on the strain. As it is for the experimental case, the current is calculated

along [100] for both unstrained and biaxialy strained p-MOSFET, but it is calculated
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Fig. 7.6. Ballistic current ratio showing performance enhancement
for the two strained p-MOSFET with respect to the unstrained de-
vice. The left and right plots show bandstructure at low and high
gate field

along [110] for uniaxialy strained device. The reason for such difference in currents
is in their bandstructures, the curvature of which determines the group velocity of
the carriers, and hence current.

We now compare the I-V results in Fig. 7.5 in the same way mobility were
compared in Fig. 7.4. First the gate bias is changed to effective gate field, using the
well known empirical formula,

Eepp =~ (Naoy +2/3)
€si
Then the ratio of the ballistic currents, Isirqined/INostrain, 18 Plotted against effective
field, E.s¢, in Fig. 7.6. This ratio shows a unique characteristics, and it is equivalent
to the experimental results presented in Fig. 7.4. Here we observe that, at low gate
bias the biaxialy strained device offers enhanced performance over unstrained device,
but as the gate field increases, the currents goes down and finally all strain advan-
tage in ballistic current is diminished at high gate field. Uniaxially strained device,
however, consistently offers enhanced ballistic performance over the entire range of

gate field. The explanation for this behavior can be found in the bandstructure plots
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Fig. 7.7. Left: n-MOSFET under uniaxial tensile strain. Right: bal-
listic current ration of strained and unstrained current ratio is almost
unity. Thus ballistic simulation of strained n-MOSFETSs cannot ex-
plain why strain improves electron mobility.

on the same figure. On the left, at low gate bias and therefore, negligible quantum
confinement, we find that strain has lifted the heavy and light hole band degener-
acy in both biaxially and uniaxialy strained devices. Here, the low effective mass,
high velocity, light-hole band forms the top subband, thereby improving strained
mobility. On the right plot, where bandstructure at high gate field is presented, the
scenario is very different. Here we observe that, quantum confinement has nullified
all strain advantage in the biaxially strained device, where the top subband for this
device is now heavy-hole like (with a dip in the middle). This explains why the
performance enhancement for biaxially strained device diminished at high gate field.
Bandstructure for uniaxially strained device at high field, however, is unaffected
by quantum confinement, and the top subband is still light-hole like and thereby
enhanced performance is retained.

After successfully explaining the mobility vs. effective field behavior in strained
p-MOSFETS, we repeat the same simulation for n-MOSFETSs. Experimentally, in

n-MOSFETSs, mobility enhancement is also observed for both biaxial and uniaxial
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tensile strain. In Fig. 7.7, we see that bandstructure effects cannot explain such
effect in n-FETSs since there is no enhancement of ballistic /oy under strain. Orig-
inally, Takagi et al., proposed that strain lifts the degeneracy between the X5 and
X, conduction band valleys, which causes improvement of electron mobility [132].
Later, Fischetti et al. [133], has shown by detailed simulation that bandstructure
alone cannot explain the mobility enhancement in n-MOSFETSs under strain. Strain
induced lifting of degeneracy of the X, and X, valleys has marginal effect since, in
the channel of an n-MOSFETS, as a result of quantum confinement, this degeneracy
has already been sufficiently lifted during formation of unprimed and primed ladder.
Our results on strained n-MOSFETS are consistent with the conclusion in [133], and
we see no-effect of strain on conduction band, which can explain electron mobility

enhancement.

7.2.4 Summary and Conclusion

In this section, a 20 orbital sp3d®s*-SO strained tight-binding model is solved
self-consistently with Poisson equation to incorporate self-consistent electrostatics
in planar single gate strained CMOS devices. The results show that experimentally
observed mobility vs. gate field behavior in strained p-MOSFETSs can be explained
by the unique bandstructure modulation under strain and quantum confinement.
However, for bulk n-MOSFETS, the origin of mobility enhancement is still an open

question and ballistic behavior, therefore, bandstructure effects, alone cannot explain

7.3 Application: C-V Characteristics and Hole Density Profile in Strained
HOI p-MOSFETsSs

In this section we will demonstrate the application of self-consistent tight-binding
approach by simulating the gate bias dependence of the hole density profile and the

C-V characteristics of a p-type heterostructure-on-insulator (HOI) device structure.
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Center: The model device for simulation. Top and bottom Si layers
are under biaxial tension while the central SiGe layer is under biaxial
compression. Right: The conduction and valence band profile along
thinkness.

It has already been experimentally demonstratrated that such devices can offer im-
proved transport properties for both holes and electrons [128,129].

The HOI structure shown in Fig. 7.8 operates by exploiting the band disconti-
nuity between strained Si and SiGe layer to preferentially populate the carriers in
high-mobility strained regions. We will primarily focus on the gate electrostatics of
p-type HOI devices here. The structure is pseudomorphically grown along thickness
direction and the lattice constant in the plane normal to the growth direction is same
for all three layers: Si, SiGe and Si. The whole structure sits on a thick bottom oxide
layer, below which bottom gate is located. All three layers are strained, top layer
was originally grown on a relaxed Sil_yGey layer with y =0.24 and hence is under
biaxially tensile strain. The Ge content, y, fixes the in-plane lattice constant for all
three layers. The Ge content of the central Siy_,Gey layer is z =0.5, and since z > y,
this central layer is under biaxialy compressive strain. Finally, the bottom Si layer
is identical to the top Si layer, except its thickness may be different.

As the Ge content in SiGe changes from 0% to 100%, the band gap of SiGe also

changes from that of Si to that of Ge. For any intermidiate value of Ge mole fraction,
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the band gap is in-between of that of Si and Ge. Strain modulate the bandgaps of
both Si and SiGe in a comlicated way. Band discontinuity between Si and SiGe
appears mostly in the valence band and in Fig. 7.8 we find a quantum well for holes

in the central SiGe layer.

7.3.1 Approach

We have simualted a HOI structure where both top and bottom Si layers are 30
atomic layers (~4nm) thick, and the central SiGe layer is 21 atomic layers (~=3nm)
thick. For the central SiGe layer, since z =0.5, there are equal numbers of Si and
Ge atoms. For this layer we considered an ordered structure consisting of alterna-
tively stacked Si type and Ge type atomic layers. The tight-binding Hamiltonaian is
written in sp3d®s*-SO basis including all three layers and is a 1620 x 1620 matrix for
each {k, — k,} point in the first 2-D Brillouin zone. The Si-SiGe hetero-interfaces
are treated in a symmetric way to ensure Hermicity of the Hamiltonian. The top
and bottom insulators layers are 2 and 10 nm, respectively, with bottom gate al-
ways considered grounded. For a given bias at the top gate, Poisson equation is
solved self-consistently with the bandstructure calculation and the charge profile
calculated. The Poisson simulation domain consists of both insulators as well as the
hetero-channel body, however, bandstructure is calculated only in the body, with zero

boundary condition for the wavefunction at the top and bottom insulator interfaces.

7.3.2 Results and Discussion

In Fig. 7.9, valence band profile and hole density profile for the HOI structure
is presented for the gate bias range, Vi = 0 to -0.4V. The Q-V characteristics on
left shows that the device is operating in the subthreshold region. The applied bias
drops within both top and bottom insulators, as well as, in the body itself. The
hole density profile in the bottom-right plot of Fig. 7.9 shows that the holes are

preferentially occupying the central SiGe region, where, due to band discontinuity
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Fig. 7.9. Vi varied from 0 to -0.4V. Left: The device is in subthresh-
old. Top: The potential drops both in top and bottom insulator, as
well as in the body. Bottom: Holes occupy only the central SiGe
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a quantum well is present for holes. It is also observed that, not only holes stay
in the central region, but also for any incremental bias, the additional holes also
accumulate in this central region.

In Fig. 7.10, valence band profile and hole density profile for the HOI structure is
presented for the gate bias range, Vi = -0.5 to -0.9V. Here the carrier concentration
vs. gate bias plot on left shows that the device has come out of the subthreshold
region and operates just above threshold voltage. The valence band profile in the
top-right shows that the bottom insulator, as well as, the bottom Si layer and the
central SiGe layers are almost electrostatically isolated from the top insulator and
the top Si layer. We observe that the applied bias drops across these two regions only.
The hole density profile in the bottom-right plot of Fig. 7.10 is different from what
observed in Fig. 7.9. Now we see that the hole density profile is splitted between the
top Si layer and the central SiGe layer. The electrostatic band bending has created
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Fig. 7.10. Vg varied from -0.5 to -0.9V. Left: The device is at thresh-
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an additional quantum well near the surface where the holes now move. It can also
be seen that, at the end of the gate bias range all incremental carrier density with
gate bias accumulates near the top surface, which offers the lowest energy well for
holes.

Finally, in Fig. 7.11, the same plots are shown at high gate bias range, V5 =
-1.0 to -1.5V. The left plot shows that the device is well into threshold. The valence
band profile profile shows that nearly all the incremental bias in the top gate now
drops across the top gate insulator. Most of the hole concentration in the valence
band is now located in the top Si layer and with increasing gate bias, the hole are
added to this layer.

The hole density profiles for the HOI structure, paresented in Figs. 7.9-7.11,

are integrated along the thickness direction, Z, and the hole density vs. gate bias
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Fig. 7.11. Top gate bias, Vi, varied from -1.0 to -1.5V. Left: The
device is in above threshold. Top: The potential drops only in top
insulator. Bottom: Holes occupy only the top Si layer

is presented in Fig. 7.12 (left). In the same plot, hole density for an equivalent
Strained-Silicon-On-Insulator (SSOI) structure is also shown. The SSOI structure is
similar to the HOI except the central SiGe region is replaced by strained Si. In the
left plot, two devices behave similarly above threshold voltage, however, the inset
shows that the SSOI has slightly higher threshold voltage. This happens because the
small bandgap SiGe region is not present in the SSOI device, therefore, the subbands
form at higher hole energy. The C-V plot for these two device also show interesting
behavior. At low gate bias, capacitance for SSOI is smaller than the HOI structure
since the higher Vi SSOI has pushed it in deep subthreshold. However, around or
just above Vi, the SSOI structue shows higher capacitance. This happens because,
for SSOI all charges are added to the surface channel, while for HOI the charge is

added to both central and surface channel. As a result, the equivalent oxide thickness
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for HOI become larger. Finally, at high Vg, when in both devices, charge is only
added at the surface channel, the capacitance for two devices converge. Finally, we
observe that the inversion capacitance for both SSOI and HOI are smaller than the
gate insulator capacitance, Cpx, due to increase of oxide thickness with quantum

confinement.

7.3.3 Summary and Conclusion

In this section we have demonstrated application of self-consistent tight-binding
approach for HOI device structures. For the given device structure, we found that
in subthreshold and around threshold the hole density profile remains close to the
central SiGe channel. At high gate bias, however, the device behaves like a SSOI
structure and the central SiGe channel becomes irrelevent. Simulation of devices

with varying thicknesses of three different regions can find an optimized structure.
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8. SUMMARY AND FUTURE WORK

8.1 Summary

This work has provided an improved understanding of the operation and the scal-
ing characteristics of novel channel material nanoscale CMOS devices. The necessity
of incorporating an accurate treatment of the full bandstructure of the channel ma-
terial is highlighted. It has been observed that at the ballistic limit, the carrier
density-of-states play a crucial role in determining performance of novel-channel ma-
terial MOSFETs. Ballistic performances of low density-of-states material MOSFETSs
degrades drastically when gate insulator capacitance increases in a deeply scaled de-
vice. As a result, some of the density-of-states effects, which are not observed at
1-2nm EOT, may play crucial role when EOT is scaled down to 0.5nm. Ballistic
performance comparison reveals that the germanium CMOS devices are the most
promising candidates for highly-scaled novel channel material CMOS technology.
However, when the role of parasitic series resistances in the source and drain become
the limiting factor, high mobility materials such as III-V material MOSFETSs show

promise to outperform Si or Ge MOSFETSs.

8.2 Future Work

A list of possible future works, directly related to this research, is presented

below:

e Explanation of experimental mobility behavior: Recently, a great deal
of experimental results has been published in IEDM, TED and EDL on the
strained mobility behavior in deeply scaled planar and SOI CMOS devices.

Such mobility data incorporates both bandstructure effects (i.e. effective mass)



120

and effects of carrier scattering. The top-of-the-barrier model in chapter 4 and
the tight-binding approach in chapters 5-7 correctly incorporates the band-
structure effects displayed in the mobility data; however, completely ignores
the scattering. A very useful study of the carrier transport in nanoscale devices
can be performed by identifying a few key experiments from the published liter-
ature, and then using the theoretical approaches of this thesis to separate how

much effect is due to bandstructure and how much effect is due to scattering.

Alternative wafer orientations: In this thesis, only UTB devices with (100)
wafer orientations have been treated. However, the top-down approach to fab-
ricate UTB devices and FinFETs can result in an arbitrary orientation for
the thickness direction. For a complete study of the orientation effects, it is
necessary to generalize the approach and discretize the tight-binding Hamil-
tonian for wafer orientations other than (100); then calculate the associated
bandstructures and device performances. A careful bookkeeping of the bond
orientations between different layers along thickness is crucial for treating a

general orientation.

Tight-binding Hamiltonian in mode-space: A full 2-D description of the
nanoscale MOSFET using tight-binding approach is prohibitive, computation-
ally. However, if this 2-D Hamiltonian can be expanded in terms of a few cou-
pled modes along confinement, a reduced Hamiltonian can be obtained which
is suitable for the NEGF quantum transport treatment. Such technique can

prove enormously useful for a better understanding of the quantum transport

in nanoscale CMOS.

Application to HEMTs and QWFETSs: The self-consistent tight-binding
approaches presented in this thesis can be readily applied to III-V devices,
such as high-electron-mobility transistors (HEMT) and quantum-well field-
effect-transistors (QWFETs)—provided that the tight-binding parameters for

the materials are available. Such treatment can be very useful and relevant,
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since it is widely believed that compared to Si MOSFETS, these devices operate
closer to their ballistic limits due to the exceptionally high carrier mobilities

in III-V.

Zone unfolding method to treat SRS and alloy: Recently, zone-unfolding
method has been developed within the context of tight-binding approach [64].
A direct consequence of this is, surface-roughness-scattering (SRS) and ran-
dom alloy fluctuations can now be treated withing the tight-binding approach.
Inclusion of these effects will make tight-binding a more complete approach for

predictive simulation of nanoscale CMOS devices.
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APPENDIX A
SOLVING GENERALIZED EFFECTIVE MASS
EQUATION

A.1 Separable Potential

Here the steps to solve (2.14) in page 21:

2 2 2 h2]€2 2 2
L —ihkyg—i— v —l—{— h a——ih2<ﬁ—iig>g+W(x,z)H

B 2m11 8x2 mi9 8:15 2m22 mos mas31 8:15
xWy, (x,2) = BV, (2, 2),

for the separable potential given in (2.35)
Wiz, z) =U(z) + V(x),

in page 25 are presented.

A.1.1 Quantum Confinement Problem

In the special case of separable potential, the part of (2.14) that deals with

quantum confinement is

0 0 0
[H, +U(2)] ¢ <—i%, k, z) =¢ <—i%, k‘y> G <—i%, ky : z) (A1)

where H, is given in (2.16)

Substituting the canonical transformation of (2.17) (page 21)

C <_Z%7ky : Z) = UC¢Z (Z) )
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where,

in (A.1) and left multiplying by Ugv we find

where,

Nm
I

ULH.Ux
_ (———){_ WP (k__iﬁﬁ}(———)

(A.3)

We now use the identity given in (2.18) (page 22),

e PAe” = A+ (A B]+<[[AB],B]+--

1
2

where,

The second term in the RHS of identity (2.18) can be evaluated as,

2 2
A, B] = [ o —z’fﬂ(ﬁ—iia) 0 i<@ky—i%§>z]

2m33 022 Mosg msy or 82’

h2 msas mss 0 82 k 1 0 2 0
_ . Lo v v .th Ny LU v
2m33 ! <m23 Y ngl ox 072 - t a3 mMa3 ngl ox 82’ .

2 2
— iR <ﬁ _Zig> o _ <@ky _Z@g> . (A.4)

mo3 ma3q 8x

[[A,B],B] = Lfﬂ <ﬁ _ZLQ> o <m33k M ) )2

o3 Y ma3q 82
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To evaluate the commutators the following relationships are useful,

0 0? 0 0
[E,Z‘| = ]_, [@,Z‘| = 2&, [&,C‘| =0. (A6)

Since the commutator [[A, B], B] is indepent of z, all the higher orde terms in (2.18)

is zero, and we have

H, = e BAP

1
= A+[A,B]+§

[[A, B], B]
n: o2 0
= — 2m33 @ — € <_Z%, ky) (A7)

c _Z'g Lk — h 33 . —Z%E ;
al" v 2m33 o3 v ma3q 8x
_ %2<_m33 0? +m33

where

K28 Q) . (A8

2 5.2 2 y
m3; 0x?  m3, m3iMaz - OT

Since, H, is sum of z dependent and z independent parts, the eigenvalue of (A.2)

can also be separated as

€ <—i%, ky> =€ —€ (—i%, ky> , (A.9)

and, we can rewrite (A.2) as

[H.+U(2)] ¢i(z) = [ei —c (—ia%, kyﬂ 0i(2). (A.10)

here, the eigenvalues ¢; and the eigenfunctions ¢;(z) are found by solving the Z parts
of the potential only, i.e.,
[ oo

B 2m33 @
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Finally, using

in (A.10) we find

m33 . _;Mm33 0

[H,+ U(z)] e_i(m% v Z’”_3‘1%>Z¢i(z) = {Gz‘ —€ (—ig, k:y> } e—i(ﬁ—’;ﬁ@—i%%)z@(z)

(A.12)

A.1.2 The Transport Problem

We now return to the original 2D effective mass equation (2.22) in page 23, which
is

no* n'k, 0 Pk

- P
o H U —g ko
2myy Ox? ! myg 0T + 2Mmas +H+U(2) + V(m)] ( t=—,ky:, z)

ozr

0
= FEV <_28_x’ k, : z, z)(A.13)

. . . _i(mku_i%(?i)Z
Since the eigenfunctions of (A.12), e \™2 ° ™3197/74,(2), forms a complete set, at
a given z, we expand the wavefunction in (A.13) as

0 —i (—m33 ky—i a3 0
U —za—,ky:x,z :Ze 23 a1 o
x

)Zqﬁm (2, 2) Xm (z, ky) - (A.14)

9

Substituting (A.14) in (A.13), then left multiplying by ¢ (2)e ™31 97/ and

mas oy
integrating along 7, we find

- t + + e, —€ —z’g k (z, ky)
2m11 ax2 mi2 ox 2m22 " ax7 Y Xn\T, RY
+ > Vam(@)Xm (2, ky) = Exm(2,ky).  (A.15)

2
[ nto* 'k, 0 | Ik

where we have made use of (A.12) and the orthogonality condition for ¢;(z)

[ 6220m(2)dz = bum.

Additionally, in (A.15), we have defined the matrix elements for V(x) as

Vi) = [ [ EV (@) B8] g1(2)on(21a: (A1
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which can be evaluated as

m33 9

Vim(z) = / {em_m%ZV(x)e_Z_ﬁ%z] & (2) b (2)d

- /{V(x) + [V(x),—%%z] + - } & (2) b (2)dz
= [{vir () D L () T L oo
-/ v(+§—) 61(2)6m ()2 (A17)

From (A.17) it can be seen that at a given z, say © = z., in order to evaluate

Vom(x = ), inside the integration the potential should be samped along the line:

m33
r=x.+—z%,
may

which is also along the principal axis of the constant energy CB ellipsoid at fixed k,.
Although in (A.17), V() is writen in a compact form, its physical significance

can be understood from the Taylor series expansion

k) = [ {viors (22 2D L (o 2V D e

msy 2 \ms 0x?
0
= V(@i + 2 [a— vm] [ 6oz + -
V(@) + 2 V) (A.18)

nm
ms1 or

The first term in (A.18) V,,(z) = V(x) respresents the on-sie potential and the
second term, which depends on the electric field, represents Zener tunneling between

subbands. this term and all higher order terms represent coupling between differet

subbands.

A.2 General Potential

In this section we will show the steps to solve (2.14) in page 21 without assuming

the potential to be separable.
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A.2.1 Quantum Confinement Problem

From (2.14), the qunatum confinement problem at a given x is

(H, + U (z,2)] ¢ (—z’(%, ky x,z) = ¢ <—z’a%, ky : x) G (—ia%, ky : x,z) ,
(A.19)

where the Hamitonian is

2 92
H, =— h a__m2 (ﬁ_zig> g (A.20)

We now write
—i =83 gy, —5 33 9 ) »
G (—iag,k:y L x, z) =e (m23k m31 3”) oi(z, 2). (A.21)
i

m33 k ;m33 9

Substituting (IV) in (III) and left multiplying by ei<’"_23 Yo ‘%)Z we find

_ m3z 9 _m33 9 m33 9 .0 _m33 o
[HZ + {em31 axZU(x’ z)e m31 axz}] ¢z(x, Z) = gm31 f’xzel- <—’L—, ky : l‘) e m31 89@2(}51-(1', Z).

Ox
(A.22)
In Sec. A.1.1 it has already been shown that
_ n o d
H, =— — 4| —i—,k A.23
2miz3 072 te ( Z&c y) ( )
0 h2 m3s3 mss 0 2
il —t=—k, | =— —k, —1——— A.24
‘ ( Z&c y) 2m33 <m23 v ngl ox ( )
Using the identity in (2.18), the potential term in A.22 can be reduced as follows,
maz o _ma3 o mas O
mgq Ox U mgq Ox — U U - e
emal (x,z)e ™a (x,2) + l (z,2), —_— 8:1:4 +
m33
= U —— U
(z, 2) _— l (31:,2),a ]z—i—
mss OU(x,z) <m33 )2 02U (z, 2)
= U
(l'7 Z) * msy ox mglz Ox?
= U (3: + %z,z) . (A.25)
msy

For a given z, say © = x., (A.25) shows that the relevant potential in (A.22) must

be taken along the line
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which is also along the principal axis of the constant energy ellipse at k, = 0.
Substituting H, and the potential term in (A.22) and after minor manipulation, we

find

[ I a—2—|—U<:1c—|—m—z z>] oi(x, 2)

2m33822 ms1
e mmt ) g _2'3 E x| —e —ig k ¢ s B ¢i(z, z). (A.26)
- BT A P e

Clearly, for a fixed value of z, the eigenvalues of (A.26) are ¢; (x + %z), and

therefore, (A.26) can be written as

2mg3 022 ma31 ma31

[— I 8—2 +U ( + %z,z)] oi(x,2) =€ <x—|— %z> oi(z, 2), (A.27)
which must be solved at each x to obtain modes ¢;(x, z). Additionally, since
« (x + @z> _ Bt () B (A.28)
from (A.26) and (A.27) we can write

0 N,
€; <—Z%, ]{]y . .fL') = € (.Z') +€; (-Z%, ]{Iy> (A29)

This very important relationship shows that the total energy is the sum of the

confinement energy and the in-plane kinetic energy and in (2.21) this is expressed as

2 2
¢ (—z‘g,@ _ " <_m33 > ALy VAL 3)

ox 2 m3, 0x2  m3, Mmaymas ° O

Finally, using the inverse canonical transformation
HZ _ €Z<%}3ky zﬁgz) Hzefz(%;%ky mefai) .
in (A.22) we find (2.20) in page 22, which is

[H. + W (2, 2)] (o) ¢i (2, 2)
{ ( .0 )} fi(%kyfi%(%)z
=<6 (x) —e€ i Jky | pe N 31 oi(x,z), (A.30)
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APPENDIX B
THE TOP OF THE BARRIER BALLISTIC MODEL

B.1 Treating Floating Boundary Condition

Figure 4.6 on page 56 shows how the states at the top of the barrier are occupied
for a simple F (E) relationship. As mentioned in Sec. 4.3, the energy reference is
the top of the barrier at zero terminal bias. We express the source Fermi level, Fpy,
drain Fermi level, Ery, and potential at the top of the barrier for first subband, Us.y,
with respect to this reference. The positive k-states are then occupied according to

the source Fermi level according to,

No= = f(E-Em)
Akz>0,ky
&2k
= /z>o/ky 2wf(E — Ep1)

as 1

+o0
= | def <E—EF1>/S(E)ﬁ—WE(k) ,

where S(FE) is a constant energy surface in k-space, dS is an elemental area on
this surface, and dE/ ( VE (k)‘ is the distance between the surfaces S(F + dF) and
S(E) [134]. Defining the density-of-states as

as 1
D(E —Ugy) = /S<E_Uscf>]ﬁ WE(k)

I

we finally have

Ni=3 [ DB V) f (B - Bp)dB. (B.1)
The last expression is valid for general bandstructure in 1, 2 or 3D. The density-of-
states function is either analytically expressed or is numerically tabulated. For a 2D

electron gas with isotropic and parabolic £ (E) relationship, we have,

D(E = Uses) = 9200 (E = Usey)
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where gop = 2m* /7h? is the 2D density-of-states, when spin degeneracy and a valley
degeneracy of two for the unprimed subband in silicon are considered. In this case

the integral for N; can be analytically evaluated as
N. N.

N1 = ﬂ lOg <1 + B(EFlUscf)/kBT> = %%0 (nFl) (B2)
where Nop = kT gsp is the effective 2D density-of-states, &y is the Fermi Dirac
integral of order 0, and gy = (Ep1 — Uses) /kpT. A similar expression exists for Ny
with ng replaced by nge = np1 — ¢Vps/kpT.

In addition to the carrier density, we can also evaluate current for the positive k
population from

L= % % wf(E-En)
ke>0,ky

d?’k
= />0/]€ 7T2qvxf E EFI)

+o00 1
- /— wIE= EFl)? S(B )27r2| x‘VT(k)}
_ /_; AEf (E = Ep) 30, (B = Usey) D (E = Usey), (B.3)

where U, (F) is the average value of |v,| over the constant energy surface, S(F),

expressed as

as 1
/ 2 vz 1= |
S(E-Usey) 2 VE(k)

(B = Uy = .
/S(EUSCf) o2 WE(/{)‘
Now defining the current-density-of-states as,

q

J(B = Uses) = 20, (E = Usey) D (E = Usey), (B.4)
we have
+oo
I = [ J(E = Usy) f (E — Epy) dE. (B.5)
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In general, this expression can be evaluated for either numerically tabulated or ana-
lytically calculated bandstructures. For the 2D electron density considered here, we

can analytically evaluate v, (F) to obtain

J(E = Usp) = 1 (%\/ %) D(E = U.y), (B.6)

where the factor 2/7 appears because of averaging v, over all possible k, values at

energy E — Ugy.r. With this expression for J(E — Uy.s), we can analytically integrate

(B.5) to find
1 [2kgT
L = §qN2D mf;* %1/2 (77F1)- (B-7)

Similar expression can be obtained for negative going carriers, with 7z, replaced by

NE2-
When the drain bias, Vpg, is large, only the +k, states are occupied, and we can

evaluate the maximum velocity at the top of the barrier as

I W Si/2 (1)
v(0 =VUinj = 17 = ' B
< ( >>max J Nl Tm* %0 (nFl) ( )

The presence of the Fermi-Dirac integrals in this expression explains why the satu-

ration injection velocities in Figs. 4.5b (page 55) and 4.10b (page 65) are gate bias
dependent. Below threshold voltage, the ratio of the Fermi-Dirac integrals is one
and the injection velocity becomes constant. The injection velocity at the highest
gate bias determines the maximum on-current that a transistor can deliver.

Finally, we will discuss the treatment of the floating boundary condition in the
analytical model. In Fig. B.la, we see that at low gate and high drain bias the
barrier height is large, i.e. Us,.y >> FE¢g, and inside the source, both positive and
negative going states are at equilibrium with the source Fermi level. The charge
neutrality condition demands

Nsp = /+0o D(E — Ecs) f (E — Ep) dE. (B.9)

—00

where Ngp is the doping density in the source extension.
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When high gate bias is applied, we can see in Fig. B.1b that the barrier height
becomes small, and there are three distinct groups of carriers: i) carriers with energy
lower than the barrier height and are reflected by the barrier ii) carriers with energy
higher than the barrier and having positive velocity and iii) carriers having energy
above barrier and going in the negative direction. Population groups i) and ii) are
at equilibrium with Er; and group iii) is in equilibrium with Ery. Because the sum
of the three populations in Fig B.1b is smaller than equilibrium carrier density in
source, to maintain charge neutrality we have to increase (Er; — E¢g). Physically,
Er is fixed and E¢g floats down. Equivalently, as shown in Fig. B.1c, we can keep
Fes fixed and float Epq up. In our analytical model we have treated the floating
boundary condition by fixing Fcg and floating up Er; to E' 1. Therefore, the charge
neutrality condition in the source is

Uscf
Nep = [ D(E — Ecs) f (E — E'p1) dE

o0

+ %/OO D(E—Ecs){f(FE—FEpr)+ f(E—FE'r1+¢Vps)}dE.
Uscf
(B.10)

Equation (B.10) is solved self-consistently with eqgs. (4.3-4.14), i.e., for each E'py,
barrier height is computed to distinguish three carrier populations and charge neu-

trality in the source is ensured.

B.2 Treating Arbitrary Bandstructure

In an ultra thin body MOSFET, the energy along the channel thickness direction
becomes quantized and sub-bands are formed. The E (k,, k,) relationship for carriers
in a sub-band is on a two dimensional (k,, k,)-space. To generalize the analytical
model for arbitrary bandstructure, we first calculate the ”group velocity” for the

states on this 2D k-space using

U (ky, ky) = Vky + 'Uyl%y = ﬁ,;E, (B.11)
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and group them in source injected population or drain injected population according
to the sign of the velocity component along the transport direction. Assuming the
carrier transport direction (the direction from the source to the drain) makes an
angle # with the k, direction, we define an unit vector, n, along this direction and
write it as

i = cos Ok, + sin Ok, (B.12)

where, l;‘m and lz:y are the unit vectors.

For a spherical, parabolic £ (E) relationship, group velocity, ¢, is radial. How-
ever, when the bandstructure is warped, as for the heavy hole band, or is not isotropic
(e.g. Germanium with [100] quantized), the velocity field in the 2-D k-space does
not show radial symmetry.

For an arbitrary 2D F (E) relationship, the equilibrium carrier density, Ny , can

be numerically calculated from

=Y 2 S (Belha k) — B, (B.13)
{ka by} 27)?
where the factor 2 is for spin degeneracy, g, is the valley degeneracy, Ak,, Ak,
are the grid spacing in k-space and Ef is the equilibrium Fermi level. The sum is
performed over the entire k-space.
Now, when the drain bias is applied, two distinct carrier populations at the top of
the barrier exist. The states in the k-space which have positive velocity component

in the transport direction, n, are at equilibrium with the source Fermi level, 1, and

the corresponding carrier concentration can be calculated from

- Z Z 29” A(l; A)k f( (kma ky) + Uscf - ,ul) ) (B14)

{ka ky }|5-7>0

This expression can be simplified, using the fact

Y =0, (B.15)

{kasky }
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implying, for each state in k-space with a certain positive velocity component along

n, there is a state with exactly equal negative velocity. Therefore, we find

IIEEDS =—ZZ (B.16)

{kzvky}|ﬁ'ﬁ>0 {kﬂmky}
This simplifies (B.14), which can now be expressed as

3Y X 20 S (Bulba k) 4 Uy ). (BAT)
{ka by}
where the sum is over the whole k-space. Similarly, the expression for the drain
injected carrier population, Ny, can be obtained by replacing p; by pe = 1 — qVps.
One can now solve for the self-consistent potential, Us.s , from (4.10-4.14), using
the numerically evaluated carrier concentration in (B.14) and (B.15). After calcu-
lating Us., the ballistic current can also be calculated. The ballistic current carried
by the source injected population can be expressed as
=y 2 QQU(QT)Q?J (U-7) f(Ei (ko ky) + User — ).,
(ko ky }5-2>0
where the sum is only over the states having positive ”group velocity” component
in the transport direction. However, from (15), it follows
ooy (-q) Z > |0 (B.18)
{kx ky }|T-7>0 {kz,ky}

and therefore, the expression for I; is simplified to

Ak‘ Ak‘ P
{ka by}
where the sum is now over the entire k-space. Similar expression for the current

carried by the drain injected population, /5, can be obtained by replacing p; by

11 — qVps. Finally, the net current is



High V,

Low V,

F2

—Eq
Floating up

Fig. B.1. Treating floating boundary condition. (a) Under low Vg
charge neutrality in source extension is maintained by only Erq, (b)
when V4 is increased barrier lowers and charge neutrality is not main-
tainted, (c) raising Fp; to E'py restores charge neutrality in source
entension.
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APPENDIX C
THE TIGHT-BINDING HAMILTONIAN WITH STRAIN

C.1 Derivation of Tight-binding Hamiltonian for Bulk Materials

To derive the tight-binding Hamiltonian, the following conditions are assumed:
1. atom-like orbitals—localized basis functions have atomic orbitals symmetry,
2. tightly bound—overlap of two orbitals on different atomic sites is zero,

3. orthogonality—overlap of two different orbials located on same atomic site is

Zero,

4. nearest neighbor interaction—nonzero matrix elements for Hamiltonian possible
only between orbitals located on nearest neighboring sites. Nearest neighbors
of a cation are four anions and vice versa, therefore, matrix elements between

cations and anions are only possibility.

5. two center integrals—monzero matrix element for Hamiltonian possible only when

the potential is on one of the two atoms on which orbitals are located.

A set of such localized atomlike orbitals: ‘nbﬁ» is assigned at each atomic points.
Here b is the atom type, cation or anion, b € {a, ¢}, ﬁl is the lattice point coordinate
with respect to some origin (ﬁjz =R, — R}- relative position of ¢ point with respect

to j), and n is the orbital type, n € {s, pa, Py, P2, day, dyzy dog, dy— 2, dsp2_y2, *}. The

atomic orbitals, nb]%l->, are the eigenfunctions of the atomic Hamiltonian,

[—%v2 + Ui,b‘| ‘nb}§1> = €nd ‘nbﬁz> 5 (Cl)
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where, U, is the spherically symmetric nuclear potential of b type atom at i-th lattice
point. The basis set for Hamiltonian consists of the Bloch sums of the localized

orbitals, performed as

Inbk) = ike(Rit ) nbE; ). (C.2)

voX
There are two atoms, anion and cation, associated with each lattice point of FCC

lattice, the position of atom b relative to the lattice point is defined as,

The anion atoms occupy the lattice positions, therefore, v, = 0, and cations are one
quarter of body diagonal displaced from the lattice points,

ar arp ar

4 4 4

Ve

We now assume the variational wavefunction as,
kXY = > |nbk) (nbk| |nbk)
n,b
= Z Cn,b,\ ‘nbl;> s (03)
n,b

which is the linear combination of Bloch sums. In (C.3), A is the band index and
Cnp s are the unknown expansion coefficients. The crystal Hamiltonian is the sum

of kinetic and potential energy operators,
h2
H = ——V2 +> U;
oY 2V

h2
— _—V2 +Y Uia+ Ui (C.4)

The potential term is the sum of spherically symmetric nuclear potentials at all
atomic locations.

[H — e (FA)] [kA) = 0. (C.5)
Substituting the variational wavefunction (C.3) in the Schrédinger equation (C.5),

we have

[H —€ (EA)} Z;Cn,b«\ ‘nbk:> CrbA [ —€ (EA)} ‘nblg> ) (C.6)

n,b



148

Now after left-multiplying by (mdk|, (C.6) can be expressed as,

>~ copr (mdk| [H — ¢ (EX)] [nbk) =" o [(mdk| H [nak) — e (EX) (mdk|nak)]

b5 o [ ) — € () (] ]
(C.7)

Orthogonality of atomic orbitals becomes useful to evaluate terms in (C.7), such as

<md/§‘nal§> = %Zz} otk (Rit v ) =ik (Rj+7a) <mdﬁj ‘naéi>
— R Z ¢t i <mdéj ‘naﬁi>
D STy
- 5m7n5d,al (C8)
where, 9;; follows from the tight-binding assumption. Similarly, it follows

<mdl§ ‘nc/;> = Om.nld.c- (C.9)

In order to calculate <mdl§‘ H ‘naE>, interaction between orbitals sitting on anion

atoms, i.e. d = a, is considered first,

<mal§} H }nalz> = %Zei’g'(éi+ﬁ“)_i’g'(éf+ﬁ“) <maﬁj} H ‘naéi>
1,

= Z e’“;' i <ma ﬁj H }na§i>
= Z eiF-Bii <ma]%j [—;—2V2 + Z Uia + Ul,c]] naﬁi>
i m 1
2
— Z eiF-Bii <ma]%j [—;—mw + UM] na§i> (C.10)

naﬁl>

+3 i Ry <maéj‘ > U naél->
; I

)

Using atomic Schrédinger equation (C.1) and the orthogonality condition of (C.8),
the first term in RHS of (C.10) reduces as follows:

> otk Rii <maﬁj‘ [—%Vz + Uz’,a‘|

i

naRi> = Zelk'Rﬁema <maRj‘naRZ->
i
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= 6n,az:eilg.ﬁji(sz',]'57)1,11
= €naOmmn- (C.11)

The second term in RHS of (C.10) reduces to zero since, if i # j then two orbitals
are no longer nearest neighbor (recall, nearest neighbors of anion are cations), and
if + = j then it become a three center integral since [ # ¢, which are also assumed to
be zero. As a result,

Z e’k By <maR ‘ Z Ua

£

Finally, the third term of (C.10) also reduces to zero, since the nearest neighbor

nali;) = 0. (C.12)

condition satisfied only if © = j. However, the potential now is located on a cation

atom, which makes it three center integral,

> ¢k Fi <ma1§j‘ > U na]%l-> =0 (C.13)
i I
Substituting (C.11-C.13) into (C.10), it follows
<mal§‘ H ‘nalz> = €n.a0m.n- (C.14)

Similarly, the Hamiltonian matrix elements between two cationic orbitals becomes,
<mc/§‘ H ‘nc/;> = €n,c0mn- (C.15)

Now the matrix elements between orbitals sitting on cation and anion atoms, respec-

tively, are calculated

<mc/§‘ H ‘na/;> = %Zeiﬁ(éﬁﬁa)_i%'(ﬁﬁﬁc) <mcﬁj} H }naéi>
2y

_ ik Z R (e [_h_zw n Z Usa + Ul,c]] naf;)
— i Zelk Rt (meR;| [——V2 5 (Via + Uj,c)] nafti)
o > eiF R <mch 5 Wia + Use)
eI S R ()| Y U

1#i

e ke > et Bii <mch > U
5

I#5

naél>

TLCLR;>

naﬁi> . (C.16)
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Using (C.1) and the orthogonality condition of (C.8), the first term in the RHS of

(C.16) reduces to zero,
- o . K2 1 .
—ik-Ue ik-Rj; A v ) _ . . .
e zi:e <mcRJ‘ l QmV +3 (Uio + U],c)] ‘naRz>
= le’“g'ch > etk B <mc§" —h—2V2 +Uiap + —h—2V2 +U; ‘naé->
2 - ! 2m e 2m e '
=0. (C.17)

Additionally, both the third and fourth terms in RHS of (C.16) are zero since they
are not two center integrals. For these two terms, the potential is not on either of

the atoms on which orbitals are located, therefore,

—ik-De ik-Ri; s
e G (et Y0,
i 1#i
—ik-De ik-Ri; s
e G (et S
i I#]

The second term in RHS of (C.16), however, clearly fulfils two center integral re-

na§i> =0, (C.18)

na§i> =0. (C.19)

quirment, therefore, definding,
ac 1
Ui = 5 Wia+Uje)

and treating nearest neighbor interaction, only four terms survives,

naRi> — R (Rmre) <mch Uit InaR;

—iE~ﬁc zEﬁJZ _" ac
e de meR;| Uy
i

mcR; Ui“jc naR;
mcR

)
)
g UZ-“]-C na§i>
)

mch; Ul-ajc nakR;

l

= [000];
0y

=0 ==

2 7 2]

lE:
|

.
=
|

El
I
—
&
5

T
I

|

|
o

Ji _2
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and are the nearest-neighbors of the cation associated to j-th lattice point. The

relative position of these four anions relative to the cation are,

. Ay Ay Qg
— s C.21
T (+4,+4,+4) (C.21)
- Az Gy Q2
S ( 14 4)
- _ (G Gy G
2= ( RV 4>
Bo= ()
3 40 4’4

Equation (C.20) can now be expressed as,

<mck‘H‘nak> = ¢ ko <mch Ul [na ¢>(5a,0

P Jis
—ik-T1 D ac >3 .

+ e <mc i| Ui |na Z>5 0%k 28]
—ik-To D ac >3 .

+ e <mc i| Ui |na Z>5 o [4E 0]
—ik-Z3 D | 7rac 3 .

+ e <mcR] U5 Ina Z>(5 ok o) (C.22)

Similarly, it follows

<makz‘H‘mak3> = ¢k <ma | Ui Inc Z~>5*. 0
P Jis
ik- 21 5. ac 3 R
+ e <ma | Ui [nc Z>(5 i [0- % — 22
ik-Zo 5 | rrac 3 _,
+ e <ma J Uiaj ne Z>5 jis|— 20— 2E ]
ik-@3 >3 ac 23 .
+ e <maR] U Inc 2>5Rji,[—%f%0]' (C.23)

Now, due to crystal symmetry, the four matrix elements in RHS of (C.22) or (C.23)
are equal in magnitude, but may differ in signs due to the relative position of neigh-
boring cations with respect to the anion. They can therefore, be combined and
written as,

Hy (E) = <malg‘ H ‘nclg> =g (E) | (C.24)
where,

Vo = <maﬁi

Ui,a

ncﬁz> , (C.25)



152

are the overlap energies, and g; (E) takes one of the followin expressions,

dg0 = ¢iFeo y heTt | pifeTa y gikeTs (C.26)
491 — e’ilzf"fo _|_ eiE.fl _ eiE.£2 — eig.fB (027)
4g2 — eil;o:fo _ eiEOfl + €iE.f2 — e“;°f3 (028)
493 _ eiEOfo . eiEOfl o ei];'@ + e“;'ié (029)

The Hamiltonian in (C.7) can now be expressed in the Bloch sum basis of (C.2) as,

[ el 12
- . (C.30)
(He) [H.

Since spin-orbit interaction, which couples orbitals on same atomic site, has not been
treated so far, the diagonal blocs of (C.30) are diagonal matrices with the on-site

energies of the orbials on the diagonals.

Ed

S

[Hoa] = ’ : (C.31)

[H..] has a similar structure, except the diagonal elements are on-site energies of
cationic orbitals, which are different from those of anion in III-V semiconductors,
but are same for elemental semiconductors such as silicon or germanium. The off-
diagonal bloc, [H,.], is however a dense 10 x 10 matrix, written in terms of 5 x 5

blocs

H] = (Hipsse ] [ ] | (.32

ac ac
d5—sp3s* d5—db
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where
ac ac ac ac ac
‘/s,sgo ‘/s,azgl ‘/s,yg2 Vts,zg?b ‘/s,s*go
ac ac ac ac ac
‘/z,sgl Vx,xgo Vx,yg3 Vx,ng Vx,s*gl
ac _
[ sp3st—spist | — | Vg Viiogs Vitgo Vitar ViGga | (C.33)
ac ac ac ac ac
‘/2,593 ‘/z,ng ‘/Yz,ygl ‘/z,zgo ‘/z,s*g3
ac ac ac ac ac
‘/s*,sgo ‘/s*,xgl ‘/s*,yg2 ‘/s*,zg3 ‘/s*,s*go
ac ac ac ac ac
‘/s,xygo ‘/s,yzg?» ‘/s,zxgl ‘/s,x27y2g2 ‘/s,3z27r2g0
ac ac ac ac ac
V;c,wygl V;c,yzg2 Va:,zxgo V;c,z?—y293 ‘/;3,3,2277'291
He< Vac Ve 1 ac Vac Vac
sp3s* —d> yay92  Vyy91 Vy 293 Vyge 200 V32 202
ac ac ac ac ac
‘/z,xyg?b ‘/z,yzgo ‘/z,zxg2 ‘/;,xQ—ngl ‘/z, 221293
ac ac ac ac ac
L s*,zygo s*,yzg3 s* zx91 ‘/;*,1273/292 ‘/;*,3,22—74290
ac ac ac ac ac
ny,sgo ‘/acy,zgl ‘/acy,ng ‘/acy,zg?b ‘/a;y,s*go
ac ac ac ac ac
Vyz,sg3 V;;z,ng ‘/yz,ygl V;;z,zgo V;;z,s*g3
Hee — Vac Vac Vac Vac Vac
d®—sp3s* 22,891 zz,290 zz,y93 22,292 2x,5* 91 ’

ac ac ac ac ac
Vit e s Vi 2,098 Vi o G0 Vi o gr Vi o 0o

ac ac ac ac ac
‘/322_7"27590 ‘/;322—r2,xg1 ‘/;SZQ—TQ,ng ‘/;322—r2,zg3 ‘/;SZQ—TQ,S*QO

(C.35)
and
ac ac ac ac ac
sz,xygo ny,yzg3 ny,zxgl ny,x2—y292 me,3z2—r290
ac ac ac ac ac
‘/yzvxygg ‘/;/Zvyzgo %Z,ng2 V;/ZJCQ*ngl ‘/1512,32277293
ac — ac ac ac ac ac
{ d5—d5} o ‘/;x,xygl ‘/;x,yng ‘/;x,zxgo szx,foyQQ?’ ‘/2907322*Tle

ac ac ac ac ac
‘/;;2_y27xy92 ng_yg,yzm Vx2_y2’zx93 Vx2_y2’$2_y290 ‘/;:2—y2,3z2—7"2g2

ac ac ac ac ac
L ‘/;SZQ—TQ,J;ygo ‘/322—7’2,yzg3 ‘/322—7"2,zxg1 ‘/322—7"2,2?2—312g2 ‘/;322_7”27322_7“290

(C.36)

The for i € {0,1,2,3}, the g; factors with each terms obtained from a similar Hamil-
tonian in [135]. Finally, since tight-binding Hamiltonian, H, in (C.30) must be
Harmitian, it follows

[Hca] = [Hac] :
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C.2 Overlap Mtrix Elements from Slater-Koster Two-Center-Integrals

ac
2,37

In this section, the overlap matrix elements, are expressed in terms of the
Slater-Koster two-center energy integrals [60]. Notice that, in [60], many of the ma-
trix elements shown here, are absent. Those expressions are obtained by exploiting
the symmetry of the orbitals with respect to the directional cosines [, m, and n.
The overlap matrix elements between anion and cation possess additional symmetry
when applied to elemental semiconductors such as Si or Ge. In this special case,
both anionic and cationic sites are occupied by the same atom and switching the
order of the orbitals in the overlap matrix element does not change their magnitude,

ac — ac
vl = vl

Their signs, however, may change depending on the parity of the
directional cosines, [, m, and n.

(84| with all cation orbitals

ac

Ve = Vi
ac  __

Viz = Wiipeo-

Vsa; = MVs,peo-

Vsﬁf = Vspeo-
‘/;Lgy = \/glm‘/&zdcﬂ‘
Vi = \/gmn‘/;adca-
Vi = V3nl Viadeo-

;;2,y2 == %\/g (lz — mQ) V:?adcd'

8736)22—7’2 = |:n2 - % (l2 + mQ)] ‘/sadcg.

ac
Vs,s* = Vc‘as;}*a'

(pe,| with all cation orbitals

Vie = Wi
Ve = Vo + (1= 1) Vi



VCLC

T,y

ac

Vo
Vac

T,TY

VCLC

T,Yz

VCLC

T,2X

ac
z,x2—y2

ac
x,322—r2

VCLC

x,s*
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Im (Vopo = Vipr) -

Vipr) -

VBP0 +m (1= 21) Vo
Imn (\/§V wdeo — 2Vpadcﬂ) )
\/gnl21/padca +n (1 — 2l2) Viador-

LV (= ) Vi 11 (2= )] Vo

nl (V;?pa -

1
l [n2 —3 (l2 + m2)} Viwdoo — V302V, dor.
_l‘/;zpao"

(py.| with all cation orbitals (p,,| with all cation orbitals

Vis
Via
Vi
Vi
V ac

Yy,ry

VaC

Y,yz

VQC

Y,2T
ac

2_ 42
Y, 7=y

ac
Y,322—1r2

ac
‘/y7s*

—MVs pao-
ml (Vipo — Vipr) -

m2‘/;9p0 + (1 - m2) Vopr-

Vpr) -

VBIm* Va0 + 1 (1= 2m*) Vydor

\/§nm2Vpadca +n (1 — 2m2) Voador-

mn (Vpptf -

Imn (\/5‘/}3,1400 — Q%adcw) .
B (= 1) Vi[5 (2~ )] Vo
=300 o~ B

_m‘/szpao' .

(p.,| with all cation orbitals

ac
Vs
ac
Vi

_n‘/scpad'

nl (Vipe = Vppr) -
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Vza,gj = nm (Vopo — Vipr) -

VI = Vo + (1= 12) Vipr.

Ve, = tmn (V3Vao — 2Vpuar)

Vi = \/gmnzvpadca +m (1 - 2”2) Vpader-
‘/;jgﬂi = \/gl/n?‘/;?adco' + l (]‘ - 2”2) %adcﬂ’

ey = %\/gn (l2 — m2) Viudeo — N0 (l2 — m2) Vipuder-
ch§22—7"2 = n [712 - % (l2 + m2)] V;?adca + \/gn <l2 + mZ) V;?ach'

ac
V. = —n‘/;zpao—.

z,8%

(dyy,| with all cation orbitals

Ve, = V3lmVig,o.

Vee, = —VBPmVpae —m (1= 202) Vi,

vee, = —V3Im*Vpuo — 1 (1= 2m) Vg

Ve, = —lmn (V3Vao — 2Vpuden)
Ve, = 3Pm™Va + (I +m? = 4Pm?) Vage + (n? + 2m?) Vs,
Ve, = 3m*nVa +nl (1= 4m?) Vigr +nl (m?* = 1) Vaas.
Ve, = 3PmnVig, +mn (1= 41%) Vage +mn (12 = 1) Vaas.

e ;lm (2 = m®) Vaao + 20m (m* = 1) Viaaz + %lm (12 = m?) Vaas.

1 1
xcsj322—r2 = \/glm |:n2 — 5 <l2 + m2):| VYddO— — 2\/§lmn2‘/;ld7r + 5\/§lm (1 + n2) VYdd(S'

V;:ayc,s* = \/glm‘/;zdaa-
(d(yz),| with all cation orbitals
‘/;;,LZC,S = \/gmnvscdag'

V;;x = —lmn (\/g‘/pcdad - 2‘/pcdaﬂ'> .



VCLC

Yz,y

VCLC

Yz,2

VCLC

Yyz,xy

VCLC

Yyz,yz

VCLC

YZ,2%

VaC

yz,x2—y?

VCLC

yz,322—r2

VCIC

yz7s*

(da),

VCLC

2x,S

VCLC

Z2X,T

VCIC

zZT,Y

VaC

2x,2

Viea), (ay),
VQC

2X,Yz

VCIC

ZX,2T

VCIC

zx,x2—y2

VCLC

22,322 —12

VQC

2T,8*
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= V3 Ve = (1= 2m°) Vo

~V3mn*Vy.a,0 — m (1= 20%) Vydyrr
8Im*nVaay + nl (1= 4m*) Vigr +nl (m* = 1) Vaas.
3m*n*Vaao + (m? +n? — 4m*n?) Vaue + (12 + m*n?) Vas.
8lmn*Vaao + Im (1= 4n%) Vig + Im. (n® = 1) Vias.
S (12— m?) Vago —mn [1 42 (12— %) Vaar

+mn [1 + % G m2)] Vias-
VB [ = 2 (1 + )| Vaas = VBmn (1 + 2 = 1) Vi

—%\/gmn (l2 + m2> Vigs-

= \/§mnVszdaU.
with all cation orbitals

= V3nlV,.d,0-
= —\/§l2n%cdaa -n (1 — 2/

) V;?cdaﬂ’
—lmn <\/§‘/pcda0' - Q%Cdaﬂ)
VB3I Viduo — 1 (1= 20%) Vr.

32mnVyy, +mn (1 — 412) Vade + mn (l2 — 1) Viads .-

3lmn®Vyg, + Im (1 — 4n2) Vige +1lm <n2 — 1) Vids.
3202V + <l2 +n?— 4l2n2) Viaar + <m2 + l2n2) Vias-
3

5nl (l2 — m2) Vado +nl {1 -2 (l2 — mQ)} Vadr

—nl |:1 — % (l2 — m2)] V;jd(;.
V3nl [nz — % (l2 + mz)] Vido + V3l (l2 +m? — 712) Vidn

—%\/gnl <l2 -+ m2) Vdd(g.

= \/gn”/szdaa~



158

with all cation orbitals

(@22,

V;:%cny,s = %\/g (l2 - m2) V;cdag.

Ve e, = —%\@l (= m%) Voo =11 = (& = )| Vit
Ve = _%\/ém (12 = 12) Voo + |1+ (2 = 10%) | V.
Ve, = —%\/ﬁn (2 = m) Voo + 10 (I = %) Vot
Ve b, = gmn (12 = m?) Vaao —mn [1+2 (2 = m?)| Vg
mn |14 H(. m?) | Vaas.
Ve L = g"l (12 = m?) Vg + 1l [1 =2 (12 = m?)] Ve
ol {1 - % (2 - m2>} Vias.

+ [TL2 + i (l2 — m2)2] ‘/dd&
‘/;%c—yQ,BzQ—r2 = %\/g (l2 - m2) [712 - % (l2 + m2)] Vido + \/§n2 (m2 - l2) Vidr
VB (1 n?) (= m?) Vas.
Ve g = %\/5 (2 = m?) Vazdo
(d3,2_,2| with all cation orbitals

‘/SO,LZCQfTQ,s = |:n2 - % (l2 + m2)] VScdaU'

1
‘/vgazg—TQ,Q? = _l |:n2 - 5 <l2 _'_ m2):| ‘/;)Cdag _'_ \/§Zn2‘/pcdaﬂ"
1

‘/E‘BCLZ%—TQ,y = —m |:n2 - 5 <l2 + m2):| %chO' + \/gmn2‘/;7cda7r'

ac 1
‘/3z27r2,z = —n |:n2 - 5 (l2 + m2):| V;?cdaa - \/g (l2 + m2> ‘/pcdaﬂ"

1

Vi 2y, = V3lm {nQ =5 (l2 + m2>} Vido — 2V 3Imn*Vyy.

+%\/§lm (1 + n2) Vids.-



159

Vi oy = Vamn i = 5 (B m?)| Vi + VB (B +m? =) Vi
—%\/gmn (l2 + m2) Vias-
o e, = V3nl [n2 - % (2 + m2)] Vado + V30l (I +m* = %) Vi
VB0l (P 4+ m?) Vas.
‘/236202,1"2712,% = %\/g (l2 - m2) [712 - % (l2 + m2)] V;jda + \/5712 (m2 — l2) V;jdﬂ
+ VB (1 n?) (= m?) Vaas.
3L262,T273Z2,T2 = [nz - % (l2 + mz)]Q Vado + 3n2 (l2 + m2) Vidr
5 (24 m) Vs
Vglzcz,ﬂ’s* == %\/g (l2 - m2) V;zdag.

(sk| with all cation orbitals

ac
Vs*,s = Vszscv'

‘/s?*(fx = ”/SZPCU'
Vs%fy = MmVizpeo-
V;%‘C,z = n‘/SZPcU'
‘/;ic’my == \/glm‘/;zdca.
Vs‘ifyz = \/§mnVs;dCU.
Ve, = VanlVia..
‘/5610’902_y2 == %\/g <l2 - m2) V;chg.
‘/sic,:}forQ = |:n2 — % (lz + mQ)] ‘/S,’;dcd'
Ve = Vi

Using these overlap matrix elements, the overlap energy bloc becomes

[Hael = U1, Ua] (C.37)



where

Vsa§ go
V:):Ctgg 1
V;fgg 2
Vg3
= ‘/sc’l*c,s Jo
V;:ayc, s90
Vis93
‘/zazc, s91

ac
Vary2,692

ac
L VZSZQ —r2,590

and,

Vts(?;ygo
Va0
Vycf;ng
V.93
7 V:g‘c,xygo
V;c%f,xygo
Vyifxyg?)
‘/z(?r:c,azygl

ac
V:rLyQ,:vng

ac
‘/3z2 —r2 ,:cygo

‘/::igl
an,:ccgo
‘/;;93
V%92
‘/s(’l*c,:vgl
Vg1
Viz92
‘/zawc,xgo
anQc_yQ 7xg3

ac
VZSZQ —r2 ,:vgl

Vt;,lyjzgiS
‘/chgc;ng
Vi1
‘/zafgc/zgo
V:;’l‘c,yzgiS
‘/zayc,yzgfﬂ
V;/O;'C,yzgo
‘/;C;I:c,yng
V;azc,yz Yz g1

ac
‘/3z27r2,yzg3

‘é?;gz
an,cygiS
Vw90
V;‘féjgl
Vs%‘nyQ
angf,yg2
V;z(fyg 1
Vz(ﬁf,yg:s
Vs 2 490

ac
VZSZQ —r2 ,yg2

‘/sc,lgazgl
chtixgo
‘/;ﬁgxg?)
‘étfgng
‘/sc’l*c,zxgl
V;sagf,zxgl
Vys.za02
‘/zaxc,zxgo
anfny ,zxg3

ac
VZSZQfTQ,zxgl

Viigs
an,ggQ
V;ggl
Vii9
‘/3%0,293
V;:ayc,zgfﬂ
V5290
‘/zazc,zg2
anQC_yQ 291

ac
VZSZQ —r2 ,zg3

Vac2 2 g2

S,T
cht;nyQ 93
Via2—y290
‘/2'7;2 —y2 g1
V,;ic’m2_y2 g2
V:vazﬁxLyQQ 2
‘/;JleC,xLyQQ 1

ac
‘/zz,zQ—yﬂ 93

ac
VxQ,yzmzfyzgo

ac
VZSZQ —r2 x2—y2 92

160

V90
an,g* g1
‘/;2*92
V;ff;*gg
‘/s(’l*cs*
90 (C.38)
V;:ayc,s* Jo
‘/yaz(fs*gf}
‘/Zazc,s* g1

VQQC_yQ ,8* 92

T

ac
‘/23,2271"2,5*90 ]

ac
‘/5,322 —r290
Va§z2 —r201

T,

Viiaz2—r202
‘/;L§22 —r293

‘{9610,322 —r290
V;:ayc,3z27r2 9o
V;zc,i}forQ 93
‘/z'axc,322 201

ac
VfoyQ ,322—r2 92

ac
VZSZQ —r2,322—r2 9o

(C.39)

C.3 Treating Spin-orbit Coupling in Tight-binding Formalism

In Sec. C.1, tight-binding Hamiltonian has been derived without treating the

spin-orbit (SO) coupling. In this section, spin-orbit Hamiltonian matrix elements is

be calculated in sp3d®s* atomic orbital basis. In practice, the spin-orbit interaction
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of d type orbitals are usually ignored for semiconductors, since they don’t have any
effect on the bandstructure near the band gap, and therefore, are not important.
Spin-orbit interaction happens between orbitals located on the same atom, and not
between orbitals sitting on neighboring atoms. Therefore, SO coupling not only adds
off-diagonal elements to the otherwise diagonal same spin blocs, [H,,] and [H..], but
also adds matrix elements between opposit spin orbitals located on the same atom.

The tight-binding Hamiltonian, without SO coupling, can be written as,

[Hatat]  [Hatet]
Hyo spin = [Hetar] - [Herel . (C.40)
[Hatal] [Hajel

[(Hajal]l [Hajel

wherer no matrix elements are present between the up and down spin orbitals. For

clarity, the blocs of (C.40) can be rearranged to the following form,

[Hatat [Hager]

Ha a Ha c
HNO Spin — [ ! l] r [ : l] 3 (041)

[Hetar] [Hetet
[Hejal] [Hepel]

where the large diagonal blocs contain Hamiltonian blocs from same atom, but with
opposit spins. Since SO coupling present only between orbitals located on the same

atom, the SO Hamiltonian, Hgo, has the following structure,

[Hso 111 [Hso 11]
Hep — [Hso 11] [Hso L] (C.42)
[Hso T1] [Hso 1]

[Hso |1] [Hso L]

The various blocs of (C.41) are now calculated. With the nuclear electric field E

and momentum operator p, spin-orbit Hamiltonian, Hgo, is expressed as follows,

qh

Hso ——
4Am?2c?

6-(Exﬁ)
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— qh (El“pyEyp1> (Eypz - Ezpy) - Z (Esz - Ea:pz)
dm?c? (Eypz - Ezpy) +1 (Ezpz - Empz) - (Ea:py - Eypx)
~[sor son o,
SO |7 SO ||

where p, = —ih0/0z, p, = —ihd/0y and p, = —ih0/0z. This Hgo is then be

expressed in atomistic orbital basis.

SO SOT1] y 1
(pz Tl Hsolpy 1) = {(1%“ 0] Iy T)

SO |1 SO || 0
qh

= It (Pe T/ (Ezpy — Eypa) Iy 1)

P 9 _ g9

= Z4m202 <px T| (Ezay Eyal,> |py T>

= —i0

(py T| Hso |ps T) directly follows from the Hermitian nature of Hgo

(py N Hso lpx 1) = (px T/ Hsolpy 1)
= 10
In order to evaluate other SO matrix elements, the following information becomes

useful:

1. the electric field, F, and the p-orbitals are odd spatial functions along their

respective axes,

2. product of even number of odd functions is even function, odd number of odd
function is odd function, and any number of even function is a even function,

and finally,
3. derivative of an even function is an odd function and vice versa.

Only those matrix elements, where even functions along all spatial axes results,
produce nonzero values. Using these conditions other SO matrix elements can also

be evaulated where only the following SO matrix elements survive:

(p= L|Hsolpy 1) = 0
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(py | Hsolpz 1) = —id
(P2 11 Hso p 1)
(p- || Hso |p= T)
(py Tl Hso |p- 1)
(p= l[Hsolpy T) = 6
(p- Tl Hso |pz 1)
(pz | Hso p-T)
(p- T Hso |py 1)
( 1)

py L Hso |p-

Remaining matrix elements are zero by symmetry consideration. Now, from (C.42),

the spin-orbit Hamiltonian blocs between the sp3s* orbitals can be written as,

000 0 00
0 0 —id 0 0
[Hso 1] pssrspssr = | 0 436 0 0 0 (C.44)
00 0 00
00 0 00
000 0 00
0 0 +id 0 0
[Hso L gpsgrgpsss = | 0 —=id 0 0 0 (C.45)
00 0 00
(00 0 00|
000 0 0 0]
00 0 45 0
[Hso T gpssegppsr = | 0 0 0 —id 0 |- (C.46)
0 =6 +i6 0 0
00 0 0 0
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(000 0 0 0]
0 0 0 -6 0
[Hso WMyperapper =0 0 0 —id 0 (C.A47)
0 40 +i0 0 0
000 0 0 0]
The SO blocs in (C.42) now becomes,
[HSO TT] _ [HSO TT]sp3s*75p35* [HSO TT]Sp3s*,d5 ’ (048)
L [HSO TT]d5,sp35* [HSO THd5,d5 |
— H 3s* sp3s* H 3% 5 ]
[HSO TH _ [ SO Tl]sp s*,sp3s [ SO Tl]sp s*.d ’ (049)
L [HSO T‘L]d5,sp3s* [HSO T‘L]d5,d5 ]
[HSO \LT] _ [HSO J/T]sp3s*75p35* [HSO ‘J/T]Sp3s*,d5 ’ (050)
L [HSO lT]d5,sp3s* [HSO lﬂd57d5 ]
[HSO ll] _ [HSO l“sp3s*75p35* [HSO ‘Ll]sp3s*,d5 ’ (C51)
L [HSO ll]d5,sp3s* [HSO lud5,d5

where, except sp3s* — sp®s* blocs, all other blocs are 5 x 5 zero matrices. Finally,

the Hamiltonian with SO coupling are the sum of (C.41) and (C.42),

HTotal = HNoSpin + HSO~ (052)

C.4 Application to Finite Dimensional Structures: UTB MOSFETSs

In Sec. C.1, bulk tight-binding Hamiltonian was derived under the assumption
of infinite lattice periodicity along all three orthogonal spatial axes. However, real
devices are finite dimensional where along one or more directions infinite periodicity
is absent. The wave vector, k, does not have any physical significance along these
finite dimensional directions. In order to apply tight-binding approach in nanostruc-
tures, in this section we will describe how to discretize the bulk Hamiltonian in one

or more special directions.
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To illustrate the technique of discretization of tight-binding Hamiltonian, we
consider an ultra-thin-body device with the thickness along [001] direction, which is
the Z-axis of the device coordinate system. Other two axes are are X, transport adn
Y width directions, which are along [100] and [010] crystallographic orientations,
respectively. Compared to thickness, along both X and Y the device is long enough
so that infinite periodicity along these axes are assumed. We will show next how to
write the tight-binding Hamiltonian for this finite dimensional system where along
Z we need to represent the device atomistically, however, along X and Y plane wave
states remains a good assumption.

We first recall that the four terms in each of the expressions in (C.26-C.29)
represent the interaction between an anion with its four neighboring cations. Thus,
gikedo represents the interaction between an anion and a cation where the cation
is located 7y with respect to the anion. Similarly, the other three terms represent
similar interactions of the anion with cations located at 7'y, Z5, and I3, respectively.
This bond orientation dependence of the terms become clear if we write (C.32) (or

equivalently (C.37)) in the following form,
[Hae] = Xve™ ™ 4 Xy ™ 4 Yyt 4 vy et s, (C.53)
In (C.53), Xy is obtaine by replacing go, g1, g2 and g3 by +1, and therefore,

4o 4o 4o o o +eo o Lo o Jeo
4o 4o 4o o o +eo +eo +o feo Heo

Xy = . (C.54)




Each e in (C.54) represents the corresponding V%
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in (C.37). Similarly, Xy is ob-

tained by replacing go and g; by +1, and go and g3 by -1 in (C.37). Thus we get,

+e

“+eo

+eo

“+eo

“+e

“+eo

(C.55)

The third matrix, Yy is obtained by replacing gg and go by +1, and g; and g3 by -1
in (C.37). Thus we get,

(C.56)
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Finally, the fourth matrix, Yy, is obtained by replacing gy and g3 by +1, and ¢g; and
g2 by -1 in (C.37). Therefore,

(C.57)

Now for a thin film, where the thickness is along [001](= Z), the translation sym-

metry is broken along Z. In order to treat this, we express (C.53) as,

[Hac] — Xvezk-xo + XUezk-:vl 4 YUezk-xQ 4 Yvezk-xg

‘I‘YU@

n {XUeikxax/lle—ikyay/ll _i_YUe—ikxax/éleikyay/ll

_ Xveikxax/éleikyay/lleikzaz/4
—ikxax/lleikyay/4€—ikzaz/4

_ [Xveik:mam/éleik:yay/él_i_Yve—ikmam/éle—ik:yay/él

— [V;C] eikrzaz/él + [Uac] e—ikzaz/él.

For unstrained material, a,

different. In (C.58), we have defined

Xveikxax/lleikyay/él +Yye

+XU€

—f- Yve

ikxax/4€—ikyay/4e—ikzaz/4
—ikxax/éle—ikyay/éleikzaz/4

eik:zaz/él

e—ikzaz/él

(C.58)

= a, = a, = ar, but for strained material they can be

_ikxax/lle_ikyay/ll’ (059)

Xyetheta/de—ikyay/4 4 vy o= thata /4 ikyay /4, (C.60)

both of which are function of in-plane wavevector k, and k,. In thin-bodies with

thickness along Z, k., does not have any physical significance, and after an inverse
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Fourier transformation along Z, as shown in [124], the expontial term in k, drops out
in (C.58). As a result, [V,.] becomes the coupling matrix of an anion layer with the
neighboring cation layer along [001] or +Z, while, [U,.] becomes the coupling of an
anion layer with the neighboring cation layer along [001] or —Z direction. Knowing
the coupling matrices between successive atomic layers, it is straightforward to write

the thin-film Hamiltonian discretized along [001] orientation as

[Haa)  [Vacl
Vel [Hed  [Uad!
HTF (kl" ky) - [Uac] [Haa] [V;w] : (061)

The tridiagonal nature of the thin-film Hamiltonian implies that each atomic layer,
cation or anion, is connected with two neighboring atomic layer of opposit type, one
above and one below. Size of each bloc is N, x N, where N, is the size of atomic
orbital basis set. Number of diagonal blocs in (C.61) is same as number of atomic
layers, N,, along body thickness. The layers are arranged a —c—a—c—a —---in
this order. As a result, for each {k,,k,} pair, size of the Hamiltonian in (C.61) is
(NpyN,) % (NpN,). Abrupt termination of Hamiltonian at the first and last elements or
the diagonal blocs cause dangling bonds and the associated surface states. Removal
of these states is discussed in Sec. C.5. Finally, since the first bloc diagonal element
in (C.61) (equivalently the bottom surface of the thin body) is assumed to be an
anionic layer, if the body consists of odd number of layers along thickness, then the
last bloc diagonal element element is also anionic. However, if the body thickness
consists of even number of layers then the last layer (top surface of thin body) is a

cationic layer.



C.5 Passivation of Surface States in Tight-Binding Approach

C.5.1 Anion Atoms at Top and Bottom Surface
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The orientations of four bonds from an anion to its neighboring cations are along

[111], [111], [111] and [111] crystalographic orientations. These bonds are primarily

formed by sp*-hybridization (linear combination) of |s), |p.), |p,) and |p.) orbitals

on the anion atom as [123,136,137],

where, the first two bonds are

(Is) + |pz) + [py) + |p2))
(Is) = [p2) = |py) + Ip2))
(Is) + [p2) = lpy) = Ip2))

(Is) = [p2) + lpy) = Ip2))

NN RN DN -

(C.62)

above the (001) crystal plane and the last two are

below the (001) plane. These anion-to-cation bonds of (C.62) can be written in a

matrix notation as

(11 1 1] s
11 —1 1]
11 -1 1| 1p
111 =1 |

.
x)
)
) ]

(C.63)

From (C.63), the unitary operator that transforms from atomic {sp,p,p.} to the

hybridized |sp®) basis can be extracted as

1
[V]AHH - 5

11 1 1

1 -1 -1 1

1 1 -1 -1
|1 -1 1 -1

(C.64)
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Now, the sp® part of the tight-binding Hamiltonian’s diagonal bloc dealing with

onsite energy of anion is,

aa
ES

aa
EP

[H] (C.65)

Atom —

aa
Ep
aa
Ep

It is straightforward to transform this on-site energy bloc, which is in the atomic

orbital basis, to the hybridized bond-orbital basis,

[H]Hybm'd = [V]AHH [H]Atom [V]LHH
(4 b b b
b a b b
_ , (C.66)
b b a b
b b b oa]
where,
1 aa aa _ 1 aa aa
o= (B +3E")and b= (B~ E).

Bottom Interface

For an ultra-thin-body of semiconductor with film growth direction along [001],
if the bottom layer is anion type, then the two dangling bonds are |sp3>[1ﬁ] and
|sp3>[iﬁ], whose energies are the third and fourth diagonal elements of (C.66). In or-
der to remove surface states due to these dangling bonds, their energies are increases

by 043, which is

[H]Hybrid = [V]AHH [H ]Atom [V]EHH

, (C.67)
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This Hamiltonian, although surface states are removed, is still in hybrid bond basis.

Therefore, using

[H]Atom = [V]LHH [H]Hybrid [V]A—>H7
the corresponding bloc in atomic basis becomes
gy 2 0 O
s 2 2
Ogp3 Ogp3
0 Foo 22 0
[H]Bottom — p + 2 2 (C 68)
Atom (581)3 5sp3 ! ’
0 - E, + 5 0
Osp3 Ogp3
_ 9% paa 4 %sp®
I 5 0 0 bt 5 |

Top Interface

When the top surface is also anion type, the two dangling bonds there are |sp?) [111]

and |sp3)[ﬁl]. They correspond to the first and second diagonal elements of (C.66),

which should be raised by d,,s to remove the associated surface states. Following the

same treatment above, the new sp? Hamiltonian bloc for this top surface become

[ poa O® 0 O ]
s 2 2
wa . Osps Osps
Top 0 BTy Tty 0
[H]Atom = 53 3 53 3 ) (069)
0 - B+ 0
Dy . . oo, O
L 2 p 2 U

C.5.2 Cation Atoms at Top and Bottom Surface

In Sec. C.5.1, the technique to remove surface states due to anionic dangling
bonds at top and bottom interfaces is described. The technique can be readily
extended for cationic dangling bonds at top and bottom interfaces. The orientations
of bonds from a cation atom to its four neighboring anions are along [111], [111], [111]
and [111] crystallographic orientations, respectively. These bonds are also formed by

hybridization (linear combination) of s, p,, p, and p, orbitals as

L (18) = [pe) + [py) + p2))

‘5p3>[111] -9
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) e = 5 5 Flped = Ip) + Ip2))
)i = 508~ Ipe) = Ip) — Ip-))
)y = 508+ lped +Iny) = Ip2)) (c.70)

|5p3>[i11] -1 1 1 |s)

sp? 1 1 -1 1 »

|sp >[111] 5 |Pz) (C.71)
|5p*) a1y L =1 -1 ~1 |py)

|5p3>[111] L L1 I -1 11 |p-) i

From (C.71), the unitary operator that transforms from atomic {sp,p,p.} to hy-
bridized |sp?®) basis is

1 -1 01 1]
1l 1 -1 1
Vi = 72
1 -1 -1 -1
111 -1

Now, the sp® part of the tight-binding Hamiltonian dealing with onsite energy is,

_ Egc -
B

[H]Atom = (073)
B

cc
Ep

This on-site energy bloc in atomic orbital basis, can easily be transformed in the

hybridized bond-orbital basis as,

[H]Hybm'd = [V]AHH [H]Atom [V]LHH

: (C.74)
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where,

o= (B +3E) andb = i (B - E).

S

] =

Bottom Interface

For an ultra-thin-body of semiconductor with film growth direction along [001],
if the bottom layer is cation type, then the two dangling bonds are |sp3>[ﬁﬂ and
|sp3>[1ﬁ], whose energies are the third and fourth diagonal elements of (C.74). In or-
der to remove surface states due to these dangling bonds, their energies are increases

by 043, which is

[H ]Hybrz'd = [Vl,_uylH ]Atom [V]EHH
a b b b
b a b b
_ , (C.75)
b b a+ 0g b
I b b b a + Ogps |

This Hamiltonian, although surface states removed, is in hybrid bond basis, there-

fore, using
[H ]Atom = [V]LXHH [H ]Hybrid [V]AHH )

the corresponding bloc in atomic basis becomes

[ pee 0wt 0 Owe
s 2 2
0 Eeglw O 0
[H] ottom o2 2 (C.76)
tom 58p3 581,3 !
0 - B 0
B Syp
__8 Fec 4 Z8P7
_ : 0 0 o+ |

Top Interface

Similarly, for the cation type top surface, the two dangling bonds are |sp3>[111] and
|sp3>[ﬁl], and therefore, the first and second diagonal elements of (C.74) should be
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raised by d,,s to remove the associated surface states. Following the same treatment

above, the new sp? Hamiltonian bloc for this top surface become

B g 571’ 0 0 +%
e . Osp3 Osps
o R R ’
[H]Atom = 55 3 (Ss 3 ) (077)
0 o By 0
O ; o gy O
L 2 p 2
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