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Abstract

Recently, traditional Si-based MOSFETSs are approaching its fundamental scaling limits,
and then Ge has been comprehensively explored as a potential channel material to replace Si
due to its high intrinsic carrier mobility for further performance enhancement. Nevertheless,
the shallow junction depth is hard to form since the conventional n-type dopants such as
phosphorous and arsenic have not only lower solid solubility but also faster diffusion rate in
Ge substrate than in Si. Moreover, strong Fermi-level pinning near the valence band edge of
Ge leads to high electron Schottky barrier height. Dopant segregation technique has been
proposed to achieve shallower “junction depth and heavier dopant concentration
experimentally due to dopant segregated around the interface. However, the role of dopants at

the NiGe/Ge interface is not clear.

In this thesis, we build the realistic polycrystalline phases NiGe/Ge contact by including

NiGe (112) phase only, and then the first-principles calculations are employed to investigate



the behaviors of the n-type dopant around the interface by LDA functional and whether the
physical Schottky barrier height of the NiGe/Ge contact is reduced by dopant segregation or

not is calculated by HSEOQ6 hybrid functional.

For the conventional n-type dopant such as phosphorous and arsenic, our calculations
show that those two elements may be segregated at the interface, but the preferred segregated
site of phosphorous and arsenic are on the NiGe and Ge side, respectively. These results
suggest that phosphorous would be a better choice for implantation before germanide process,
while arsenic can migrate into the Ge layer and pile up at the interface in both implantation

before and after germanide processes.

Then, we show that the physical Schottky barrier height of the NiGe/Ge contact modified
by dopant segregation using those two elements on the Ge side is reduced by less than 0.1 eV.
This small value is due to the strong Fermi-level pinning effect. By the way, there is no effect
to modify the physical Schottky barrier height by doping phosphorous on the NiGe side. To
sum up, the improvement of the NiGe/n-type Ge junction characteristics by dopant
segregation using phosphorous and arsenic are mainly attributed to the increase of dopant
concentration around the interface and partially attributed to the reduction of the physical

Schottky barrier height.

For the specific case using nitrogen dopant, the calculated results show that it can be
segregated around the interface but yield a large number interface states spreading the Ge
bandgap. Although the effective conduction band edge is closer to the Femi level due to
continuous interface states, the physical Schottky barrier is almost unchanged since the

interface states disappear at about 17 A away from the interface.

These first-principles calculations provide deep insight on the role of dopants near the

\Y



NiGe/Ge interface and can explain the experimental observations very well. Further

calculations can also help new process development.
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Chapter 1

Introduction

1.1 Si-based MOSFETSs Scaling Challenges of Source/Drain Design

1.1.1 Overview

The integrated circuits (ICs) industry has been growing rapidly, benefiting from the
dimension scaling of Si-based metal-oxide-semiconductor field-effect-transistors (MOSFETS)
for more than half a century. Since then, more and more transistors are able to be integrated
into a single chip as shown- in Figure 1-1. Moore’s law is named after Gordon E. Moore who
projected firstly the number of transistors on 1Cs doubles approximately every two years in
1965 [1]. The scaling not only decreases production cost per transistor and power

consumption but also increases the circuit density and device speed.

A successful device design tends to enhance the on-current at the allowable off-state
leakage for the performance requirements during scaling. However, several negative
short-channel effects would arise from device scale-down. As the gate length of MOSFETSs
are reduced, the channel potential influenced by the source/drain increases relative to the gate.
Escalating off-state leakage arises from threshold voltage roll-off and drain-induced barrier
lowering (DIBL), which describe smaller threshold voltage at shorter gate length and higher
drain voltage, may hinder transistor scaling because of significant passive power consumption.
In order to reduce the source and drain influence on the channel potential in bulk device, the
ultra-shallow junction formation technologies are necessary to minimize these short-channel

effects.



1.1.2 The Impact of the Total On-resistance on MOSFETSs Scaling

The total on-resistance of the MOSFETSs is the summation of channel resistance and
series resistance. The channel resistance diminishes aggressively with the scaling of the gate
length and the carrier mobility enhancement by uniaxial stain technology, while the series
resistance is difficult to be reduced due to the decrease of contact area and junction depth.
Unfortunately, escalating series resistance might limit the device on-current for performance
enhancement. Figure 1-2 shows the simulated channel resistance and series resistance of
NMOSFET at various technology nodes. It demonstrates the increasing trend of series
resistance, converse to the trend of decreasing channel resistance with transistor scaling. It is
observed that the series resistance would be comparable to the channel resistance at the 32-nm
logic node [2]. Therefore, reduction of series resistance represents one of the fateful challenges

for continued aggressive scaling.

The series resistance can be divided into four components: source/drain extension (SDE)
to gate overlap resistance (Rov); SDE resistance (Rex:); deep source/drain resistance (Rqp); and
silicide-diffusion contact resistance (Resg) as shown in Figure 1-3 [3]. To successfully optimize
the source/drain design for lower series resistance, it is important to understand the relative
contribution of each component. Among these components, the Rcsg and R, are the dominant
components and account for more than 80% of the total series resistance at all technology nodes
as shown in Figure 1-4 [4]. It is noted that the contribution of R.y escalates as the transistor
scaling, while R,y is almost at the same level. As a result, the R¢gq is the most serious component

to be reduced.



1.2 Properties of Metal/Semiconductor Contacts

1.2.1 Schottky Barrier Height

For reduction of contact resistance, the characterizations of metal/semiconductor should
be prior to understanding. The rectifying properties of the metal/semiconductor contacts
discovered by Ferdinand Braun in 1874 are determined by the barrier height of the majority
carrier using the simple model proposed independently by Schottky and Mott [5]. The barrier
height equals the energy difference between the Fermi level and the edge of the respective
majority carrier band, i.e., the conduction-band minimum for n-type semiconductors or the

valence-band maximum for-p-type semiconductors [6].

In the case that an n-type semiconductor and a metal with higher work function come in
electric contact, the two Fermi levels are forced to coincide and electrons pass from the
semiconductor into metal. The excess of negative charge on the metal surface and the positive
space-charge in the depletion layer near the semiconductor surface form an interface dipole
and result.in band bending regime as shown in Figure 1-5. The n-type Schottky barrier height

(SBH) calculated by the Schottky-Mott model is given by:

b = dm — X,

where ¢g is the barrier height, ¢y, Is the metal work function, and x is the electron affinity,
which describes the energy difference between the bottom of the conduction band and the

vacuum level at the semiconductor surface.
1.2.2 Fermi-level Pinning

The above equation shows that the barrier height depends linearly on the metal work
function and demonstrates by the experimental results of ionically bonded semiconductors [6].

3



However, some covalently bonded semiconductors such as Si, Ge, and GaAs do not confirm
this relationship because the barrier height depends weakly on the metal work function. In
1947, Bardeen proposed the different model to explain the insensitivity of the Schottky barrier
height to the metal work function as shown in Figure 1-6 [7]. It is shown that if the high
density of localized interface states at the semiconductor interface distribute in the
semiconductor energy bandgap, those interface states would absorb most of the majority
carriers on the semiconductor side. Consequently, different excess charge density on the metal
side will cause only slight variations of the space-charge density. As a result, the barrier height
will become almost independent of -the metal work function. Such behavior is called

Fermi-level pinning (FLP).
1.2.3 Specific Contact Resistance

In order to simply compare values of contact resistance with different contact size (Ac),
an appropriate parameter named specific contact resistance (p ), which is independent of
contact size, is introduced and defined as the reciprocal of the derivative of current density (J)

to the voltage (V) at zero bias, as shown in the following expression:

_ (ot
Pc = (E)Vzo =R A,
where Rc is the contact resistance and Ac is the contact area.

The current-voltage relations based on thermionic emission (TE), thermionic-field
emission (TFE), and field emission (FE) with different doping level in contact region as
shown in Figure 1-7 have been derived from a doping dependent tunneling probability using

Wentzel-Kramers-Brillouin (WKB) approximation [8].

Thermionic emission (TE) is the carrier transport over the barrier by thermal excitation

4



only due to wide depletion width from the metal/semiconductor lightly doped contact region,
therefore, primarily relating to the built-in barrier height. The corresponding specific contact

resistance is derived as:
— (XN a¢s5
pe(TE) = () T+ exp (532).
where k is the Boltzmann constant and T is the absolute temperature.

For contact region with heavy doping concentration, the carrier could directly tunnel
through the whole barrier since the depletion layer is sufficiently narrow. In this case, field

emission (FE) process dominates the current density, thus specific contact resistance is given

by:

p.(FE) « exp [@ (\)%)],

where &, 1S the permittivity of the semiconductor, m* is the tunneling effective mass, % is

the reduced Planck constant, and N is the active dopant concentration.

In addition, thermionic-field emission (TFE) dominates when the depletion region is
reduced enough to allow some tunneling through the barrier for the medium level of doping
contact region. To sum up, the theory predicts that reduction of specific contact resistance
could be achieved by decreasing the barrier height and/or increasing the active doping

concentration Nq near the metal/semiconductor interface.

1.3 Modified Schottky Barrier (MSB) Height Method

Increasing doping concentration for strong band bending near contact interface and/or

decreasing the physics Schottky barrier height could reduce the contact resistance. Hence,



implant-to-silicide and/or dopant segregation technique are introduced for the above-
mentioned reasons. Implant-to-silicide is the technique that silicide formation is prior to
dopant implantation, then the implanted dopant could diffuse out from silicide by annealing at
low temperature and segregate at the interface due to different diffusion coefficient between
silicide and silicon substrate. On the other hand, dopant segregation is the process that dopant
implanted before silicide formation. If silicidation is performed on the doped silicon regions,
the dopants could be redistributed and segregated at the interface as a result of the different
solid solubility of dopant in silicide and silicon substrate. Therefore, high doping
concentration as a result of the pile-up of the segregated dopant at the interface could cause
strong band bending to reduce the effective Schottky barrier height. The metal/semiconductor

Schottky contact with high barrier height could be changed to Ohmic contact.

1.4 Pros and Cons of Germanium

As Si-based transistor reaches sub-100 nm technology nodes, the conventional device
scaling cannot continue to maintain the required performance. Thus, the SiGe source/drain
was introduced to achieve uniaxial strain in the channel to enhance electron mobility at 90 nm
node [9]. However, the strain technology is approaching its limits as a performance booster
beyond 22 nm node. Once the traditional performance enhancement slows down, alternative
high-carrier-mobility materials such as germanium (Ge) and II - V  compound
semiconductors are considered as potential candidates to replace Si in the channel for further

performance enhancement as shown in Figure 1-8 [10].

The characteristics of several potential channel materials at 300 K are listed in Table 1-1
[10]. Bulk hole mobility of Ge is the highest among all of the known semiconductor and bulk
electron mobility of Ge is approximately two times higher than Si. By just looking at the

6



mobility values, the best combination seems to be Ge for PMOS and II-V compound
semiconductor for NMOS. However, it is easier to fabricate transistors in Ge than II-V
compound semiconductor due to its good compatibility with conventional Si process such as
self-aligned low-resistivity metal germanide formation at low thermal budget. Another
advantage for Ge is much larger on-current achieved as a result of larger density of states
(DOS) in the conduction band than II-V compound materials. There are severe technical
issue of surface passivation in TI-V compound semiconductor. Moreover, the availability of
high-k dielectrics compensates for the lack of a stable Ge-oxide in the past. Consequently, the

pure Ge channel is a promising solution for high performance logic CMOS scaling.

Nevertheless, Ge has a smaller bandgap than Si substrate as shown in Table 1-1. It would
result in higher junction leakage. This also implies that the quality of source/drain junction
will play an important role in the device performance. Ultra-shallow p*/n junction can be
achieved by a pre-amorphization implant (PAI) before boron ion implantation. The
implanted boron almost much less diffuses at 400°C ~ 600°C temperature range required for
dopant activation in Ge [11]. Numbers of researches about Ge p-MOSFETs have been

published and indicated its potential for a replacement for traditional Si-based [12].

However, the n-type dopants such as phosphorous and arsenic have lower activation
level by conventional annealing due to their low solid solubility [13]. They also have faster
diffusion rate in Ge substrate than in Si [14-18]. It would drastically reduce the Ge
n-MOSFETSs performance since low contact resistance and shallow junction depth are hard to
be achieve. Moreover, strong Fermi-level pinning (FLP) at the valence band edge of Ge due
to metal-induced gap states (MIGS) at metal/Ge interface causes Ohmic and Schottky

characteristics to metal/p-Ge and metal/n-Ge junctions, respectively. As mentioned above,



high electron Schottky barrier height of about 0.5~0.6 eV is very difficult to form low
resistance metal/n-Ge contact. Thus, how to accomplish Ohmic contact and ultra-shallow n+/p

Ge junction are critical challenges.

1.5 Motivation

As Si-based MOSFETSs are approaching its scaling limit, many advanced materials and
architectures are proposed for further performance enhancements. Ge is an attractive channel
material to enhance the performance of MOSFETSs as a result of its high carrier mobility.
However, high performance n-channel Ge MOSFETS still suffer from many difficulties to be
solve, especially for the issue of high source/drain contact resistance and the formation of
ultra-shallow junction due to strong Fermi-level pinning near the Ge valence band edge, poor
activation efficiency by conventional annealing, and high diffusion rate of n-type dopant such

as phosphorous and arsenic in Ge.

The technigues such as implant to silicide and dopant segregation have been proved to
reduce the effective Schottky barrier height of metal silicide/Si contacts due to the increase of
the dopant concentration at the silicide/Si interface [19-22]. The effect of those modified
Schottky barrier methods on the metal germanide/n-Ge contacts is needed to be examined
carefully since the Fermi-level pinning on Ge is stronger than Si system, but very few works
explored it in depth. The effective Schottky barrier height of the NiGe/n-Ge contact by dopant
segregation lowering from 0.72 eV at 0 K to 0.38 eV using phosphorous and to 0.19 eV using
arsenic has been reported in [23]. However, traditional Schottky barrier height extraction from
the measured 1-V characteristics only considers thermionic emission model and would lead to
underestimation of the barrier height since field emission, which is the dominate machine of
current transport, is not included in the extraction methods. Therefore, the very low effective
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Schottky barrier height extracted only including thermionic emission is not necessarily true.

On the other hand, Second lon Mass Spectrometry (SIMS) is regarded as a reliable
technique to obtain accurate dopant depth profiles of the source/drain contact with respect to
junction depth, implanted dose and profile shape. However, the dopant profile especially in
the regions less than 20 nm below the surface might be affected by conditions such as the
transient region that exists until sputtering becomes stable, the sputter rate changing near the
interface as a result of the different materials being crossed, and ion beam-induced interlayer
mixing since atoms from outer atomic layer can be driven into deeper layer during analysis
[24]. According to the International Technology Roadmap for Semiconductors (ITRS), the
ultra-shallow junction depth of the source/drain extension is required to be around 10 nm at
the 22 nm technology node [25]. Therefore, many analysis conditions should be carefully
considered to provide precise dopant depth profiles of the ultra-shallow junction beyond 22

nm logic node.

As mention previously, modeling and understanding the modified Schottky barrier height
through dopant segregation for the ultra-shallow junction are challenged by accurate dopant
profiling using SIMS analysis and precise barrier height extraction. The ab-initio density
functional theory (DFT) calculation is appropriate for addressing these challenges from
first-principles. These calculations from first-principles provide the physical properties of a
given system just from the knowledge of the element and position of the atoms. Judging from
the difficulty in lowering high electron Schottky barrier height for NiGe/n-Ge contact and
dopant segregation as an appropriate formation technique for ultra-shallow junction, a
first-principles calculation can be employed to reveal how stable atomic structures with

different segregated doping elements such as phosphorous and arsenic are, and understand



whether the segregated doping atoms affect the physical Schottky barrier height or not.

1.6 Organization

In this thesis, the first chapter is the introduction consisting of the Si-based MOSFETSs
scaling challenges focusing on source/drain improvement mainly, the merits and drawbacks of
Ge which is regarded as a potential material to replace Si, the problems for underestimation of
barrier height using traditional extraction methods in the low barrier system, and finally
proposing a first-principles calculations to overcome these problems and to understand the

influence of dopant segregation on the NiGe/n-type Ge contact.

Chapter 2 shows some representational approximations for many-body problems before
density functional theory, the frameworks of the density functional theory including the
Hohenberg-Kohn theorem and Kohn-Sham formulation, and the introduction of the

exchange-correlation energy functional used in the our calculations.

Simulation result is shown and discussed in Chapter 3. First, we examine the result of
lattice constant and band structure for Ge bulk to find the suitable exchange-correlation
functional. Then, the atomic structure of the NiGe/Ge contact consisting with the
experimental simple is constructed. Finally, the behaviors of the conventional n-type dopant
around the interface, the effect of the Schottky barrier height modified by dopant segregation,
and the influence of the nitrogen dopant segregated at the interface are studied by the

first-principles calculations. The last chapter is the conclusions and future works of this thesis.
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Table 1-1 Material characteristics of alternative channel materials [10].

Si Ge GaAs InSb
Bandgap, Eq (eV) 1.12 0.66 1.42 0.17
Hole mobility, y 450 1900 400 1250
(cm?vist
Electron mobility, p 1500 3900 8500 80000
(cm?Vist)
Effective density of states in | 1.04 x 10'° | 6.0 x 10*® [ 7.0 x 10® | 7.3 x 108
valence band, Ny (cm™)
Effective density of statesin | 2.8 x 101 | 1.04 x 10¥° | 4.7 x 107 | 4.2 x 10%¢

conduction band, N¢ (cm'3)
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Chapter 2
Calculation Methods

2.1 Representational Approaches before Density Functional Theory

For the many-body system consisted of N electrons (of coordinates r, mass m, and
charge -e) and corresponding nuclei (of coordinates R, mass M,, and charge +Z,e), electrons
in material are subjected both to electron-electron interactions and to external potentials in the
real world. The starting point for the theoretical description of many-body system is the

nonrelativistic, time-independent Hamiltonian of the coupled electron-nucleus system

Hioe(r,R) = T,(R) + T,(1) + Vo, (1, R) + Vo (R) + Vo(1)

ZIZ]e

] h? 2 1 e?
— 2MIZIVI Zl 1 l lelr —Ryl ZI:#]lR Rl ZZiijIri—rj|’ (21)

where T, is the kinetic energy of the nuclei, T, is the kinetic energy of the electrons, ¥, is

the electron-nucleus attraction, ¥, is the nucleus-nucleus repulsion, and V,, is the

electron-electron repulsion, respectively.

In principle, all the properties of such system can be described by the many-body
wavefunction ¥(r, R), which is the solution of the many-body stationary Schrodinger

equation
H.,¥(,R) = E¥(r,R). (2.2)

Once the wavefunction is solved, any observable (O) can be determined by the expectation

value of the corresponding operator

(¥(r,R)|0|¥(r,R))
(Y@R|¥@R)

(0) = (2.3)
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Careful use of symmetry might help us reduce the size of the Hamiltonian, and the
escalating power of modern computers growing exponentially with time allow us to consider
larger system, but it is still difficult to solve exact numerical diagonalization for the problem
of N electrons interacting in some external potential since the size of the Hilbert space of our
N-electron problem grows much faster than exponentially with N. Therefore, proper
approximations and simplifications are needed to extract useful information from such

complex systems.
2.1.1 The Born-Oppenheimer approximation

The adiabatic approximation, first proposed by Born and Oppenheimer is based on the
fact that the typical velocity of an electron in materials is much faster than the velocity of the
nucleus; since the nuclear mass is about one thousand times heavier than electronic mass in
realistic situations [27]. In other words, the time scale of the nuclear motion is several orders
of magnitude larger than that of the electronic motion. Therefore, it can be assumed that at
any moment the electrons will be in their instantaneous ground state determined by the
interaction with nuclear distribution at a particular instant, and then the forces acting on the
nuclei are determined by the instantaneous electronic distribution and the nuclear positions of
the system. Based on such an assumption, the nuclear Kinetic energy is considered to be

negligible, and the nuclear positions are taken as fixed external parameters.

As a result, the Hamiltonian for the coupled electron-nucleus system can be reduced to

the Hamiltonian for the N interacting electrons in an external potential
H:T3+Ze+‘7ext

= ——ZN \72 + - Zli]l + Zl 1 Vext (o), (2.4)
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where the nuclear part of the Hamiltonian is represented by a fixed external potential V,,. (1)
1
Vext (1) = ﬁVnn(R) + Ven (1, R).

Although the Born-Oppenheimer approximation allows us to separate the degrees of
freedom between electron and nucleus and to solve the nuclear part classically, the solution of
the Schrodinger equation for N interacting electrons system.is a formidable task since there
are still the two-body mutual Coulomb interaction between these electrons. Hence, a variety

of approaches have been developed to overcome this difficulty.

2.1.2 The Hartree-Fock approximation

The independent-particle approaches assume the electrons are uncorrelated except that
they must obey the exclusion principle. Accordingly, the Hamiltonian of N interacting
electrons (2.4) can be decoupled into N effective single-electron Hamiltonian where there is
no explicit two-body term included, but we incorporated into effective potentials certain

amount of the Coulomb repulsion.

Hartree in the first place proposed that the total wavefunction of N interacting electrons
can be expressed as a product of N single-electron wavefunction known as the Hartree

product [28-30]

Y(r151,7252 -, Tasy) = P1(T151) - Y2 (r2sz) -+ Yy (Twsn), (2.5)
where ); denotes the spin-orbital state of one electron,

_ [Y+(r)
vas) =y @)
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Nevertheless, this simple approximation does not handle the nature of identical particles
among electrons since the Hartree product fails to satisfy the Pauli principle, which demands
that the N-fermions wavefunction is antisymmetric; that is, the sign of the wavefunction

changes when two of its arguments are exchanged
W(rys;, 728, o, TiS, -, TjSj, -, TSy ) = =¥ (1151, 722, .., TjSj, -+, TiSi, =+, Tysy) . (2.6)

To overcome this major shortcoming of the Hartree product, his students Fock and Slater,
introduced the approach to ensure that the N-electron wavefunction obeys the Pauli principle
Is to construct a Slater determinant of orthonormal single-electron wavefunction [27]

Y1(r151) Y1 (resz). = Y1 (rysw)

1 | Ya(r1S1)  Po(1eSz) = Y(TrwsSy)
\/ﬁ 31 :2 %, :N . (2'7)

le(’;lSl) l/)N(r.'ZSZ) l/)NO;NSN)

lp(rlsb r2Sy, .., rNSN) =

It obviously satisfies the Pauli principle of fermions because we exchange the coordinates of

the space r and spin s with any two electrons, we will get a minus sign.

In order to obtain approximate solutions of the many-body stationary Schrodinger
equation (2.2), the expectation value of the Hamiltonian for the N interacting electrons system

(2.4) is calculated with respect to the Slater determinant wavefunction (2.7)

(P|Be|®) = Zoor SN [ i) [~ o 72 + Vet @] i)

2 S o I drdr i rs)g; 's) = i (rs)p ('s)
L Sty S [ drdr Y W (S i rO ). (28)

The first term groups together all the one-electron terms, while the second and third terms
refer to the direct and exchange interactions among electrons, respectively. We have followed
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the usual practice of including the i = j self-interaction, which is spurious but such terms

cancel each other in the sum of direct and exchange terms.

Equation (2.8) allows us to use the variational principle to obtain better approximate
wavefunction ¥ by varying orthonormal single-electron wavefunctions ; (rs) until we
minimize the ground state energy (2.8) within the given form (2.7), we can get the

Hartree-Fock equation

[~ 5 72 Vet (1) + Sy s [ ' (/s Dya's) o i rs)
=3 [ S S) =y (rs) = () (7). 2.9)

Equation (2.9) can be rewritten in a form analogous to many-body stationary
Schrodinger equation (2.2) except that the effective one-electron Hamiltonian is an operator

that depends upon the states
A () = [ 5V + 07 o) [nrs) = () (rs) (210)
with VT (1s) = Vot (1) + Vg (1) + Ve (1),

Vi ()= By T [ ' (s iy 's") =, and

e Y;(rs)
lr=r'| P;@rs)’

Vx(r) = = Eie [ ar'y; @' )y ('s)

where Vj; is the Hartree Coulomb potential and Vy is known as the exchange potential, so
the electron-electron interaction can be reduced into effective potentials that can best mimic

the real interaction. Therefore, the total energy in Hartree-Fock approximation is given by
Efr = ?’:1 €
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where ¢; is the eigenvalue of equation (2.10).

However, the electrons get often too close to each other in the Hartree-Fock scheme
since the electrostatic interaction is treated through a mean-field manner. The effective
Hartree-Fock potential includes the exchange effect, but does not incorporate the
instantaneous repulsion between two electrons, called correlation energy. As a consequence,
the long range of the Hartree-Fock exchange interaction is overestimated and much less
tractable in a large system because it neglects the collective electron correlation to screen this
term and to reduce the net interaction among any two electrons. This approximation therefore
would yield the wrong sign-and values for the work functions of simple metals. However, the
DFT calculations considering the correlation energy not only show metals to be stable, but

give very good quantitative agreement with experiments.

On the other hand, considering the system including N interacting electrons in some
external potential and the Slater determinant wavefunction expanded with a total of Ny basis

sets, the size of the Hamiltonian matrix to be diagonalized is given by

Np!
N!(Np—N)!"

(2.11)

This large number makes it difficultly to solve in big system size.

2.2 Density Functional Theory (DFT)

Although we can solve the stationary Schrédinger equation for N interacting electrons in
an external potential approximately, it is still a difficult problem to include electron-electron

interactions in the large system size.
Density functional theory (DFT), which was conceived by Walter Kohn, et al. in the
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mid-1960s [31, 32], has provided the alternative independent-particle approach that
incorporate effects of interaction and correlation among particles in realistic calculations. The
main spirit of density functional theory is to allow for the systematic formulation of
many-body problem in terms of its electron density instead of the many-body wavefunction as
the basic variable. It will lead to enormous simplification since the basic variable of the
system depends on only three rather than 3N degrees of freedom, no matter how large system

is in three dimensions.

Accordingly, density functional theory is_presently the most successful approach to
calculate the electronic structure of many-body system, and it is increasingly important in the

guantum chemistry, condensed matter physics, and even nanoscale device physics.
2.2.1 The Hohenberg-Kohn Theorem

What is truly remarkable is that all physical properties of the system can in principle be
determined with the knowledge only of the ground-state density. This is precisely the
statement of the Hohenberg-Kohn theorem[31]. The intuitive version of Hohenberg-Kohn
theorem states_that given any density n(r) as the ground-state density for some N-electron
system, the Hamiltonian of that system is then uniquely determined, and so then are all the

eigenstates and the expectation value of any operator.

The proof of this theorem can be accomplished of the system with non-degenerate
ground states, and the Hamiltonian for the N interacting electrons in an external potential is
described by (2.4). Let us assume that two external potentials V,,; and V,,, differing by
more than a trivial constant can give rise to the same ground-state density n(r). Obviously,
distinct Hamiltonian A and H' due to different V,,, and V., will lead to distinct
ground-state wavefunction ¥, and ¥, respectively.
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According to the variational principle, we have
g0 = (Wol H|Wo) < (W5|H|¥;), (2.12)

where ¢, is the ground-state energy of H. Then we can rewrite (2.12) by the relation

between n, (1), Ve (1), and (¥o|Veyre|¥o)
(PolVexel o) = | Mo (1) Vexe (r)dr, (2.13)
so that
g < (l‘UélHllpé) = (‘1’6|FI7 + Vexe — e’xtl'P(S)
= g + [ (1) [Vore () = Vi (1) 1dr: (2.14)
An analogous argument, obtained by interchanging primed and unprimed quantities yields
g6 < (Wo|H'|#o) = (Wo|H + Vixt = Vexe|¥o)
= &9 + [ o (W) [Vexe(1) — Vexe (r)]dr. (2.15)

Add the above two equations, and using our assumption that ng(r) = n,(r) then leads to

the following contradiction
g+ &y < & + &,

As a result, there cannot be two different external potentials that come with the same
ground-state density. In other words, it follows that two identical ground-state densities must
stem from identical external potentials, and with that our proof of the Hohenberg-Kohn

theorem is complete.

There is also an important variational principle associated with the Hohenberg-Kohn
theorem. Since the ground-state energy &, is uniquely determined by ground-state density
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n,, the variational principle establish that
g <egln'] = (ll’o[n’]|ﬁ|llfo[n’]) forn' #n,. (2.16)

Therefore, the ground-state density n, can be determined by varying the density n’ to

minimize the energy e[n'].
2.2.2 The Kohn-Sham Formulation

While Hohenberg-Kohn theorem rigorously establishes that we may only use the
electron density as a variable to find the ground-state energy of an interacting N-electron
problem, it does not provide us with any useful computational scheme. This is provided by the
Kohn-Sham formalism [32]. The idea here is to use a hon-interacting auxiliary system and to
look for an external potential V; such that the non-interacting system has the same

ground-state density as the real interacting system.

Let us start by considering a non-interacting N-electron system in an external potential

V.. The Hamiltonian H of this system is given by
He =T+ V. (2.17)

Then we apply the Hohenberg-Kohn theorem to this system. Accordingly, there exists a

unique energy functional

es[nl = (P5[n]|Hs|P5[n]) = (P5[nl|T + V| ¥5 [n])

= Ty[n] + [ Vo(r)n(r)dr, (2.18)
where T[n] is the kinetic energy functional of a system of N non-interacting electrons.

The ground-state density of this system is easily obtained. It is simply
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ns(r) = XLl (1%, (2.19)
where we have occupied the N single-particle states ¢;(r), which satisfy the single-electron
Schrodinger equation

[_%VZ + VS(T)] qbi(r) = 3i¢i(7”), & < & < - (220)

and have the N lowest eigenvalue ¢;.

But we are really interested in a system of N interacting electrons in an external potential
Voxe, We would determine the form that I, must take in order for the non-interacting system
to have the same ground-state density as the interacting system in the external potential V,,;.
The strategy we use is to solve for the density using the auxiliary non-interacting system, and
then insert this density into an approximate expression for the total energy of the interacting

system.

The first step in this process is to rewrite the energy functional of the interacting system,

which was given in (2.18), as
e[n] = (Po[n]|H[Wo[n]) = (Wo[n]|T + V + Vexe [¥olnl)

= T[n] + Vn] + [ n(r)Vey (1) dr

= Ty[n] + {Pln] = Ty[nl 4 Vin] = 220 gy}

lr=r']|
e? r-nmn(r) ’
+7ffwdrdr + [ n()Vere (r) dr
+ ﬂ- n(r)n(rl) drdr' + fn(r)Vext(r) dr + SXC[TL]. (2.21)

We have then defined the sum of the terms in braces to be the exchange-correlation
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energy functional ex¢[n]

n(n(r')

[r—7'|

excln] = T[n] = Ty[n] + V[n] - < Jf drdr, (2.22)

We have thus swept all our ignorance about electron interactions beyond the Hartree term
under the rug that we call ex.[n]. What we gain in writing exc[n] in this way is that we can

eventually focus on developing reasonable approximations for ex.[n].

According to the Hohenberg-Kohn theorem, the density n that minimizes the functional
g[n] is the ground-state density. Thus by taking the variation of (2.21) with respect to the

density we obtain

d¢e[n] 6T5[

petn) - ST o Bt 1 AT = 0. (2.23)

where we have formally defined the exchange-correlation potential as

s )
vxcn(r)] = 22

We now use the auxiliary non-interacting system and.its Schrodinger equation, from

which we can similarly show that

8Ts[n] .
n@). + V.(r) = 0. (2.24)

By comparing this result with (2.23) we see that this effective potential V;(r) must satisfy
Vo®) = Vou (1) + €2 [ 250 d1 + vyc[n(r)]. (2.25)

We are now in a position to implement the self-consistent Kohn-Sham scheme. We first
choose an initial trial form of the function n(r) and substitute into (2.15) to find a trial form
of V,. We then solve (2.20) for the single-particle wavefunction ¢;(r), and use (2.19) to find
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n(r) out of the next iteration. The equations are then solved again, and this process is
repeated until self-consistency is obtained, i.e., until the input and output density in one

iteration are sufficiently close to one another.

2.3The Exchange-correlation functional

In the Kohn-Sham formulism for DFT, the total energy written as (2.21) may be found
that the exchange-correlation energy functional plays the important role of the self-consistent
calculation since all components of (2.21) are known exactly with the notable exception of
this term. Before we can actually implement the Kohn-Sham formalism, we have to introduce

some workable approximation for the exchange-correlation energy ex.

Conventionally, the exchange-correlation energy Is separated into exchange and

correlation parts
excln] = ex[n] + g¢[n]. (2.26)

Next, we are going to introduce some approximations for the exchange-correlation

energy using in our calculations.
2.3.1 The local density approximation (LDA)

The first such approximation to be suggested was the Local Density Approximation
(LDA) [32]. The idea behind the LDA is a uniform electron gas. In the LDA, we assume that
the density of inhomogeneous system varies very slowly, so that the exchange-correlation
energy is locally that of a homogeneous system at the local density. Therefore, the difficulty is
avoided with the assumption that vy. depends only on the local density n(r), and that

exc[n] can thus be written as
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gz [n] = [ exc[nIn(r)dr, (2.27)

where ex-[n] is the exchange-correlation energy per particle of a homogeneous system of

density n.

Although no general form is known to exactly determine ex.[n], the low-density and
high-density limits can be calculated analytically. Usually, the density is expressed in terms of
the dimensionless parameter rg, which is the radius of the sphere that can be assigned to each

electron in average, measured in units of the Bohr radius a,. This'is

= (L n)_l/s. (2.28)

The exchange energy per particle is straightforward to calculate by Bloch and Dirac in

the late 1920’s [33], and the result is

ex(n) = — > (9—")1/3 i (2.29)

am \ 4 Tsag

No such explicit expression is known for the correlation energy per particle €.. However,
a popular approximation for the correlation energy is based on highly accurate numerical
quantum Monte-Carlo simulations of the homogeneous electron gas for certain values of r
by Ceperley and Alder [34]. These are then parameterized. Perdew and Zunger use a Pade

approximation in 7,1/ for low-density case 7, =1 [35]:

— Y
€C = 1B et fars (2.30)
2
with y = —0.1423 Z— B; = 1.0529, B, = 0.3334.
0

This form is then joined smoothly to the high-density form of e, for r; < 1, which is
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ec=Alnrs+ B+ Crglnrg + Dry (2.31)
2
with (all parameters given in units of Z—)
0

A=0.0311, B =-0.048, (€ =0.0020, D =-0.0166.

Practice shows that LDA vyields adequate ground-state properties even for strongly
inhomogeneous systems since the errors from exchange and correlation parts cancel partially.
The LDA not only yield the accurate work functions of the simple metals, but also gives bond
lengths of molecules and solids typically with an astonishing accuracy of ~2%. However, the
moderate accuracy that LDA delivers is certainly insufficient for most applications in

chemistry.
2.3.2 The generalized gradient approximation (GGA)

An obvious way to go beyond the LDA is the gradient expansion approximation (GEA)
which extends the exchange-correlation functional with terms containing gradients of the

electron density.

However, it does not lead to consistent improvement over the LDA since the
second-order GEA is found to violate the sum rule and the non-positivity constraint on the
exchange hole, both of which are important physical conditions [36]. The question then arises
of whether one can construct a gradient expansion that avoids these shortcomings, so that the

resulting exchange-correlation hole satisfies the most important sum rules.

The resulting gradient corrections with exchange-correlation hole constraints restored are
referred to as Generalized Gradient Approximations (GGAs). The exchange-correlation

energy in the GGA is written as
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e§GA[n", n'] = [ f(n",nt,vn", vnYdr. (2.32)

Perdew and Wang have developed a GGA functional based on real-space cutoff of the
spurious long-range components of the second-order gradient expansion for the
exchange-correlation hole [37], and then improved by the PBE (Perdew-Burke-Enzerhof)
form including an accurate description of the linear response of the uniform electron gas,

correct behavior under uniform scaling, and a smoother potential [38].
The PBE functional for exchange energy is given by
e [n', n| = [ n(@)ef™ (n)Fy(s)dr, (2.33)

eZkF

where e,';"if(n) = —37 is-the Slater exchange energy density in the uniform electron gas

approximation, kr = [3m?n]*/3® is the local Fermi wave vector, and Fy(s) is the

[Vn|

enhancement factor depending on a dimensionless density gradient s defined as s = py—
F

For the linear response of uniform electron gas, LDA is an excellent approximation
while GEA'is not. In order to recover the LDA linear response, the enhancement factor of the

exchange functional takes the form

FEPE(s) =1+ Kk — —5, (2.34)

iSE=S
K

where x = 0.804 is set to the maximum value allowed by the local Lieb-Oxford bound on
the exchange-correlation energy and p = 0.21951 is chosen to recover the linear response of
the uniform gas such that the effective gradient coefficient for exchange cancels that for

correlation.

The form of the PBE functional for correlation energy is expressed as the local
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correlation plus an additive term both of which depend upon the gradients and the spin

polarization.

e [n",n'] = [ n()[ef™ (r;, &) + H(1y, &, t)]dr, (2.35)

nT—

{
where 7, is the local Seitz radius as shown by (2.28), & = is the relative spin

_ lvn|
- 2¢ksn

polarization,  and IS a dimensionless density gradient. Here

d(&) =[(1+ O3+ (@ =&)3]/2 is a spin-scaling factor, and ks is the Thomas-Fermi

wave vector.

Then, the gradient contribution H is constructed from the slowly varying limit, the

rapidly varying, and uniform density scaling condition.

2 1+At?
H(r, &, t) =Z—0y¢3ln(1+ﬁt2- ),

y 1+At2+A%t*

(2.36)

where

The great strength of the GGA lies in the dramatic improvement it gives over the LDA in
calculating such properties as bond dissociation energies, which the LDA may overestimate
by as much as 100%, while the GGA gives errors typically of the order of ten percent or less.
With modern GGA exchange-correlation potentials, atomic and molecular quantities can now

be calculated with chemical accuracy.
2.3.3 Hybrid functionals
Unfortunately, the DFT calculations cannot correctly predict the electronic structure of
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semiconductor materials since the bandgap is considerably underestimated with the
aforementioned exchange-correlation energy functional such as LDA and GGA. Recently, this
problem can be solved by a new class of DFT exchange-correlation functional which is

named hybrid functional.

Hybrid functionals are a class of approximations to the exchange-correlation energy
functional in DFT that .incorporate a portion of exact exchange from Hartree-Fock
approximation. However, the Hartree-Fock exchange in hybrid DFT calculations is much less
tractable in large systems arising from the slow decay of the exchange interaction with

distance.

Screened Coulomb hybrid functional proposed by Heyd et al. can accelerate the decay of
the Hartree-Fock exchange interaction by substituting the full 1/r Coulomb potential with a
screened potential which decomposes of the exchange interaction into the short range (SR)

and long range (LR) components [39].
eSE = a[ef R (w) + & ()] + A = A)[ex " (@) + " R (w)], (2.37)

where the mixing coefficient a = 1/4 is determined by perturbation theory [40] and w is the

screening parameter governing the extent of short range interactions.

Numerical tests based on the particular value of screening parameter indicate that the
Hartree-Fock and PBE long range exchange contributions to this functional are rather small,
and that these terms tend to cancel each other. As a result, we obtain the HSE screened

Coulomb potential hybrid density functional of the form

e3E = E el R (w) + %eﬁBE‘SR (w)] + e PP (W) + €PPE (w). (2.38)
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The optimal value of the above screening parameter w in the recent implementation is
w = 0.207 A1, designated as HSEO6, instead of the earlier suggested value w = 0.3A71
since HSEO6 functional yields better thermochemical results than the original implementation
and preserves the good accuracy for bandgaps and lattice constants in solids. Due to the

inclusion of the screened Coulomb interaction, the computational time needed for HSE is

within a factor of two to four o A or GGA ca 0



Chapter 3 Results and Discussion

The experimental lattice constant of the Ge bulk is a=5.658 A in a diamond type lattice
as shown in Figure 3-1, which consists of two interpenetrating face-centered cubic Bravais
lattices, displaced along the body diagonal of the cubic cell by one quarter the length of the

diagonal.

NiGe crystallizes in a MnP type lattice with space group Pnma (#62 in the International
X-Ray Table). There are four symmetry-equivalent Ni and four symmetry-equivalent Ge
atoms per primitive orthorhombic cell depicted in Figure 3-2. The experimental lattice
constants of the NiGe bulk-are-a=5.381 A, b=3.428 A, and ¢=5.811 A in the primitive

orthorhembic structure.

3.1 Choosing Exchange-correlation Functional

In order to determine the best exchange-correlation functional to be used in this work,
we first obtain the Ge bulk with various exchange-correlation functionals and then examine
their calculated band structures using those calculated lattice constants. \We show in Table 3-1
that the LDA functional [41] yields the best lattice constant for the Ge bulk, and using this
best lattice constant a=5.645 A, we figure out that only HSE06 hybrid functional gives rise to
a Ge bandgap that agrees excellently with the experimental value 0.785 eV at zero
temperature [42]. The Ge band structure calculated by HSEO6 hybrid functional is shown in
Figure 3-3, compared with the photoemission experiments at the high-symmetry points [43].
As one expects, the HSEO06 hybrid functional dispersions are very close to the experimental
observations. By also using LDA, the NiGe lattice constants are calculated to be a=5.245 A,

b=3.425 A, and c=5.715 A, which are slightly less than the experimental values.
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Based on the above bulk studies, we will use LDA to relax the atomic structures and then

HSEO06 to calculate the electronic structures of the NiGe/Ge interface structures.

3.2 Structural Modeling of the NiGe/Ge Contact

Before studying the effects of dopant segregation around the NiGe/Ge interface
theoretically, we must construct the atomic structure consistent with our experimental sample
(courtesy of Che-Ju Shih)[44]. The sample is grown by sputtering 10-nm-thick Ni on the
lightly-doped n-type Ge region and annealing at 350°C for 5 minutes by a backend vacuum

annealing furnace to form germanide. The detailed process flow is shown in Figure 3-4.

The XRD diffraction spectrum of the NiGe/Ge structure in Figure 3-5 shows that the
NiGe film is polycrystalline and the dominating crystalline phases are (112), (210), and (111)
orientations. Therefore, we consider the preferred alignment of NiGe(112), NiGe(210), and
NiGe(111) lattice planes with Ge(001) plane in the substrate since the grain sizes of
crystalline phases are about 10 nm [45] which is equivalent to the thickness of the NiGe film

in our sample.

It is difficult to build the NiGe slab including three different phases, so we simplify the
realistic NiGe film by considering NiGe(112), (210), and (111) phases separately. Then, we
construct three kinds of NiGe slabs by cleaving the NiGe bulk along (112), (210), and (111)

plane, respectively.

In constructing the NiGe/Ge interface structure, we must match the lattice constants of
the two materials along the interface by choosing a suitable in-plane cell size that provides
enough calculation accuracy by consuming a reasonable amount of computing resource. The

two lateral surface vectors U and V on the above interface plane are shown in Table 3-2, 3-3,
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and 3-4, for different NiGe surface orientations. The above mentioned cell shapes is mapped
on the Ge(001) surface, as illustrated in Figure 3-6. Given that the Ni-Ge metallic bond is
weaker than the covalent Ge-Ge, the NiGe slabs are relaxed to match the fixed lateral cell size
of Ge(001) slabs. Following the above procedures and considerations, we can successfully
construct the NiGe(112)/Ge(001), NiGe(210)/Ge(001), and NiGe(111)/Ge(001) interface

structures.

Nevertheless, the cell size of the NiGe(210)/Ge(001) and NiGe(111)/Ge(001) interface
structures are too large beyond our computability to calculate the electronic structures using
HSEO06 functional. Hence, the realistic polycrystalline NiGe film is represented for the
subsequent. calculations by merely considering NiGe(112) phase, which is the highest

diffraction peak in the XRD analysis of NiGe film.

There are two different surface terminations of the NiGe(112) slab, as shown in Figure
3-7 and 3-8, respectively. One of the termination types, hereby called NiGe(112)T4 slab,
contains 4 atoms (2 Ni and 2 Ge atoms) per lateral unit cell, while the other type,

NiGe(112)T8, has 8 atoms (4 Ni and 4 Ge atoms).

To compare the stability of not only the two termination types but also by sliding NiGe
and Ge slabs along the interface, we put the NiGe and Ge slabs together with various choices
of lateral matching for both terminations, as shown in Figure 3-9. The total energies of all the

configurations we tried are separately listed in Table 3-5 and Table 3-6.

The results in Table 3-5 show that the NiGe(112)/Ge(001) interface structure becomes
the most stable when the NiGe slab is terminated at the above-mentioned T4 with the Ni of
NiGe being matched to the Ge of Ge(001). This particular configuration of the NiGe/Ge
interface structure will be used all though the rest of this thesis.
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In summary, the NiGe/Ge contact is simulated by a supercell connecting 8 NiGe(112)T4
layers, 16 Ge(001) layers, and 12A -vacuum where the dangling bonds of the Ge surface are

saturated by H atoms as shown in Figure 3-10.

3.2.1 Behaviors of Segregated Dopant around the Interface

Before exploring whether the n-type dopant such as phosphorous and arsenic can be
segregated and pile-up at the NiGe/Ge interface or not, we first assume that the implanted
dopant is activated and migrates into the substitutional sites. Therefore, we replace one at a
time of the Ge atoms around the interface by a doping atom in the NiGe/Ge interfacial
structure as. shown in Figure-3-10 and then relax the doped interfacial structure by the
DFT-LDA calculations until the forces are less than 0.01eV/A for atoms within 9 A from the
interface, where the atoms beyond this region approach their corresponding bulk positions.
The total energy of the system with one Ge atom being substituted for a phosphorous and

arsenic is shown in Figure 3-11 and Figure 3-12, respectively.

The result in Figure 3-11 shows that the phosphorous doping occurs most stably at the
positions labeled as MG3 and SG1a in Figure 3-10. It implies that the phosphorous dopant
can be segregated around the NiGe/Ge interface and piled up on the NiGe side. Nevertheless,
the arsenic atom prefers to stay on the Ge side near the interface as shown in Figure 3-12
since the Ge-side doping of arsenic is mare stable than the NiGe-side. The most stable
substitutional site for the arsenic dopant is labeled as SG1c in Figure 3-10. To sum up,
although both phosphorous and arsenic dopants can be segregated around the NiGe/Ge
interface in our calculations, the former prefer to pile up on the NiGe side but the latter like to
stay on the Ge side around the interface. The above results are consistent with the SIMS

analysis of the experiment as shown in Figure 3-13 and Figure 3-14 [23].
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After understanding the behaviors of segregated dopant around the interface, we propose
that phosphorous would be a better choice for the implantation before NiGe (IBG) process
since phosphorous atoms are difficult to diffusion from the NiGe side to the Ge due to the
high barrier. Nevertheless, arsenic atoms can migrate into the Ge side either IBG or

implantation after NiGe (IAG) process.
3.2.2 Barrier Height Modified by Dopant Segregation

To find out how thick the Ge slab we need to approach the bulk limit. We separately
calculate the 12-layers, 16-layers, and 20-layers Ge(001) slab with 12-A- vacuum where the

surface dangling bonds are saturated by H atoms.

One can see that the bandgap of the pure Ge(001) slab is a function of the number of
atomic layers, as shown in Figure 3-15. As the number of the Ge(001) layers keeps increasing,
We expect the calculated bandgap of the Ge slab would converge to the bulk limit. Since the
NiGe/Ge contact is simulated by a supercell including 16 Ge(001) layers, we must calibrate
this size-effect of the gap, and consequently we scale the gap by a factor of 0.781/1.292
(Ge-bulk bandgap divided by the 16 Ge(001) layers) to compare with the experimental

Schottky barrier height of the NiGe/Ge contact.

On the other hand, we can easily obtain the orbital component of the Ge conduction band
by the partial density of states (PDOS) of the Ge atom in the pure 16-layers Ge(001) slab
which does not have any interface state. The result shows that the conduction band of the Ge
atoms carries 3d components as shown in Figure 3-16. Based on the above, we can accurately

determine the position of the physical conduction band edge (CBE).

At first, we calculate the undoped NiGe/Ge interfacial structure by the DFT calculations
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using the HSEO6 functional. Since the a significant number of interface states spread across
the Ge bandgap when looking close to the interface, and this bothers us in determining the
Schottky barrier height, we have to choose the PDOS of the Ge atom in a layer sufficiently far
away such that the interface states become negligible. The calculated PDOS of the Ge atom
labeled as SG9b in Figure 3-10 is shown in Figure 3-17. The result shows that the energy
difference between the Fermi level and the physical conduction band edge is 1.041 eV and the
value calibrated by a scaling factor is 0.629 eV, which is comparable with the experimental

result.

Subsequently, we investigate three different doping cases: the phosphorous at the most
stable position, phosphorous at the metastable, and the arsenic doped at the most stable site,
respectively. For all those cases, we plot the Ge-side PDOS shown in Figure 3-18, 3-19, and

3-20, where we specifically pick the Ge atom labeled as SG9b (see Figure 3-10) for PDOS.

The result in Figure 3-18 shows that doping phosphorous on the NiGe side does not
modify Schottky barrier height since the energy difference between the Fermi level and the
physical conduction band edge is 1.069 eV, very close to the undoped case. The above result
can be understood in the way that doping phosphorous does not yield more valence electrons
to occupy higher states since it replaces the Ge atom of the metallic Ni-Ge bond instead of the

covalent Ge-Ge bond. Therefore, the position of the Fermi level in this case is not change.

Subsequently, we explore the case of doping phosphorous on the Ge side, which is the
metastable segregated site in the NiGe/Ge interfacial structure. The result in Figure 3-19
shows that the energy difference between the Fermi level and the physical conduction band
edge decreases to 0.933 eV. It implies that the Schottky barrier height of the NiGe/Ge contact

can be modified from the undoped 0.629 eV to the doped 0.563 eV by Ge-side doping of
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Phosphorous.

Finally, the result of the arsenic doped at the most stable segregated position (on the Ge
side) is similar to the case of doping phosphorous on the Ge side as shown in Figure 3-20. It
shows that the energy difference between the Fermi level and the physical conduction band
edge reduces to 0.906 eV. After doing the calibration, we figure out that the arsenic doping
suppress the Schokkty barrier height from 0.629 eV to 0.548 eV. Therefore, the dopant
segregation using conventional n-type dopant such as phosphorous and arsenic is not very
effective to modify the Schottky barrier height of the NiGe/Ge contact but the arsenic on the
Ge side is slightly better than using phosphorous doping. Those results imply that the
improvement of the NiGe/Ge junction characteristics in Figure 3-21 and 2-22 [44] are mainly
attributed to the increase of doping concentration due to dopant segregation and partially

attributed to the reduction of the physical Schottky barrier height.

The above two results can be interpreted by the fact that the Fermi level is increased and
pinned at another energy since the dopant by replacing one Ge atom of the covalent Ge-Ge

bonding can produce more valence electrons to occupy higher states.

3.3 Effect of Nitrogen Dopant Segregated on the NiGe/Ge Contact

The insignificant reduction of the physical Schottky barrier height caused by segregation
of the conventional dopants such as phosphorous and arsenic, we further using different
dopants that were claimed to lower the Schottky barrier height drastically in Si-based junction.
Jing Guo, et al. have calculated the nitrogen dopant segregation in the CoSi2/Si(100) structure.
They assert it will reduce the Schottky barrier height from 0.66 eV to 0.14 eV, but so far there

has not been any experiments published to justify their results [46]. We will also explore the
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physical mechanism of the modified electron Schottky barrier height on the Ge-based contact
with dopant segregation by inspecting the different orbital contributions between the interface

states and conduction band.

In view of the above mentioned analysis, we investigate the change of the Schottky
barrier height on the NiGe/Ge(001) contact by dopant segregation using nitrogen atom. The
nitrogen-doped interfacial structure is constructed in Figure 3-10 by replacing one Ge atom by
nitrogen at the position labeled as SG9b, which turns out to be the most stable segregated
position after we try out different doping positions around the interface. By also using HSE06

hybrid functional, we obtain the electronic structure of this interfacial structure.

The calculated PDOS of the Ge atom at the 9" layer away from the interface is depicted
in Figure 3-23. The results show that the effective conduction band edge is closer to the Fermi
level since the physical conduction band edge is extended by the interface states, which are
almost no 3d orbital components. However, we need to study in depth whether the physical
Schottky barrier height is reduced or not due to decreasing the energy difference between the

Fermi level and the effective conduction band edge from 0.983 eV to 0.26 eV.

In order to see how far the interface state can survive away from the interface, we make
additional plots of the calculated PDOS of the Ge atom of the 1%, 5", and 13" layers from the
interface, as shown in Figure 3-24, 3-25, and 3-26, respectively. It is obvious that the interface
states disappear at the 13™ Ge layer, and the effective conduction band edge is returned to the

physical conduction band edge, which is 0.983 eV above the Fermi level.

According to above results, we conclude that the method of dopant segregation using
nitrogen dopant is almost no effect to modify the Schottky barrier height on the NiGe/Ge
contact since the energy difference between the Fermi level, and the physical conduction band
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edge is nearly no change. Although the nitrogen dopant can be segregated around the interface
and yield a large number of the interface states spreading the Ge bandgap, but the interface
state tails can survive from only up to 17 A. Therefore, the electron Schottky barrier height is
still the energy difference between the Fermi level and the bulk conduction band edge as show

in Figure 3-27.




Table 3-1 Calculated lattice constant (second row) and also the Ge-bulk bandgap (fourth to
eighth rows) at the various lattice constant using different exchange-correlation functionals.

The experimental lattice constant and bandgap are 5.658 A and 0.785 eV [42], respectively.

Exchange-correlation LDA GGA-PWI1 GGA-PBE HSEO06
functional
Lattice constant (A) 5.645 5771 5.777 5.710
Ge bandgap (eV)
5.645 No gap 0.107 0.124 0.781
5.771 No gap No gap No gap 0.193
S5.777 No gap No gap No gap 0.157
5.710 No gap No gap No gap 0.522
5.658 No gap 0.042 0.058 0.755
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Table 3-2 Specific lateral surface vectors chosen for the NiGe(112)/Ge(001) interface

strucutre.

UhkI) | V(hkl) | LengthU | LengthV | Angle () | Volume
A) A) (cell)
NiGe(112) slab 1-10 11-1 6.265 8.480 72.717 1.0
Ge(001) slab 100 05150 5.645 8.925 71.565 1.5
NiGe(112)/Ge(001) 10.983% | 4.986% 1.152°

mismatch

Table 3-3 Specific lateral surface vectors chosen for the NiGe(210)/Ge(001) interface

strucutre.

UhkIl) | V(hkl) | LengthU | LengthV [ Angle () | Volume
A) A) (cell)
NiGe(210) slab 001 2-40 5.715 17.256 90 2.0
Ge(001) slab 100 030 5.645 16.934 90 3.0
NiGe(210)/Ge(001) 1.240% | 1.901% 0

mismatch

44




Table 3-4 Specific lateral surface vectors chosen for the NiGe(111)/Ge(001) interface

strucutre.
UhkIl) | V(hkl) | LengthU | LengthV | Angle () | Volume
) A) (cell)
NiGe(111) slab 1-10 24-2 6.265 20.698 141.84 2.0
Ge(001) slab 100 -320 5.645 20.352 146.31 2.0
NiGe(111)/Ge(001) 10.983% | 1.700% 4.470°
mismatch

Table 3-5 Total energy of the various choices of lateral matching with NiGe(112)T4 and

Ge(001) slabs.
0.5 -260.955844 -260.923771 -261.578593 -262.260734
0.25 -260.219115 -261.651219 -261.124143 -260.109464
0.0 -261.911181 -260.767543 -261.121765 -260.451033
-0.25 -259.138174 -261.101621 -261.171572 -260.888128
b [/ a -0.25 0.0 0.25 0.5
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Table 3-6 Total

energy of the various choices of lateral matching with NiGe(112)T8 and

Ge(001) slabs.
0.5 -260.378385 -260.987493 -261.120540 -260.391306
0.25 -260.121467 -260.372227 -260.486646 -260.913642
0.0 -260.233243 -261.124734 -260.931925 -260.269548
-0.25 -261.128308 -261.663801 -260.240347 -260.977027
b / a -0.25 0.0 0.25 0.5
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Figure 3-1 Conventional cell of the Ge bulk.

Figure 3-2 Atomic structure of the NiGe bulk.
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Figure 3-3 Calculated band structure of the Ge bulk by HSE06. The red crosses stand for the
high-symmetry points as measured by thr photoemission experiments. The enerygy reference

is set at the Fermi-level.
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Figure 3-4 Process flow of the self-aligned NiGe n*/p junction.
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Figure 3-5 X-ray diffraction-(XRD) sprectrum of the NiGe/Ge structure formed by 350°C

annealing shows polycrystalline NiGe phases.
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Figure 3-6 Lateral cell shape of the NiGe(112), (210), and (111) slabs on the Ge(001) surface.
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Figure 3-7 One of the surface terminations of the NiGe(112) slab, called NiGe(112)T4 slab,

contains 4 atoms (2 Ni and 2 Ge atoms) per lateral unit cell.

Figure 3-8 One of the surface terminations of the NiGe(112) slab, called NiGe(112)T8 slab,

contains 8 atoms (4 Ni and 4 Ge atoms) per lateral unit cell.
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Figure 3-9 Various choices of lateral matching of the NiGe(112) and Ge(001) slab. The a and

b stand for the origin offset of the NiGe slab at x and y direction, respectively.
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Figure 3-10 Atomic structure of the NiGe/Ge contact.
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Figure 3-11 Total energy of the NiGe/Ge interface structure with one Ge atom being
substituted for a phosphorous, where the energy reference is taken to be the cases with the

most left substitutional sites.
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Figure 3-12 Total energy of the NiGe/Ge interface structure with one Ge atom being
substituted for an arsenic, where the energy reference is taken to be the cases with the most
left substitutional sites.
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Figure 3-14 Secondary ion mass spetroscopic (SIMS) profiles shows the arsenic segregation
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Figure 3-15 Bandgap of the Ge(001) slab as a function of the nuber of atomic layers.
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Figure 3-16 Partial density of states (PDOS) of the Ge atom in the pure 16-layers Ge(001)

slab.
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Figure 3-17 Partial density of states (PDOS) of the Ge atom labeled as SG9b (see Figure 3-10)

in the undoped NiGe/Ge interfacial structure.
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Figure 3-18 Partial density of states (PDOS) of the Ge atom labeled as SG9b (see Figure 3-10)

in the NiGe/Ge interface structure when doping phosphorous at the most stable position.
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Figure 3-19 Partial density of states (PDOS) of the Ge atom labeled as SG9b (see Figure 3-10)

in the NiGe/Ge interface structure when doping phosphorous at the metastable site.
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Figure 3-20 Partial density of states (PDOS) of the Ge atom labeled as SG9b (see Figure 3-10)

in the NiGe/Ge interface structure when doping arsenic at the most stable position.
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Figure 3-21 Current-voltage characteristics of the NiGe/Ge junction without and with

phosphorous segregation [44].

A —=— Before MSB
10 4 e As 1x10"°(ions/cm?)

Current Density (Alcmz)
3 3

E 5]
10°f |
10* [ |
10'5 [ 1 i 1 i 1 1 1
-1.0 -0.5 0.0 0.5 1.0
Voltage (V)

Figure 3-22 Current-voltage characteristics of the NiGe/Ge junction without and with arsenic

segregation [44].
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Figure 3-23 Partial density of states (PDOS) of the Ge atom labeled as SG9b (see Figure 3-10)

in the NiGe/Ge interface structure when doping nitrogen at the most stable position.
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in the NiGe/Ge interface structure when doping nitrogen at the most stable position.
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Chapter 4 Conclusion and Future works

4.1 Conclusions

In this thesis, the effect of dopant segregation on the NiGe/n-Ge contact is studied by
first-principles calculations. We show that the calculated lattice constant, a=5.645A , using the
LDA exchange-correlation functional is closest to the experimental value a=5.658A . Using
this calculated lattice constant, we figure out that HSEQ6 is the only exchange-correlation
functional that can give rise to a correct Ge bandgap, 0.781 eV as well as the dispersions at
the high-symmetry points that agree excellently with the experiment. Consequently, we use
LDA functional to relax the atomic structures and then use HSEO6 hybrid functional to

calculate the electronic structures throughout the rest of this thesis.

Then, we build the atomic structure of the NiGe/Ge contact according to our
experimental sample, which is grown by sputtering 10-nm-thick Ni on the lightly-doped
n-type Ge region and annealing at 350°C for 5 minutes by a backend vacuum. annealing
furnace to form germanide. The XRD diffraction spectrum of this NiGe/Ge contact shows that
the NiGe film has polycrystalline phases and is composed of NiGe (112), (210), and (111)
orientations mainly. In order to simplify the theoretical calculations, we use merely the
highest XRD peak, the (112) orientation, to represent the polycrystalline NiGe film. Therefore,
the NiGe/Ge contact is simulated by a supercell of 8 NiGe (112) layers, 16 Ge (001) layers,
and 12-A vacuum where the dangling bonds of the Ge surface is saturated by H atoms. We
show that the NiGe/Ge contact becomes the most stable when the cleaving surface of the
NiGe slab contain only 4 atoms (2 Ni and 2 Ge atoms) with the Ni of NiGe slab being

matched to the Ge of Ge slab.
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Our first-principles calculations conclude that phosphorous and arsenic may segregate at
the interface, but the preferred segregation position of phosphorous and arsenic are at the
NiGe side and Ge side, respectively. These results imply that phosphorous would be a better
choice for IBG process to increase higher dopant concentration at the interface, while arsenic

atoms can migrate into the Ge layer and pile up at the interface in both IAG and IBG process.

We show that the physical Schottky barrier height of the NiGe/Ge contact modified by
dopant segregation using conventional n-type dopant such as phosphorous and arsenic on the
Ge side is not very effective. The energy difference between the Fermi level and the physical
conduction band edge is reduced less than 0.1 eV in both cases since the Fermi level is pinned
by the interface states near the valence band edge. Additionally, we also find out that there is
no effect to modify the physical Schottky barrier height by doping phospharous at the NiGe
side. The Fermi level does not change by substituting phosphorous for Ge atom of the
metallic Ni-Ge bond since no additional valence electron is yielded to occupy higher states.
To sum up, the improvement of the NiGe/n-type Ge junction characteristics by dopant
segregation using phosphorous and arsenic are mainly attributed to the increase of dopant
concentration around the interface and insignificantly attributed to the reduction of the

physical Schottky barrier height.

Finally, we study the effects of nitrogen segregation at the NiGe/Ge interface. The results
show that the nitrogen dopant can be segregated around the interface and give a large number
of the interface states spreading the Ge bandgap. Although the effective conduction band edge
is closer to the Fermi level due to the broadening interface states, but the interface states
disappear beyond 17A away from the interface. Therefore, the physical Schottky barrier

height of electrons is almost unchanged by dopant segregation using nitrogen dopant.
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4.2 Future Works

We understand that Schottky barrier height of the NiGe/Ge contact modified by dopant
segregation is not very effective arising from a great quantity of interface states near the
valence band edge. How to decrease the interface states becomes a crucial task to increase the
effect of the dopant segregation. Nevertheless, the mechanism of reduction the interface state
is still unclear through our first-principles calculations. Therefore, we will calculate some
doping element such as scandium, titanium, vanadium, and sulfur around the NiGe/Ge
interface to investigate whether the interface states can be reduced by the above-mentioned

dopant elements.

Since the DFT plane-wave calculations using the HSEO06 hybrid functional is too
expensive to calculate the large spuercells of the NiGe/Ge contact, the wavefunction must be

represented in more efficient basis sets for example, the linear combination of atomic orbitals.

In order to be compared with the current-voltage characteristics, we will apply
non-equilibrium Green’s function (NEGF) method. to further compute the transport properties
out of calculated electronic structures, where NEGF can be easily extended to finite

temperature.
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