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Abstract

In recent years, device scaling close to the physical limit has spurred the move from geo-
metrical to equivalent scaling of conventional MOSFETS utilizing new device architectures,
materials and integration schemes to continue delivering integrated circuits with higher
density and improved performance (power, speed). However, conventional doping at the
nanoscale often leads to issues such as dopant deactivation as well as device-to-device vari-
ability due to random dopant effects. Reconfigurable field-effect transistors are a variant of
Schottky-barrier MOSFETSs with metallic source and drain contacts that have been attracting
a great deal of interest since replacing the doped source/drain regions with metals allows
avoiding dopant-related issues. Furthermore, transistor devices based on novel 2D materials
or carbon nanotubes are usually fabricated in a straightforward way by depositing metals on
top of the material. However, in most cases Fermi level pinning at the metal-semiconductor
interface occurs within the band gap giving rise to substantial Schottky-barriers (SB) at
the contact channel interfaces that strongly impact the electrical characteristics of such
SB-MOSFETSs, leading to a deteriorated on-state performance and a degraded switching
behavior. In addition, one of the most predominant features of SB-MOSFETS is a distinct
sub-linear behavior in the triode operation regime of the Iy — V4 characteristics for small
bias which is highly undesirable with respect to applying such devices in logic circuits.

In this work, reconfigurable field-effect transistors with two gates that can be utilized
to tune the effective Schottky barrier height at the source and drain sides individually are
fabricated and investigated. First, a top-down technique using a two-step wet-chemical
etching of silicon for the fabrication of nanowires with triangular cross-section on a silicon-
on-insulator substrate is presented. Such a self-limiting fabrication approach yields localized
silicon nanowires with atomically flat surfaces and minimal plasma damage manufacturable
with conventional h-line contact lithography. Next, a simulation tool based on the level set
method that allows modeling and prediction of the shape transformation of silicon structures
during hydrogen annealing with high accuracy is introduced. Additionally, a modified
electron beam evaporation setup is demonstrated for the first time to obtain a reliable and
reproducible lift-off process. The modified electron beam evaporation chamber with two
permanent magnets and a hollow metallic cylinder installed turns out to be very effective in
avoiding the irradiation of electrons and ions on PMMA yielding near perfect deposition
results for a large variety of different materials. After the fabrication of the device, the rather
overlooked device operation mode with the program gate at source (PGAS) is investigated
and compared with the program gate at drain (PGAD). As it turns out, the PGAS mode
yields an almost ideal switching behavior similar to a conventional MOSFET while its output
characteristics are deteriorated when compared to PGAD which exhibits improved output
but deteriorated transfer characteristics. Furthermore, PGAD and PGAS show a distinctly
different non-linearity in the output characteristics with a stronger effect in the PGAS mode.
Simulation results reveal that the non-linearity in PGAS is due to a forward-biased Schottky
barrier at drain whereas it is due to a charge-mediated impact of drain bias on the channel
potential in PGAD. We thereby present with simulation to show that a linear I3 — Vg
behavior can be achieved in PGAD by approaching the so-called quantum capacitance limit.



Contents

Acronyms
List of Symbols
1 Introduction

2 Device Fundamentals

2.1 The MOS System . . . . . . . . ...
2.2 Metal-Semiconductor Contacts . . . . . . . . . . .. ... L.
2.3 Conventional and Schottky-Barrier MOSFETs . . . . . . . ... ... ...

2.4 Nanowire Field-Effect Transistors . . . . . . . . . . . . . . . . . ... ...

Device Fabrication Techniques

3.1 Silicon Wet Anisotropic Etching . . . . . . . . . .. ... ... ... ...
3.1.1 Etching behavior of KOH and TMAH based solutions . . . . . . ..

3.2 Hydrogen Annealing . . . . . . . ... ...
3.2.1 A level-set method based simulation approach . . . . . .. ... ..
3.2.2 Evaporation & condensation and surface diffusion . . . .. .. ...

3.3 An Improved Electron Beam Evaporation Process . . . . . . .. . ... ..
3.3.1 Impact of temperature . . . . . . .. ...
3.3.2 Impact of Xrays . . . . . . . . ..
3.3.3 Evaporation of nickel . . . . . . . ..o

3.4 Nickel Silicidation . . . . . . . . . . ... .



CONTENTS

4 Gated Schottky-Barrier MOSFETSs

4.1 Silicon nanowire from a two-step TMAH etching . . . . . .
4.2 Back-gate Schottky-barrier devices . . . . . .. ... ...
4.3 Single top-gate Schottky-barrier devices. . . . . . . . . ..
4.4 Dual-gate reconfigurable FETs . . . . . ... ... .. ...

4.5 Towards a linear I35 — Vs behavior of SB-MOSFET's
5 Summary and Outlook

Appendix

I. Process parameters for triangular SINW fabrication . . . . . .
II. Other process recipes . . . . . . . . . . ... ... ... ...
III. Evaporation of other materials . . . . . ... .. ... ...
IV. Third-order TVD Runge-Kutta scheme . . . . . . .. . . ..
V. Surface density of silicon atoms . . . . . ... .. ... ...
VI. Oxidation of triangular silicon nanowires . . . . . . . . . ..
VII. Reduction of line edge roughness . . . . . .. .. ... ...
VIII. NH4F treatment of {111} surfaces. . . . . . . .. ... ..
IX. Used chemicals . . . . . ... ... ... ... ... .....

List of Figures
Bibliography
Acknowledgements

Curriculum Vitae

i

119

121

135

137



Acronyms

AFM
CGAD
CGAS
CMOS
DIBL
DMSO
DNQ
EBL
EDP
EHT
EUV
FinFET
GAA FET
HF

IC
IPA
LDD
MBE
MEMS
MIBK
MIGS
MOSFET
NEGF
PGAD
PGAS
PMMA
RCA
RF
RFET
RMS
SC

SB

Atomic Force Microscopy

Control Gate at Drain

Control Gate at Source
Complementary Metal-Oxide-Semiconductor
Drain Induced Barrier Lowering
Dimethyl Sulfoxide
Diazonaphthoquinone

Electron Beam Lithography
Ethylenediamine Pyrocatechol
Electron High Tension

Extreme Ultraviolet

Fin Field-Effect Transistor
Gate-All-Around Field-Effect Transistor
Hydrofluoric Acid

Integrated Circuit

Isopropyl Alcohol

Lightly-Doped Drain

Molecular Beam Epitaxy
Micro-Electromechanical Systems
Methyl Isobutyl Ketone
Metal-Induced Gap States
Metal-Oxide-Semiconductor Field-Effect Transistor
Non-Equilibrium Green’s Function
Program Gate at Drain

Program Gate at Source
Polymethylmethacrylat

Radio Corporation of America

Radio Frequency

Reconfigurable Field-Effect Transistor
Root Mean Square

Standard Clean

Schottky Barrier

il



SB-MOSFET

SCE
SEM
SINW
SM
SOI
WKB
TMAH
TVD
2DEG

Schottky-Barrier Metal-Oxide-Semiconductor Field-Effect Tran-
sistor

Short Channel Effects

Scanning Electron Micrograph
Silicon Nanowire

Step Monohydride

Silicon On Insulator
Wentzel-Kramers-Brillouin
Tetramethylammonium Hydroxide
Total Variation Diminishing
2-Dimensional Electron Gas

v



List of Symbols

cH. [F/cm’] inversion-layer capacitance

Cct [F/cm’] interface-states capacitance

ch [F/cm”] oxide capacitance per unit area

Cy [F/cm’] quantum capacitance

Csa [F/cm®] source and drain parasitic capacitance
Cy [F/cm”] total capacitance

X [eV] electron affinity

XSiO, [eV] electron affinity of SiOy = 0.95eV
den [1/m] depth of the triangular potential well
A, V] potential drop at the oxide layer
D(FE) [1/(m?-J)] density of states

Dy [1/(m?-J)] interface trap density

/- [m] diameter of a nanowire

dox [m] oxide thickness

Aiunnel [m] tunneling distance

e [C] the elementary charge (= 1.602176634 x 10712 C)
Ec [eV] conduction band edge

ER [eV] Fermi energy of metal

EL, [eV] intrinsic Fermi energy of silicon

E3 [eV] Fermi energy of silicon

E, [eV] energy gap of silicon

Eox [V/m] electric field strength in oxide

Ey [eV] valance band edge

Eac [eV] vacuum energy level

&(x) [V/m] electric field strength in x—direction
£0 [F/m] vacuum permittivity

Ei [none] relative permittivity of the interfacial layer
Eox [none] relative permittivity of oxide

Enw [none] relative permittivity of nanowire
fo(E) [none] Fermi distribution function at drain
fs(E) [none] Fermi distribution function at source
v [J/ mz] surface free energy per uni area



n(x, z)

Ws;
Unt
Dy
Py,
g

d
¢SB

n
¢SB

transconductance

Planck’s constant (h = 6.626 x 1073)

current density in x—direction

mean curvature of an implicit function

the Boltzmann constant (= 8.617343 x 107 eV /K)
channel length of a MOSFET

screening length

effective mass

effective mass of charge carriers in conduction or valance band
mass of electron

effective mass of electron

charge carrier mobility

acceptor impurity density

donor impurity density

effective density of states of conduction band
surface outward normal vector of the i element
intrinsic carrier density

surface density of atoms

charge carrier density in x— and z—direction
atomic volume

interface (propagation front)

equilibrium vapor pressure of a flat surface
charge per unit area

activation energy

vector of the i*! element

etch rate dependence on temperature

inverse subthreshold slope

temperature

drain-source voltage

gate-source voltage

propagation speed along the surface outward normal
threshold voltage

carrier velocity in x—direction

channel width of a MOSFET

work function of metal

work function of silicon

charge neutral level

built-in potential

flat-band voltage

difference between Fermi potential and intrinsic potential
surface potential at the silicon-oxide interface
Schottky barrier height at the drain-channel side
Schottky barrier height for electrons

vi



0 Preface

DLy V] Schottky barrier height for holes

Dep V] Schottky barrier height at the source-channel side
D¢(x) V] potential at the oxide silicon interface

o(r,t) [none] level set function

vil






Chapter 1

Introduction

Being the second most abundant element in the earth’s crust, silicon is the most widely
used semiconductor material for the fabrication of integrated circuits (ICs). It features
an appropriate band gap, a similar electron and hole mobility, and a flexible tuning of
resistivity by a variety of dopants, etc. Among others, Si stands out most importantly
due to the feasible acquisition of high-quality SiO,/Si interface (i.e., low inteface states
and an appropriate band offset) [1]. As a result, the physical realization of a metal-oxide-
semiconductor field-effect transistor (MOSFET) was successfully demonstrated in 1960
[2]. Since then, the world has witnessed an unprecedented growth of the device and it
soon became the most widely used semiconductor device especially after the employment
of complementary metal-oxide-semiconductor (CMOS) technology [3| mainly due to its
small size, low power, and low cost [4]. In 1965, the famous Moore’s Law was proposed to
describe such an exponential growth in computing power, which is reflected in the doubling
of transistor density on a single chip approximately every 18-24 months [5]. Over the past
decades, the IC industry has been continuously delivering chips with higher packing density
and improved performance (power, speed) through the employment of new materials, device
architectures, and integration schemes [6]. At the current 5nm technology node, transistors
have a physical gate length of less than 20nm [7] and their principles of operation still
remain the same as before. Further downscaling would push toward quantum mechanical
limits and ultimately justify scattering-free carrier transport.

Apart from the employment of a completely different transport theory, there are also
technological difficulties that limit the further downscaling of conventional MOSFETs.
As device structures are being continuously minaturized into the deep nanoscale using
state-of-the-art EUV lithography, traditional ion implantation techniques gradually become
less suitable. The highly energetic implantation species could easily amorphize the entire
fin (< 10nm in width) and lead to increased parasitic resistances if there is no seed layer
available to recover the crystal damage during an activation anneal [8, 9]. In addition,
the finite solid solubility of dopants and their increased ionization energy [10, 11, 12] in
nanoscale dimensions also lead to increased parasitic resistances and capacitances in the
source and drain regions. Furthermore, the stochastic nature of ion implantation and dopant



diffusion during an activation anneal make it hard to implement well-defined potential
profiles with sharp interface transitions within a small volume of semiconductor material.
This leads to a variability in threshold voltage from device to device due to random dopant
distribution effects [13, 14, 15]. Moreover, the potential landscape created by physical
doping stays fixed after an implantation and dopant activation process, which only allows
either n- or p-type unipolar operation of the fabricated device.

The aforementioned issues are best addressed if doping in source/drain and channel can
be avoided altogether. Recently, electrostatic doping [16, 17, 18, 19| has been proposed to
create virtual n- or p-type regions in an undoped semiconductor material with an external
gate bias applied on a metal-oxide-semiconductor (MOS) capacitor. In particular, volume
inversion or accumulation could be achieved if the thickness of semiconductor material is
sufficiently small, leading to a uniform vertical distribution of charge carriers within the
sheet of semiconductor material|[18]. The concept of electrostatic doping opens up a door
for emerging devices based on novel materials such as carbon nanotubes [20], graphene [21],
and WSe, [22], etc. for which a conventional physical doping is fundamentally difficult. In
addition, novel device architectures employing one or two additional gates—the so-called
reconfigurable field-effect transistors (RFETS) |23, 24| —based on electrostatic doping have
attracted an increasing attention due to a number of advantages:

e the employment of electrostatic doping avoids dopant related issues;

e a reconfigurable FET can be operated as either n- or p-type device, which is exploited
from the ambipolar operation of a Schottky-barrier MOSFET;

e the reconfigurability allows changing the functionality of a circuit block dynamically
at runtime [24];

e the reconfigurability further allows a reduction of circuit topologies despite the more
complex device architecture [25];

e the reconfigurability could also strengthen the hardware security of circuits.

In this work, the fabrication and characterization of a dual-gate reconfigurable silicon
nanowire transistor based on wet chemically etched silicon nanowires (SiNWs) and Ni
silicidation are presented. First, two fundamental building blocks of a reconfigurable
transistor, namely, the MOS system and metal-semiconductor contacts are revisited. Next,
the working principles of conventional MOSFETSs as well as Schottky-barrier MOSFETSs
are presented. Chapter 3 deals with key fabrication techniques including a comparison of
etching behavior in TMAH and KOH based solutions. The hydrogen annealing process
which could be used for improving surface roughness and shape transformation is also
presented. In particular, a practical process simulation tool based on the level set method
is designed to predict the topological evolution without the need for carrying out laborious
experiments. In addition, a modified electron-beam evaporation setup is presented to obtain
a reliable lift-off process. After that, fabrication and characterization of the dual-gate



1 Introduction

reconfigurable nanowire FET including process development and comparison of two device
operation modes are presented. Another key feature of the fabrication approach is the
generation of localized SINWs with atomically flat surfaces and minimal plasma damage
manufacturable with conventional h-line contact lithography. Strengths and drawbacks of
two device operation modes, namely, program gate at source (PGAS) and at drain (PGAD),
for both n- and p-type configurations are presented and analyzed. Finally, strategies for
performance improvement towards a linear Iy — Vg behavior of the device is presented.






Chapter 2

Device Fundamentals

This chapter first revisits the metal-oxide-semiconductor (MOS) system and the formation
of a Schottky barrier, which are two fundamental building blocks of a reconfigurable
field-effect transistor (RFET). Next, the MOS and Schottky barrier are combined to form a
gated Schottky junction. Subsequently, the principles of operation for both a conventional
MOSFET and a Schottky-barrier (SB) MOSFET will be introduced and compared. Finally,
the reason how a nanowire geometry helps improving the device performance will be
explained.

2.1 The MOS System

The MOS system is a fundamental building block of a MOSFET. It is a stack of three differ-
ent materials covering a distinct range of electrical conductivity. The so-called ‘‘field-effect”
is the ability to induce a 2-dimensional electron gas (2DEG) close to the oxide-semiconductor
interface by applying an external voltage at the metal electrode. In this thesis, the MOS
structure is both used for electrostatic doping and the creation of a conductive channel
between the source and drain regions.

Figure 2.1 shows the band diagram of an ideal metal-SiOs-silicon system in separate
form where interface states (e.g., dangling bonds), mobile sodium/potassium ions, and fixed
charge states are neglected. The MOS structure can be treated as a series connection of two
capacitors formed by the oxide and the semiconductor where the latter could be tuned by
the relative separation between energy bands of the semiconductor and the Fermi level of the
adjacent electrode through the thin oxide layer. The work function of a metal ¥,, (e.g. Al) is
smaller than that of p-type silicon Yg; as illustrated in Fig. 2.1. Silicon dioxide, the material
of choice as a gate oxide, features a high-quality SiO,/Si interface, a high crystallization tem-
perature (~1200°C), and a large band gap (~9eV). Furthermore, an appropriate alignment
of the energy bands with respect to that of silicon blocks the flow of both electrons and holes.
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Since the work function of metal ¥, is smaller than that of p-type silicon ¥s;, the bands
close to the silicon surface bend downwards after equilibrium is established (i.e., the Fermi
level lines up). As a result, a depletion region is formed near the silicon surface. The charge
of the immobile acceptor ions across the depletion layer ]Qgepﬂ is equal to that of positive
charges induced at the metal surface Q5 .., (the square sign denotes charge per unit area):

metal

E

vac

+ A
Xsi0,=0.95eV
Y

N

........... !'..---. ~9e¢V 1

>
txy
<

~4.8eV

A4

metal oxide silicon

Figure 2.1: Band diagram of an ideal metal-SiO,-silicon system in separate form. The work
function of metal ¥, (e.g. Al) is smaller than that of a p-type silicon ¥g;. The alignment of
the large band gap in SiOs (~9eV) with respect to that in silicon (~1.12eV) and the Fermi
level of metal forms a large energy barrier between metal and silicon for both electrons and
holes.

Eletal = _Qd‘:lepl' (21)

A flat band condition is obtained when the surface potential at the silicon surface becomes
zero (Ps = 0):
—GVfb = Lpfb = wSi - Wm. (22)

The energy bands bend downwards since ¥,, < Wg; as depicted in Fig. 2.2. Weak inversion
is obtained once the intrinsic Fermi level EL at the silicon surface meets the Fermi level
Elif a sufficiently large positive voltage is applied at the gate electrode, namely, &g = ®g.
Increasing the gate voltage further leads to additional band bending and strong inversion is
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obtained when the surface electron density is equal to the bulk doping concentration [26]
(A= FE,;/2 — ePg = E,/2 — B, hence B = e®p and 95 = 2Pp) as depicted in Fig. 2.3. At
this point, the threshold condition is obtained and the voltage applied at the gate electrode
is calculated as

EVilC
eDy=| ¥ Psil 5 //
eAq%x% _
A Aﬁ
3.1eV
\
L ~  _edq Ec
A
- —- E
E’l}}l y e@[} )
....................................................... ESi
A EF
,— \Y%
~9eV > <
Ldepl
| v —

Q
QEetal I T

Figure 2.2: Band diagram of an ideal metal-SiO-silicon system in contact form. The
conduction band edge E¢, valance band edge Ev, vacuum level E,. and intrinsic Fermi
level EL of silicon bend downwards since ¥, < Ws;. The Fermi level Ef! stays invariant of
position as it is unaffected by the gate bias as a result of zero current flow (I, = 0). A bias
voltage Vi, = (¥ — Ws;)/e applied at the gate electrode is required to obtain a flat band
condition.

\ A

Ve = P+ D5+ A Doy = Dy, + 2P + Epxdoy. (2.3)

According to Poisson’s equation (A® = —p/(cpcox) Where p = 0 in the ideal case), the
electric field &, in the oxide layer is constant. Hence, &oidox = €0€oxBoxdox/E0Eox =
QL. /CY  where QL is the total amount of charge per unit area stored in semiconductor
and CT) is the oxide sheet capacitance. £y are the vacuum and the relative permittivity

7



2.1 The MOS System

of oxide, respectively. Eqn. (2.3) can be rewritten as

O |
+ Qdepl + Qinv .

V, = @p, + 205 o

(2.4)

For &5 < 25, Qf, << Q4. and hence the threshold voltage can be approximated as

~ Qd[]epl
Vim B+ 205 + 208 (2.5)
Evac
eAqsoxl )/
{ E 5 Ec
T ew
| f[ ----------  — E;
_ VR S Po si
T B¢ l/ i Eg

~9eV

/
Q,Eml% T ¢

0
F Qinv

Figure 2.3: Band diagram of an ideal metal-SiOs-silicon system in contact form with a
voltage V, applied to the gate electrode yielding a strong-inversion of the silicon channel.

y =

|
Qdepl

Although QY can be neglected for calculating the threshold voltage, the band bending at
the silicon-oxide interface allows a small amount of charge carriers to flow from source to

8



2 Device Fundamentals

drain and hence is closely related to the transistor leakage current in the OFF-state [27].
The depletion depth Lgep can be derived with the Poisson’s equation:

dés; i —eNN.

AP :
dx E0Esi E0ESi

Suppose the bulk Si substrate is grounded, the solution of Eqn. (2.6) should fulfill following
boundary conditions: &g (r = Lgepl) = 0, and @ (x = Lgep1) = 0. Thus, the potential is

then derived as N
EIVA 2
o) = — Lgen1)” . 2.7
(@) = 32 (2 = Luan) (27)

With the surface potential at ®(z = 0) = &g = 2Pp, the depletion length Lgep is calculated

as
280631@5 480631@]3
Liep) = {| —————= = 4| ———=. 2.8
derl = A\ TN, V" eN, (2:8)

Ei — EY
keT

Therefore, Lgep can be calculated by combining Eqn. (2.8) and p = Ny = niexp (

at room temperature where n; is the intrinsic carrier density and ¢p = Bl — E3l.

For gate bias larger than the threshold voltage, the inversion charge layer shields the
electric field in the semiconductor. Hence, the surface potential @g, the depletion charge
Qgepl, and the depletion layer width Lgep do not change too much further. In this case,
Eqn. (2.4) can be written as

O ] O
Qdepl + inv inv

Vg%d)ﬂ)—i—%ﬁB—i— CD :‘/th+CD'

(2.9)

Eqn. (2.9) will be very important for deriving the transistor ON-state current using the
gradual channel approximation. Volume inversion can be achieved if the bulk silicon
substrate is replaced with a silicon-on-insulator (SOI) substrate where the top silicon layer
is thinner than the depletion length Lgep.

2.2 Metal-Semiconductor Contacts

The metal-semiconductor contact is another fundamental building block of semiconductor
devices whose rectifying property can be dated back to the early work of Braun in 1874
[28]. In a conventional MOSFET, the contact between a metal (e.g, silicide) and a heavily
doped semiconductor exhibits a contact resistance, which is substantially smaller than the
resistance of the channel when the device is switched on. Such low-resistive contacts are
often referred to as Ohmic contacts and they serve as an important link between the device
and the outside world. On the other hand, a high-resistive Schottky barrier is formed when
a metal is brought in contact with a lightly-doped semiconductor, often regardless of the
metal work function since the surface Fermi level of the semiconductor material tends
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to be pinned at a certain level. The understanding of a Schottky-barrier formation is of
vital importance as doping at the nanoscale becomes increasingly difficult due to the finite
solubility of dopant species. In addition, the exploration of emerging devices based on, e.g.,
carbon nanotubes, graphene, MoSs, etc., often incorporates Schottky-barrier contacts as
physical doping is fundamentally difficult, if not impossible, for such novel materials.

The formation of a metal-semiconductor system can be treated by leaving out the oxide
layer of a MOS capacitor as depicted in Fig. 2.1. Suppose there are no surface states present
and the work function of metal ¥, is smaller than that of a lightly doped p-type silicon Vg;,
holes flow from silicon into the metal and the Fermi levels line up when these two materials
are brought in contact. The positive charges on the surface of the metal is balanced by
negative space charges in Si, which are provided by negative acceptor ions distributed in a
space charge region with a depth of Lgep:.

Ldepl
| €—>|

v

Figure 2.4: The formation of an ideal Schottky barrier when a metal is brought in contact
with a lightly p-type doped silicon substrate (¥, < Vg;).

The bands in Si bend downwards and give rise to Schottky barriers for holes as well as for

electrons: . |
ePhy = Vs — Uy + Ep — By = Ug; — Uy, + Ep — (Ec — Ey). (2.10)

Since the electron affinity s is defined as
xsi = Vs — (Bc — ER), (2.11)
the barrier height for holes can then be formulated as
e Py = By — (¥ — Xsi)- (2.12)
Similarily, the Schottky barrier height for electrons can be derived as
ePsp = ¥m — Xsi- (2.13)

Eqn. (2.12) and Eqn. (2.13) are called the Schottky-Mott approximation for the barrier
height [29]. In reality, such Schottky-barrier heights are never achieved due to the presence

10



2 Device Fundamentals

of interface states. Reasons for the existence of interface states are dangling bonds, lattice
mismatch between metal and semiconductor, thin oxide formation at the interface during
fabrication and metal-induced gap states (MIGS), which lead to a reduced impact of metal
work function ¥, on the barrier height @sg [30]. Suppose the density of interface traps is

Di;, where [Dy] = — 7
m
height for holes is given approximately by

According to the discussion given by Rhoderick [29], the barrier

ePgp = Y(Ey — ¥ + xsi) + (1 — ) Un, (2.14)
where .
0Ei

= T i 2.15

7 €o€i + 625Dit’ ( )

and Wy, is called the “‘neutral level”’, an energy level defined as the position of the Fermi
level in silicon that yields an equal occupation of donor-like and acceptor-like interface
states [25]. Hence, a net negative surface charge is expected if Wyp, lies below EP! (i.e.
UnL < E{?:l) 0 and ¢; are the thickness and relative permittivity of the interfacial layer,
respectively. If the density Dj; approaches 0, the barrier height for holes can be simplified
as

ety = Ey — WU + Xsie (2.16)

On the other extreme, if the density Dj; approaches oo, then the barrier height for holes is
no longer a function of ¥, i.e.
€¢§B = L_DNL. (217)

In this case the Fermi level at the interface is “‘pinned’” by the surface states at the value
YN, because a small deviation from the neutral level Wy, produces a large dipole moment
at the interface, which will change the barrier height. This ‘‘negative feedback’ stabilization
is called the Fermi level pinning [29].

Although interface states are unavoidable, there are a couple of ways to reduce their
impact on the barrier height. A straight-forward approach is to replace directly deposited
metal contact with silicides. This avoids the interfacial native oxide layer which in turn
provides a more intimate contact between the metal and semiconductor. In this case,
however, so-called metal-induced gap states (MIGS) are not supressed and still could lead
to Fermi level pinning. The depinning can be achieved by depositing an atomic-scale
isolator layer (e.g. Si3Ny) between the semiconductor and metal to form a potential barrier
which supresses the lower energy states [31, 32, 33]. The appropriate band gap of Si3Ny
reduces the influence of MIGS at the cost of a certain degradation in carrier injection due
to the presence of an extra potential barrier.

Gated Metal-Semiconductor Contacts

As it was mentioned in the former section, metal-semiconductor contacts with a low contact
resistance is often desired in a conventional MOSFET such that larger effective Vs and Vg
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2.2 Metal-Semiconductor Contacts

values can be obtained [25|. Such low-resistive Ohmic contacts are traditionally obtained by
degenerate doping of silicon where the Fermi energy of the doped area is adjusted, leading
to a narrowing of the Schottky junction as depicted in Fig. 2.5(b):

/1
Ldepl o8 N_A (218)

Note that Eqn. (2.18) is derived analogous to Eqn. (2.8). As a result, Lgep, decreases with
a higher doping level and the current conduction becomes dominated by tunneling through
the narrowed Schottky barrier (field emission and thermioic field emission). In this case,
a large current can be achieved even at low voltages. In contrast, current transport is
predominantly determined by thermionic emission for Schottky barriers formed on a lightly
doped silicon substrate [30].

(a) Schottky junction (b) Ohmic contact via doping

o) o)
V>0V V<oV

W EV
(c) n-type contact via (d) p-type contact via
electrostatic doping electrostatic doping

Figure 2.5: Band diagrams of metal-semiconductor contacts. The formation of a Schottky
barrier between a metal and lightly p-type doped silicon where ¥, > Wg; (a). A p-type
Ohmic contact is formed by degenerate doping of Si (b). Similar n-type (¢) and p-type
Ohmic contacts are obtained by using a gated Schottky barrier.

In this thesis, similar Ohmic behavior is realized by the so-called ‘‘programmable Schottky
contacts’’ [34] where narrowing of the barrier width is achieved by applying an external gate
bias as illustrated in Fig. 2.5(c) and (d). Such an electrostatic doping allows both n- and
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2 Device Fundamentals

p-type contact formation merely by choosing a different polarity of the external bias voltage.
In addition, volume inversion could be achieved by reducing the size of the semiconductor
material to avoid neutral regions and minority carriers, thus a stronger gate-channel
coupling factor can be achieved, leading to a faster switching of the device. Furthermore, it
is worthwhile to note that electrostatic doping allows a flexible tuning of charge carriers
in a small volume of silicon even at cryo temperatures whereas dopants introduced via a
conventional implantation /diffusion process into a lightly doped semiconductor gradually
freeze-out as temperature decreases.

2.3 Conventional and Schottky-Barrier MOSFETSs

Since the reconfigurable field-effect transistors to be discussed in this thesis are a type of
SB-MOSFET with gated Schottky barriers, it is therfore important to first understand the
operation principles of conventional MOSFETs as well as SB-MOSFETs. Fig. 2.6(a) shows
a simplified schematic of a conventional, planar, long-channel, n-type MOSFET which is
formed by degenerate n-type doping of source and drain regions in a lightly p-type doped
silicon substrate. The conductivity of the channel can be controlled by an external bias
voltage applied on the gate electrode which is separated from the channel area by a gate
dielectric layer. A 2-dimensional electron gas will be formed near the oxide-Si interface if
a positive voltage greater than the threshold voltage is applied at the gate electrode, i.e.,
Ves > Vin. In this case, a conductive channel is formed under the gate oxide to connect
source and drain regions. Electrons will flow from source to drain if a positive drain-source
voltage is applied since electrons in the high-energy tail of the source Fermi distribution
function could pass the energy barrier. In this case, current flowing through the device can
be described by the gradual channel approximation [25]:

j(x) = en(z, 2)v(x), (2.19)

source gate drain

f(E)|

(b)

Figure 2.6: Schematic of a conventional n-type MOSFET (a). Band diagram of the device
along the z-direction without applying gate and drain voltages (b).
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where j(x) is the current density, v(z) is the carrier velocity along the z-direction and can

av
be written as v(z) = u,&(z) = un# where p, is the electron mobility and &(x) is the
T

electric field strength in z-direction. All parameters are independent of y due to a large
transistor width W. The charge carrier density n(z,z) depends on the z-coordinate as
inversion charge carriers are confined in a triangular potential well [25] as illustrated in
Fig. 2.3. Charges (|Q"”]=C/m?) that are stored in the MOS capacitor can be calculated
from Eqn. (2.9) as

Q(z) = C5 (Ve — Vin = V(2)), for0<z <L, (2.20)

where CT is the sheet capacitance. The current flowing through the device can be calculated
by integrating Eqn. (2.19) along the width W and over the z-coordinate:

w dch
T=p [ ay | en(e, )= — w0t ppo<a<r (21)
0 0

dx doe

where dg, is the depth of the triangular potential well along the z-axis. Finally, Eqn. (2.21)
is multiplied with dx at both sides and integrated along the z-axis yielding the current
expression for the transistor in its ON-state:

w V2
I = unog(f (V:gs - ‘/th)‘/ds - ;s) . (222)

Depending on the drain-source voltages Vys applied, Eqn. (2.22) can be used to describe
the linear and saturation regimes of transistor operation when Vg > V;;,. Note that when
Vas > Vs — Vi, the transistor enters into the saturation regime and pinch-off of the channel
occurs at the channel-drain junction, i.e., the channel disappears at the drain end. However,
current still flows from drain to source since accelerated electrons still can pass the pinch-off
area where the carrier density is low, yielding an almost constant current in the saturation
regime. Increasing Vg further will lead to an acceleration of electrons in the channel and
eventually cause degradation of stability and performance of the transistor. Such hot
electron effects can be mitigated by creating a shallow lightly-doped drain (LDD) region
to increase the depletion width at the drain side, leading to a reduced electric field at the
drain-channel p-n junction. The LDD region extends slightly into the channel as depicted in
Fig. 2.6 and hence the gate-source and gate-drain parasitic capacitances are also increased.
Such effects become more pronounced as the transistor dimensions are being continuously
scaled down. Furthermore, the scaling gives rise to short-channel effects (SCEs) such as
drain induced barrier lowering (DIBL) and an increased gate leakage current and OFF-state
drain-source current.

The transistor is in the OFF-state if Vo < V4. In this regime, the inversion charge
in the channel is negligibly small for the calculation of the threshold voltage but it allows a
small amount of charge carriers to flow from source to drain. The inversion charge density
can be calculated as .

Ec — EEJ)

2.2
T (2.23)

n = Ngexp (—
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where Ng = 2.8 x 10 ecm ™2 is the effective density of states of the conduction band for
silicon. Therefore, the conduction band bends towards the Fermi level and the inversion
charge increases exponentially with increasing Vs, leading to an exponential increase in
drain-source current. Since a 2D transistor can be considered as consisting of independent
1-dimensional modes, the total current can be calculated by summing up contributions
from individual subbands in the y-direction. As it turns out, the current of both a 2D
and a 1D transistor has the same mathematical form of a constant prefactor multiplied
with an exponential Boltzmann factor [25]. Therefore, it is possible to calculate the inverse
subthreshold slope of a 2D MOSFET using a 1D transport model such that the current /3P
can be computed using the Landauer formula as

12 = [ 21(E) () - folB))E. (2.24)

where h is the Planck’s constant, and T'(F) is the transmission probability. It is assumed
that T(E) = 1 above the barrier and T'(F) = 0 below the barrier. Under a positive
drain-source bias, fp(F) is substantially smaller than fs(£). Using the top-of-the-barrier
model [25], Eqn. (2.24) can be re-written as:

< 2e E — E} 2ekgT ES — wpax
IlDz/ — - L) dE = E__5 2.25
ds g,énax h eXp < kBT h eXp kBT ’ ( )
where VUg® is the maximum value of surface potential energy across the channel. The
E—-E}
source Fermi distribution function fs(E) ~ exp [ — Y ) in case E — E >> kT (which

kT
is indeed the case for a transistor in the OFF state). Thus, the inverse subthrehold slope
S — a figure of merit to characterize the transition time between OFF (low current) and
ON (high current) states — is then defined as |25, 35]:

S = = S
0 (log o IiP) 0¥ 0WE™ O (log,, [1P) —eCLL

Ve OV OV QW™ 1 Y

(—kgTIn10) (2.26)

where C§ is the total capacitance seen at the gate electrode that comprise the oxide
capacitance C5 | the capacitance of the depletion region CdDepl, the capacitance of the

inversion layer C{, (can also be denoted as the quantum capacitance Cy' [25]), the interface
capacitance C, and parasitic capacitances such as CY and CY, etc. Above all, the term

CY/CH > 1 and hence the inverse subthreshold slope has a theoretical minimum value of

Siin = “BY 1010 ~ 60 mV /dec at room temperature.
e

Different than a conventional MOSFET where current flow is blocked by two reversely
biased p-n junctions in the OFF state, two metallic electrodes are in direct contact with a
moderately doped silicon channel for Schottky-barrier MOSFETSs built on SOI as depicted in
Fig. 2.7(a). As a result, two Schottky barriers are formed at the contact-channel interface as
illustrated in the band diagram under equilibrium state displayed in Fig. 2.7(b). Recently,
Schottky-barrier MOSFETSs have attracted a great deal of interest since replacing the
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2.3 Conventional and Schottky-Barrier MOSFETs

doped source/drain regions with metals allows avoiding dopant-related issues prevalent
in nanoscale conventional MOSFETs. However, different than a conventional MOSFET
which is a unipolar device, the absence of a band gap in the metallic source/drain regions
allows both electron and hole injection into the channel (thermionic emission part is indi-
cated in the Boltzmann tail shown in Fig. 2.7(b) for both electrons and holes), leading to
ambipolar operation of a Schottky-barrier MOSFET. This is rather undesired as an increase
in OFF-state leakage current due to the injection of the other charge carrier type makes the
Schottky-barrier MOSFET less ideal as a proper switch for logic circuit implementations.

source gate drain
() Ec |
} edq

EE‘ :q.'- - % - -S-B ------------ \i"-.g‘l -

ed? i

F N

E,

W(E)
silicide p-type silicon silicide
(b)

Figure 2.7: Schematic of a Schottky-barrier MOSFET built on a silicon-on-insulator
substrate (a). Band diagram of the device along the z-direction without applying gate and
drain voltages (b).

no tunneling
1 Ve limit T(E)=0

thermionic
emission limit

-
-
-
-®

Si

Figure 2.8: Band diagram and transfer characteristic of a Schottky-barrier MOSFET.

The operation of a Schottky-barrier MOSFET is explained with the band diagram under
several gate voltages as depicted in the left panel of Fig. 2.8. At small gate voltages
(Vgs &= —1V), the potential maximum of the valence band lies below the Schottky barrier
at the drain side. Hence, carrier injection is dominated by holes that belong to high-
engergy tail of the Boltzmann distribution function (green dashed lines). In this regime, the
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Schottky-barrier MOSFET behaves similar to a conventional p-type MOSFET in terms of
a steep inverse subthreshold slope close to the thermionic emission limit (S ~ 60mV /dec).
As the gate voltage increases further (Vs < —1.3 V'), the potential maximum of the valence
band drops below the Schottky barrier at the drain side. As a result, a further increase in
drain current will then be determined by the thermionic emission current [inermionic and the
tunneling current liyn,e. However, the thermonic emission current is relatively small for
Schottky barriers defined by nickel silicide and silicon junction [36]. Therefore, the ON
current is predominantly determined by the tunneling of holes through the Schottky barrier.
The inverse subthreshold slope will be determined by the tunneling rate of charge carriers
and hence will be substantially larger than the thermionic emssion limit of 60 mV /dec.
According to Ref. [25], the inverse subthreshold slope of a thin-body SB-MOSFET in the
tunneling regime can be derived as

5=l ! (2.27)

€ 1 N - dtunnel ’
— X
LD

where diunne is the tunneling distance, and )\ is the screening length, a length scale for
potential variations and reflects the particular device geometry under consideration [37, 38|.
In practical cases, diymel < A. Hence, Eqn. (2.27) can be approximated as

kT

1 A
~ —1Inl0 | = . 2.2
o € nl0 (2 * dtunnel) ( 8)

As a result, the inverse subthreshold slope of a Schottky-barrier MOSFET is often substan-
tially larger than a conventional MOSFET.

2.4 Nanowire Field-Effect Transistors

The electrostatics in the channel region of a conventional MOSFET depicted in Fig. 2.6
can be computed using the 2-D Poisson’s equation [25]:
P b(z, 2) N P b(z,2) e(n(x,z) £ N)

02 022 - E0Esi ’ <229)

where the potential @(z, z) is independent of y due to the assumption of a wide MOSFET.
n(x,z) is the density of the inversion charge. The background doping is assumed to
be uniform and is denoted as N with either donors (+Np) or acceptors (—Na). In ad-
dition, €¢ g are the vacuum permittivity and the relative permittivity of silicon, respectively.

In the case of a silicon nanowire field-effect transistor depicted in Fig. 2.9, the electrostatics

can be reduced from Eqn. (2.29) to a 1-D modified Poisson equation using a quadratic

approximation of the potential distribution for a fully-depleted channel as |25, 39, 40, 41]:
0?9y (x) _ Py(x) — g™ en(x)

= 2.30
Ox? A2 E0€si ’ ( )
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2.4 Nanowire Field-Effect Transistors

where @;(x) is the potential at the channel-dielectric interface. The geometric screening

length A is equal to [42]
A ,/—Ldepl% (2.31)
£si Esi Eox’ '

where Lgep is the thickness of the depletion region. As a result, A can be regarded as the
geometric mean of the depletion region depth and the oxide thickness. Full depletion can be
assumed due to the small cross-sectional size of a 1-D silicon nanowire. Hence, Eqn. (2.31)
can be written as [38]

P (2.32)
4
source . ‘l. nanowire drain

A

Figure 2.9: Schematic of a single-gate silicon nanowire MOSFET built on a silicon-on-
insulator substrate with the gate oxide thickness d,, diameter of silicon nanowire d,.,, and
channel length L.

Silicon nanowire transistors are less vulnerable to short-channel effects (SCEs) as the
cross-sectional size (i.e. d,y) can be made very small to ensure a substantially larger
channel length than the screening length (i.e. L > X)!. The maximum of surface potential
P> in a long-channel device can be calculated as [38|

P 2 2~ (B + D) (Da — (B + Bi))exp(—L/2M) + By + D~ B+ By, (2.33)

!The screening length A denotes the spatial extent of a channel-electrode junction. In a short-channel
device, a channel length L on the same order of A might lead to an overlapping of the source-channel and
drain-channel junctions, leading to a reduction in potential maximum in the channel ¢g§***. This can be
understood using a simple capacitor model of an ultra short channel MOSFET: the variation of channel

cS CY
potential can be written as ¢ 95" ~ COX 0Dg + CD —4_§ P4 using the model of a capacitive potential divider.
by

Whereas in a long-channel device, Cd is negligibly smaller than CE and hence 9§'* is solely dependent on
the gate potential ®,. In an ultra-short channel MOSFET, the drain capacitor contributes a substantial
fraction to the total capacitance, leading to a dependence of channel potential on the drain potential. It is

worthwhile to note that the screening length can also be approximated using this model: in a short channel

eoesiWds;i €0€ox WL

device Cg =~ i3 which exhibits a value comparable to the gate oxide capacitance Coy = 1
(0>,

€si

Hence, a transistor with a channel length of L ~ ( ) dsidey is expected to suffer from short channel

EOX
effects.
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where @4, ., Pp; are the drain, gate and the built-in potentials, respectively. Note that the
background doping N p is not implemented in Eqn. (2.30). This is due to the fact that
a 1D nanowire architecture can be considered to be fully-depleted within a broad range
of of channel doping concentrations. Hence, the channel doping is taken into account by
a shift of the built-in potential @;. Eqn. (2.33) indicates that a stronger gate-channel
coupling factor 0®,s/0PF* ~ 1 can be achieved since 9§ = @, + &; for a long-channel
device that does not suffer from drain-induced barrier lowering (DIBL). As a result, the
surface potential maximum @§'** can well be controlled by an external gate voltage. As it
will become clear below, this condition is approached by reaching the so-called quantum
capacitance limit and thereby is the key to obtain a linear Iy — V5 behavior in the triode
operation regime of a nanowire SB-MOSFET.

In this thesis, so-called reconfigurable field-effect transistors (RFETSs) employing addi-
tional gate structures are built on silicon nanowires fabricated from a top-down approach,
leading to an enhanced gate control and improved device performance. As it turns out,
the RFETSs demonstrate a significantly better performance compared with a single-gate
SB-MOSFET: the ambipolar behavior is suppressed and exploited to operate the device
either as unipolar p- or n-type. Furthermore, a steep inverse subthreshold slope compara-
ble to a state-of-the-art conventional MOSFET could be achieved in certain operation modes.

The next chapter first deals with the key techniques used for the fabrication of RFETSs
based on SiNWs from a top-down approach and nickel silicidation process. In particular, a
useful fabrication technique related to high temperature annealing in hydrogen ambient at
reduced pressure is introduced for improving the surface roughness and transforming the
cross-section from a triangle into a circle while maintaining its area. In addtion, a modified
electron beam evaporation setup is presented to obtain a reliable lift-off process, which
significantly improves the fabrication yield and device performance.
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Chapter 3

Device Fabrication Techniques

Performance and characteristics of electronic devices are not only dependent on the material
properties and physics behind, but they are also closely related to the device fabrication
techniques. This chapter provides an overview of the key techniques used in the fabrication
of reconfigurable devices to be discussed in later chapters. The key fabrication modules
presented in this chapter are underpinned with a brief overview of the physical and chemical
principles involved whereas some other standard fabrication techniques are supplemented
in the appendix.

3.1 Silicon Wet Anisotropic Etching

[0o1]
Figure 3.1: Crystalline structure of silicon. The paper lies in the (011) plane.
Anisotropic wet chemical etching of silicon is a convenient and economic fabrication

technique to create high-quality micro- and nano-scale structures for the realization of
microelectromechanical systems (MEMS) [43, 44], solar cells [45] and transistors [46, 47].

Part of the work in Chapter 3 is published in Applied Sciences (DOI: 10.3390/app9183823), in IEEE
Journal of Microelectromechanical Systems (DOI: 10.1109/TED.2021.3081527), and in Journal of Vacuum
Science and Technology B (DOI: 10.1116,/6.0001161)
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3.1 Silicon Wet Anisotropic Etching

Silicon can be etched anisotropically in an aqueous alkaline solution due to its distinct etch
rates of different crystalline planes. The {111} planes have the slowest etching speed, while
{110} and {100} are the fast etching planes. A simple model to explain this is illustrated
with the crystalline structure of silicon as depicted in Fig. 3.1: two interpenetrating face-
centered cubic Bravais lattices, displaced along the body diagonal of the cubic unit cell by
one quarter the length of the diagonal. The total number of chemical bonds exposed to
an alkaline solution for each silicon atom on {111}, {100}, and {110} planes are 1, 2, and
3, respectively. For {110} planes these 3 chemical bonds comprise 1 dangling bond and
2 in-plane back bonds whereas all exposed bonds are dangling bonds for {111} and {100}
planes. Furthermore, the density of surface atoms on the {111}, {100}, and {110} planes
are 7.8x 10" atoms/cm?, 6.8x 10 atoms/cm?, and 9.6x 10 atoms/cm?, respectively (see
Appendix V for derivations). Therefore, {110} planes have the highest density of exposed
chemical bonds whereas {111} planes possess the lowest density. All these exposed chemical
bonds are the origin of hydroxylation, which is the main reason for dissolving silicon in
an alkaline solution [48]. In other words, an alkaline etchant removes silicon atoms more
rapidly, when they have fewer bonds holding to the lattice.

The potassium hydroxide (KOH) and tetramethylammonium hydroxide (TMAH) based
solutions are used most commonly for the process of anisotropic etching of crystalline silicon.
Other hydroxide alkaline solutions such as sodium hydroxide (NaOH), cesium hydroxide
(CsOH), ammonium hydroxide (NH4OH), hydrazine (HyN-NH;), and ethylenediamine
pyrocatechol (EDP) are either rarely used or carcinogenic?. According to Refs. [48, 52, 53],
silicon atoms on a (100) surface react with the OH™ groups in an alkaline solution under
the following proposed reactions:

Si Si OH
N /S i, N /S )
/Sl\ + 200 — /sl\ + 2 (A])
Si Si OH
S N Si o 2+
1 H 10 H
N /S /
S Si + 2¢ (A2)
Si OH sit OH
2+
Si, OH
Si + 20H —> Si(OH), + 2511 (A3)
si! OH
Si(OH), + 20H  —» SiO,OH); + 2H,0 (A4)
4H,0 + 4e —> 40H + 2H2T (A5)

2 Recent studies [49, 50, 51] reveal that TMAH is also an extremely hazardous chemical, protective
clothing such as apron, chemical-resistant gloves, and face shield is mandatory when working with TMAH.
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Each silicon atom on a (100) surface has two dangling bonds and two back bonds. First,
these two dangling bonds are exposed after the removal of native oxide in a hydrofluoric
acid (HF) solution and they become hydroxilated after immersion into a hydroxide alkaline
solution and deliver two electrons that are considered to be confined to the silicon surface
[53]. Next, the Siz[OH], complex ionizes and two more electrons are delivered (to the silicon
surface) as illustrated in Eqn. (A2). Subsequently, the positive ion combines with two
further OH™ ions from the solution to form Si(OH),. The fully hydroxylated silicon at the
surface forms a water-soluble hydroxide ion as depicted in Eqn. (A4). Finally, the electrons
at the silicon surface react with water molecules and hydrogen gas bubbles are generated
as a by-product. All six equations listed above can be combined and reduced to Eqn. (A6)
as displayed below:

Si + 2H,0 + 20H  —» SiO,(OH), + 2H2T (A6)

It has to be noted that the reaction scheme proposed above provides an explanation of
heavily boron-doped silicon (>10' atoms/cm?®) as an etch stop layer [54]. Other etch
stop or masking techniques include choosing materials that exhibit a low etching rate
such as Cr, SiOy, and SiN. Alternatively, this could also be achieved by changing the
electrochemical potential of the substrate. Suppose an epitaxial n- type layer is grown on a
p- type substrate and the resulting pn junction is reversely biased, the etching will stop at
the n- type layer since an anodic oxide layer is generated by the positive potential [55]. In
this dissertation, SiO,, and SiN, are used as the etch stop and masking material for the
realization of nanostructures utilizing their material selectivity in different chemicals. In
the next section, etching behavior of two commonly used alkaline solutions, namely, KOH
and TMAH, will be investigated and discussed to develop an optimized etching recipe for
the generation of nanostructures.

3.1.1 Etching behavior of KOH and TMAH based solutions

Anisotropic etching of silicon in an alkaline solution is predominantly determined by OH™
ions. Therefore, the concentration and temperature are supposed to play an important role.
In addition, the etching behavior is also influenced by the weak adsorption of cations, e.g.,
K* and TMA™, to the silicon surface [48]. Moreover, the addition of non-ionic surfactants
such as isopropyl alcohol (IPA) also has an impact on the etching. In this section, the
etching behavior of both KOH and TMAH based solutions will be investigated to develop a
self-limiting etching recipe that is suitable for the generation of nanostructures with smooth
etched surfaces.

As it was mentioned before, the etch rate of both KOH and TMAH are supposed to
be correlated with the concentration and temperature of the solution. Indeed, it has been
reported that the etch rate of (100) and (110) planes in a KOH solution reaches its maximum
at a concentration of 25 % when the temperature is kept at 70 °C. Similarly, etch rate of the
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(110) facet and some high-order planes in a TMAH solution (80 °C) shows a maximum at a
concentration of 20 % [56]. This obvious since the chemical reaction consumes a substantial
amount of water as displayed in the proposed reaction equation (A6), indicating stirring
during etching is necessary to avoid concentration gradients. In addition, stirring is also
beneficial to get rid of hydrogen bubbles and thus could ensure a homogeneous contact
between the etchant solution and silicon surface. Furthermore, the etch rate increases with
increasing temperature for both KOH and TMAH based solutions. The dependence of
the etching rate R(T") on temperature 7' ([T'|=Kelvin) can be described with the equation
shown below [48]:
Q

R(T) = Roe *sT (3.1)

(a) (b)

'
1. mix 100 ml H,0 with 89.81 g KOH pellets (assay 85.9 %)

:2‘ stir solution, wait until 7" drops from ~120 °C to ~72 °C
:3. mix with 20 ml IPA, T drops to ~70 °C, keep stirring
o4. HF (1%) dip for ~15 s, quick dump rinse in DI water
:5. etch in KOH mixture for 60 s

600 nm 16. DI water rinse, N, blow dry

(© (d)

Figure 3.2: Etching of line structures patterned along <100> directions of a (100)-oriented
silicon wafer in 40 % KOH solution with IPA additive at 70°C for 60s. A schematic drawing
of the hardmask patterning and etching result (a). A top-view scanning electron micrograph
of the etched profile where the patterned hardmask is framed in red dashed lines (b). A
cross-sectional scanning electron micrograph shows that the etched trapezoidal structure is
bounded by two slanted {110} planes (c). KOH etching recipe with IPA additive (d).
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where kg is the Boltzmann constant and () is the activation energy for different crystalline
planes. The Arrhenius plot (InR(T") — 1/T) of Eqn. (3.1) gives a straight line:

IR(T) = InRy — %, (3.2)
B

from which the activation energy () can be extrapolated from the slope of the plotted curve.

[001]

(d)

Figure 3.3: Etching of line structures patterned along <100> directions of a (100)-oriented
silicon wafer in 40 % KOH solution without IPA additive at 70°C for 60s. A schematic
drawing of the hardmask patterning and etching result (a). A top-view scanning electron
micrograph shows the two etched sidewalls are identical. The patterned hardmask is framed
in red dashed lines (b). A cross-sectional scanning electron micrograph shows that the left
sidewall after cleaving is not perpendicular to the (100) plane (c). The inset framed in blue
shows that the arc shape is due to cleaving. The cross-section prepared by focused ion
beam using Ga* ions reveals that both sidewalls are perpendicular to the (100) plane (d).

Apart from temperature and concentration considerations, it has been reported that the
addition of surfactants such as isopropyl alcohol (IPA) also has an impact on the etching
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speed. The reduction in etching speed is particularly pronounced for crystalline planes with
step monohydride (SM) type of bonds such as {110} [57]. This could change the etching
anisotropy of KOH since the etching speed for {110} planes drops below that for {100}.
Fig. 3.2 shows the etching result in a 40 % KOH solution at 70°C with IPA additive for
60s (cf. recipe shown in Fig. 3.2(d)). The initial oxide hard mask is patterned into line
structures along <100> directions of a (100)-oriented silicon wafer as illustrated with the
brown top layer shown in Fig. 3.2(a) and red-dashed lines in Fig. 3.2(b). After the etching
process, trapezoidal structures bounded by two tapered {110} facets reveal that the etching
speed of {110} planes is slower than that of {100} planes in a KOH solution with the
addition of IPA. On the other hand, the etched structure becomes bounded by two vertical
{100} planes (cf. Fig. 3.3(a)) merely by removing IPA while keeping all other parameters
unchanged (40 % KOH, 70°C, 60s). In this case, the etching speed for {110} planes is larger
than that for {100}. Note that the cross-section displayed in Fig. 3.3(c) shows a vertical
sidewall on one side and an arc-shaped structure on the other side (framed in a dashed white
ellipse). The reason for this arc-shaped structure is likely due to cross-section preparation
with a diamond scratch and cleaving method since the top-view depicted in the inset of
Fig. 3.3(c) clearly shows an extra corner after cleaving. To avoid this, a cross-section is
prepared by focused ion beam using Ga™ ions as depicted in Fig. 3.3(d). It is clear that
both sidewalls are perpendicular to the (100)-oriented substrate, further confirming the
vertical {100} etched facets on both sides. Therefore, the addition of surfactants such as
IPA could change the etching anisotropy of KOH due to a reversed etching speed for {110}
and {100} planes.

300 nm 300 nm
e 100 ml TMAH, 80°C, 45 s — 100 ml TMAH+20 ml IPA, 80°C, 45 s

(b)

Figure 3.4: Etching of line structures patterned along <100> directions of a (100)-oriented
silicon wafer in a 25 % TMAH solution at 80°C for 45s both for without adding IPA (a)
and with the addition of 20ml IPA (b).

Compared with KOH, the etching anisotropy stays mostly unchanged for TMAH based
solutions for both with and without adding IPA as depicted in Fig. 3.4. The etched sidewalls
comprise both vertical {100} and 45 °-inclined {110} facets using the same hardmask (brown
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top layer) shown in Fig. 3.2(a) and Fig. 3.3(a). The presence of both {100} and {110}
facets indicates a similar etching speed for both planes.

(a) (c)

Figure 3.5: Anisotropic wet etching of line structures patterned along <110> directions of
a (100)-oriented silicon wafer. The etching leads to V-grooves bounded by {111} planes
inclined at 54.74° with respect to the substrate surface (a). Top-view scanning electron
micrographs show experimental results in a KOH based solution with almost no undercut
of the hardmask (b) and a relatively larger undercut in a TMAH based solution (c).

Another difference between the etching behavior of KOH and TMAH based etchants lies
in the etching speed for {111} facets as depicted in Fig. 3.5. The initial oxide hard mask
is patterned into line structures along <110> directions of a (100)-oriented silicon wafer
as illustrated in the brown top layer of Fig. 3.5(a). After the etching process, V-groove
structures are formed by two inclined {111} facets. The {111} silicon planes are inclined at

0 1

0]-11

1
an angle of cos_l(—?)) = 54.74° to the surface of a (100)-oriented silicon wafer.

The relatively large undercut of the hardmask shown in Fig. 3.5(b) reveals a faster etching
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3.1 Silicon Wet Anisotropic Etching

speed of {111} facets in a TMAH based solution compared to that for KOH.

For the generation of nanostructures, a precise control of the etched dimensions is necessary.
It is therefore desirable to develop a self-limiting process where the etching could terminate,
e.g. at a slow etching plane or at an etch stop layer such as the buried oxide of a silicon-on-
insulator substrate. On the other hand, a more reproducible etching result could be achieved
by slowing down the etching speed. In the case of KOH, a highly concentrated solution
(> 40 %) at low temperatures (< 80°C) saturated with IPA is desired as it demonstrates a
very low etching speed for {111} planes and a relatively low speed for {110} planes (see the
small undercut in Fig. 3.3(b)). Furthermore, the addition of IPA has also demonstrated an
improvement in surface roughness of the etched facets [58|.

However, the presence of potassium ions in a KOH based solution makes it less attractive
for the fabrication of electronic devices, although a complete removal of K* ions seems to
be possible with boiling water [48] or a modified SC-2 step (HCl : HoOy : HO =1: 1: 1)
in a standard cleaning procedure [25]|. In addition, it has been reported that 10 % KOH
often leaves white-colored gel-like products such as oxyhydrates on an etched surface [48].
Highly concentrated KOH solutions (40 %) often generate white particles after the etching
process as depicted in Fig. 3.5(a). Although these white particles could be removed with
a standard cleaning procedure, KOH etching tied with a subsequent wafer cleaning leads
to extra chemical consumption and hence an increased cost. Furthermore, KOH exhibits
slightly lower etch selectvity of Si to SiOg (~150 : 1) compared with TMAH, which exerts
requirements on oxide thickness especially for long etching durations.

TMAH based echants were first proposed by Schnakenberg [59] in 1991 as an attrac-
tive alternative to KOH. The replacement of potassium ions with TMA™ leads to its full
compatibility with the CMOS technolgy. In the following, TMAH etching parameters
will be investigated to develop an etching recipe that delivers smooth etched surfaces and
in the ideal case a reduced etching rate to enable a more controllable and reproducible
process. In fact, it has been demonstrated that the etching rate for {100} planes reduces
with increasing TMAH concentration and the surface roughness significantly improves for
a concentration higher than 22 % [60]|. Furthermore, the addition of surfactants (e.g., IPA)
leads to a reduced etch rate and further improves the roughness of etched sufaces [61].
Figure 3.6 shows typical V-groove structures formed by etching line structures along <110>
directions of a (100)-oriented wafer in a TMAH based solution with different parameters (cf.
Fig. 3.5). The inititial SigN, hardmask is thermally grown in a rapid thermal processing
chamber using ammonia (NHj):

351 + 4NH3 — SigNy + 6Ho. (3.3)
The mechanism of thermal nitridation is similar to thermal oxidation [62]. However, SizNy4
is a very dense material and hence it demonstrates a strong impermeability that limits the

thickness to less than 5nm, even at very high temperatures [63|. Silicon nitride is an ideal
candidate as the masking material for anisotropic wet etching of silicon since it features a
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remarkably slow etching rate. In this work, the nitride layer is grown at 1050 °C for 250s
which yields a thickness of ~3.2nm. After the thermal nitridation process, line structures
are patterned either with optical or electron beam lithography. In the former case, the
sample is treated in oxygen plasma for 10 min to remove residual photoresist at trench
corners, leading to an improved line edge roughness. Such a ‘“‘descum’ process is then
followed by a subsequent baking step at 150 ° to induce reflow of photoresist. It can be seen
in Appendix VII that a combination of both processes exhibits a substantial improvement
in line edge roughness at the cost of certain loss in dimension control, i.e., the width of the
line structure increases. In the latter case, electron beam lithography is used to pattern
submicron structures using PMMA resist. A short treatment in oxygen plasma for 30s is
used to improve the line edge roughness. After patterning of resist mask, the uncovered
silicon nitride layer is selectively etched away using CHF3/O5 plasma. Afterwards, the
samples are treated in oxygen plasma to remove the resist layer.

100 ml TMAH, 60°C . | 100 ml TMAH+40ml IPA, 60°C |

(a) (b)

100 ml TMAH+20ml IPA, 60°C 100 ml TMAH+20ml IPA, 80°C

- : SiN - |

SiN

400 nm

(c) (d)

Figure 3.6: Cross-sectional scanning electron microscopy images of V-groove structures
etched under various conditions. Etched in 100ml 25 % TMAH at 60°C (a), in a mixture
of 100ml 25 % TMAH and 40 ml IPA at 60°C (b), in a mixture of 100 ml 25 % TMAH and
20ml IPA at 60°C (c), and in a mixture of 100 ml 25 % TMAH and 20 ml TPA at 80°C (d).
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3.1 Silicon Wet Anisotropic Etching

Immediately prior to TMAH etching, the sample is treated in a hydrofluoric acid solution
to remove the native oxide layer, which is extremely important as the oxide layer is hardly
attacked by TMAH. Fig. 3.6 shows cross-sectional scanning electron micrographs of the
V-groove structures after etching under various conditions. It is clear that an appropriate
amount of IPA additive significantly improves the roughness of the etched {111} facets
(compare (a), (b) and (c)). Furthermore, etching at a higher temperature of 80°C leads to
further improvement in surface roughness as depicted in Fig. 3.6(d).

300 nm 400 nm

(a) (b)
1.57 nm
Ll | I 1] 0 ‘ 1l | |
l | i il
-1.64 nm 3 2 L L L L . . .
[110] direction 0 300 nm 600 nm
wet etched (100) facet RMS=0.25 nm
9.27A A g Ve
-9.48 A ‘

[110] direction

(©

Figure 3.7: Anisotropic etching of a line structure in TMAH reveals a step formed by two
{100} planes and a {111} plane (a). A triangle is formed after local oxidation of the the
etched {111} facet followed with a second TMAH etching step (b). Atomic force microscopy
is used to probe the surface roughness of the wet etched {111} and {100} planes.

In order to obtain a quantitative measure of the surface roughness of the wet-etched {111}
facets, atomic force microscopy (AFM) is used. The measurement is performed on a large
step structure as depicted in Fig. 3.7(a). A silicon cantilever (nominal tip radius = 10 nm,
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cone angle = 40°) is used to profile the tapered {111} surface in tapping mode (resonance
frequency = 325 kHz, spring constant = 40 N/m). The tip axis is tilted by 15° with respect
to the substrate normal in order to facilitate the imaging of the {111} facet. Fig. 3.7(c)
shows AFM images and line-cuts of the wet etched {111} facet and the bottom {100}
surface in a scanning area of 800 nmx250nm. It is clear that the measured root-mean-
square value for both the {111} and {100} facets (RMS;113=0.4012 nm, RMSy190y3=0.25nm)
are well within the range of a commercial prime-grade silicon wafer (RMS = 0.2-0.8 nm) [64].

After the formation of the step structure, a triangle can be formed by local oxidation
of the wet etched surfaces followed with the removal of Si3sN, hardmask and a second
TMAH etching step as depicted in Fig. 3.7(b). Here, distinct material selectivity of silicon
dioxide and silicon nitride as well as the impermeability of SisN, to act as a diffusion barrier
can be exploited to design a self-limiting process for the generation of triangular structures
in silicon. It can be seen in Fig. 3.7(b) that the step height from the first and second
TMAH etching are not identical. This is because a relatively high etching temperature
(80°C), which is necessary to achieve smooth etched facets, leads to a high etching rate
for the {100} planes. However, if such a process is carried out on a silicon-on-insulator
substrate where the buried oxide layer acts as an etch stop layer, this could lead to
the generation of nanostructures beyond the capability of lithography tools and thus the
size of the triangle will be predominantly determined by the thickness of the top silicon layer.

The fabrication process flow for triangular SINWs on a silicon-on-insulator substrate
mentioned above will be discussed in more detail in section 4.1 and Appendix I. In the
next section, a high temperature anneal of the triangular SINW in hydrogen ambient at
a reduced pressure — the so-called hydrogen annealing process — will be introduced. The
hydrogen annealing process has the potential to further improve the surface roughness of
the wet-etched {111} facets and transform the cross-section of the SINW from a triangle
into a circle while maintaining its cross-sectional area. This is different than an oxidation
process where the diffusion of oxygen atoms and strain at convex corners lead to a reduction
in cross-sectional area and a change in oxidation behavior. Next, a simulation approach
based on the level set method is employed to model such a shape transformation process.

3.2 Hydrogen Annealing

The cross-section of SINWs fabricated with the two-step anisotropic wet etching discussed
in the previous section can be transformed from triangular into circular shape with a high
temperature (~1050°C) annealing step at a reduced pressure (~65mbar) in hydrogen
ambient. In addtion, such a hydrogen annealing process allows for the smoothing of exposed
surfaces which could allow a reduction in scattering to achieve a higher surface mobility
of charge carriers |65, 66]. The mechanism of shape transformation and smoothing effect
stems from surface diffusion of silicon atoms driven by a gradient in surface energy. Heated
hydrogen facilitates such a migration of atoms at temperatures much lower than the melting
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3.2 Hydrogen Annealing

point of silicon [67]. Furthermore, the crystalline nature of SINWs is maintained after the
hydrogen annealing process [68, 69].

In this section, a simulation approach based on the level-set method will be presented
to model the surface diffusion-assisted morphology evolution of silicon structures during
hydrogen annealing. The level set method counts as one of the most effective approaches
to compute motion driven by surface diffusion [70]. The study introduces a powerful tool
that allows predicting the shape transformation of silicon structures without carrying out
laborious and expensive processes.

3.2.1 A level-set method based simulation approach

(a) (b)

Figure 3.8: Surface smoothing and shape transformation of silicon. Grating structures
etched with the Bosch™ process where the sidewall shows typical scallops (a). Annealing in
hydrogen ambient at an elevated temperature of 1050 °C and a reduced pressure of 65 mbar
for appoximately 550 min shows shape transformation of the initial grating structure as
well as the smoothing effect of scallops (b).

Prior to a standard homoepitaxial growth process, silicon wafers are often in-situ annealed
in a hydrogen ambient at a reduced pressure and high temperature to remove the wet-
grown /native oxide. Such an annealing process also improves the flatness and crystal
perfection of the silicon surface, thus providing an ideal seed layer for the subsequent
growth of epitaxial silicon layers. The mechanism of surface flatness improvement lies in the
diffusion of silicon atoms from energetically higher positions (sharp corners) to energetically
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lower positions (flat areas) to obtain a favourable minimized ensemble surface energy,
leading to rounded corners and eventually flattened surfaces as depicted in Fig. 3.8(b).
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Figure 3.9: A rectangle expands with speed V;, = 1 along the surface outward normal n.

Therefore, hydrogen annealing is a very useful technique and has been used as a step prior
to epitaxial growth processes, for improving the surface roughness of silicon structures
[71, 72], for transforming the cross-section of SINWs from a rectangle into a circle [68],
and also for MEMS applications such as pressure sensors fabricating an empty space in
silicon [73]. Hence, there is the need for a simulation tool that could allow numerical
modeling the outcome of the shape transformation without carrying out laborious and
time-comsuming testing processes. The traditional and probabaly the most straight-forward
simulation approach is to use a Lagrangian method that labels the propagating front with
markers whose movement are tracked. A new propagation front is then formed by the
interpolation of the markers at new positions. This could be explained with a rectangle
(width W = 0.5, length L = 1.0) that is expanding with a velocity V;, = 1 along the surface
outward normal n as depicted in Fig. 3.9. First, the initial rectangle (framed in red solid
lines) is parameterized and markers (red solid circles) are placed along the parameterization.
Next, the unit surface outward normal vector can be defined as

) = (—Yit1 + Yi1, Tiv1 — Ti1) (Yit1 — Y1, —Tis1 + Ti1)

n; = (n,n ,Or Ny =

(3.4)

Iriiy — rig iy — 1o
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depending on the position of the markers where the coordinates of the i*® marker point is
ri(t) = (x;,y;). Note that a central difference is used in the calculation of the unit surface
outward normal vector n; since neither the forward nor the backward finite difference could
give a wrong estimation, especially for marker points located at the corners of the rectangle.
As an example, the forward finite difference method yields a unit surface normal vector
pointing downwards (dashed green) whereas the vector points to the right (dashed pink) if
calculated using the backward difference method.

The initial red markers shown in Fig. 3.9 are shifted to new positions (solid blue cir-
cles) after ¢t = 0.25 following the evolvement rule defined by
dri(t) _ ri(t + At) —ri(t)
"~ At

= V,n,. (3.5)

After the evolvement, a new interface (solid blue lines) is then formed by interpolating the
blue marker points. It is clear that more marker points will lead to a more accurate new
interpolated interface at the cost of longer computational time. Note that the expansion
of such a rectangle under unit speed along the surface outward normal could be easily
computed since the evolving interface is easily parameterized and the evolvement speed
is constant. Since the marker points at the corners disperse during the evolvement, the
new interface cannot be represented accurately by the limited number of marker points.
On the other hand, the Lagrangian approach could run into difficulties, e.g., when the
rectangle shrinks with a speed of V;, = —1 where the (j-1) and (j+1)*" marker points at
the corner will evolve into the same position. In this case, a manual check of the updated
marker positions becomes necessary and hence ad-hoc algorithms are needed to define the
connectivity of the discretized marker points before interpolating a new interface.

Different than a Lagrangian formulation of interface evolution where evolvement is tracked
by parameterized interface elements, the initial rectangle (0€2) shown in Fig. 3.9 can be
represented as the ‘“‘zero-level set”” of a higher dimensional 3D implicit function ¢(r,t)
without the need for parameterization as displayed in Fig. 3.10(a). A contour plot of the
zero-level set in the z = 0 plane represents the initial rectangle (framed in red and filled in
cyan) as depicted in Fig. 3.10(b).

The level set function ¢ (r(t),t) is positive outside the rectangle, zero at the interface,
and negative inside the rectangle:

e ¢(r(t),t) > 0, outside
e 00 ={r(t) | ¢(r(t),t) =0}, interface

e ¢(r(t),t) <0, inside

Such an implicit representation of interface as the isocontour of a function, which is one-
dimension higher, does not require the determination of connectivity between discretized
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points. Therefore, the extension from 2D to 3D is straight-forward whereas the connectivity
of surface elements could become extemely complicated in a Lagrangian approach in
particular for 3D cases when adjacent parts of the transforming interface start coalescing
or splitting from each other. As a result, the level set method has been successfully used to
model the the process of silicon reshaping [74, 75|, glass reflow [76], etching [76, 77, 78],
deposition and lithography development [77] in the field of semiconductor fabrication.
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Figure 3.10: Initialization of the level set function for a 2D rectangle. The 2D rectangle
(framed in solid and dashed red lines) is represented as the zero-level set of a 3D level set
function (a). A contour plot of the zero-level set in the X-Y plane (b).

In a level set method, the evolvement of the interface is then tracked by the time derivative
of the implicit zero-level set function. Applying the chain rule [79] to ¢ (r(t),t) yields

d 99 dr(t)
7 (r(t),1) = a Vo (r(t), )7, (3.6)
with the surface outward normal n = m and speed dr(t) = nV,. The gradient V¢ is

perpendicular to the zero-isocontour of ¢ (r(t),t) and it pomts in the direction of increasing
¢ (r(t),t). The evolving surface remains the zero-level set of ¢ (r(t),t) = 0, hence the
derivative of Eqn. (3.6) must always be zero and the level-set evolvement equation is
derived as

d 09

7 (r(t),t) = o + V4lVo| = 0. (3.7)

Therefore, the initial rectangle displayed in Fig. 3.10(b) expanding at a speed of V;, = 1
along the surface outward normal n can be described by the finite difference approximation
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in time from Eqn. (3.7) as:

¢t + At) — ¢(t)
At

+|V¢| = 0. (3.8)

The gradient of the implict function V¢ is defined as

_ (20 09
vo- (2,2). oS

Hence, the term |V¢| in Eqn. (3.8) can be written as

Vo] = \/(%)2 + <g—j>2. (3.10)

For numerical implementations, the partial derivatives in Eqn. (3.10) have to be approxi-
mated, e.g, using finite difference techniques. where Ax is a small increment step in x. As
it was discussed before (cf. Fig. 3.9), neither the forward difference
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Figure 3.11: Evolvement of a rectangle expanding with speed V;, = 1 along the surface
outward normal n using backward (a) and forward (b) difference approximations. The
initial rectangle is framed in solid blue lines. The profile after evolvement after t = 0.15 is
filled in cyan and framed in solid red lines.

36



3 Device Fabrication Techniques

nor the backward difference
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Figure 3.12: Evolution of the intial level set function after t = 0.35s. The evolved rectangle
is obtained by cutting the 3D level set function at z = 0 (a). A contour plot of the initial
and the evolved rectangle (b). The initial rectangle is framed in solid blue lines. The profile
after evolvement after ¢ = 0.15 is filled in cyan and framed in solid/dashed red lines.

gives an accurate appoximation in particular for data points at corner positions as depicted
in the evolvement result shown in Fig. 3.11. Therefore, a central difference which can be

understood as the average of forward and backward difference is used for the calculation of
04 .
ox*

Gi1— G I O — Pia
¢ ~ Ax Ar Gir1 — i1 (3.13)
Ox 2 20z '

Figure 3.12(b) shows the evolution of the initial rectangle (solid blue lines) after ¢t = 0.35s
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(solid/dashed red lines) using central difference approximations. A 3D plot of the evolved
level set function after ¢ = 0.35 is displayed in Fig. 3.12(a) where the evolved rectangle is
obtained from the ¢(r(t),t)|;=0.35 = 0 isocontour.

It is important to note that the initial implicit function can be realized with signed
distance functions. A signed distance function is a subset of implicit function ¢(r(¢),t) that
|p(r(t),t)] = d(r(t),t) for all r(t), where d(r(t),t) is a distance function defined as

d(r(t),t) = min (|r(t) — ri(¢)]), for all ri(t) € 9. (3.14)

Similar to the property of implicit functions mentioned before, a signed distance function is
positive in the exterior part, negative in the interior part, and zero at the interface:

o o(r(t),t) =d(r(t),t), outside
e ¢(r(t),t) =0, interface
o o(r(t),t) = —d(r(t),t), inside
An important property of a signed distance function is
Vol = 1. (3.15)

Therefore, the evolvement equation for a rectangle expanding at speed V;, = 1 depicted in
Eqn. (3.8) can be reduced to

¢t + At) — o(t)
At

+1=0. (3.16)

The major advantage of using a signed distance function is that they are monotonic across
the interface (02) and hence can be differentiated at the zero-level set with significantly
higher confidence than other implict functions [80]. Furthermore, computational cost can
be reduced without the need for calculating |V¢| at every cycle. However, the initial signed
distance function property is not preserved during evolution, hence the level set function
has to be regularly reinitialized [80].

3.2.2 [Evaporation & condensation and surface diffusion

In the previous part, a simple example of an expanding rectangle is presented to compare
the Lagrangian (i.e., the marker tracking method) and the Eulerian (i.e., the level set
method) approaches of tracking morphological evolution. It has been demonstrated that
the embedment of a 2D interface as the “zero-level set” of a higher dimensional 3D implicit
function could track shape transformation without the need for parameterization at a cost
of higher computational time. In addition, the level set method has the inherent ability to
track a propagating front under coalescence or splitting where the connectivity of discretized
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points does not have to be specified separately. Next, such an Eulerian approach will be
employed to track the topological evolution of silicon structures during hydrogen annealing.
In this case, the migration speed V,, along the surface outward normal n is defined either
by the mean curvature s or surface Laplacian of the mean curvature Agx depending on
different annealing conditions.

In a hydrogen annealing process, silicon atoms at sharp corners possess a higher sur-
face energy as a result of a larger curvature value. They tend to diffuse into positions
where the surface gradient of the curvature is constant (e.g., a sphere) and thus achieving
a minimum ensemble energy. It has been reported that evaporation of silicon atoms at the
surface becomes significant when the annealing temperature exceeds 1100°C [81]. In this
case, the mass transport under evaporation & condensation is described by V;, along the
surface outward normal n as

Q
V¢ = 6p2 {1 — exp (l;y T )} (3.17)
B

where () is the atomic volume, 7 is the surface-free energy per unit area, kg is the Boltzmann
constant, k is the mean curvature of an implicit function ¢, and 6, is defined by

[ — (3.18)

vV 2’/T7’I7J€]3T’7

where m is the mass of a silicon atom, pg is the equilibrium vapor pressure of a flat surface
(k = 0). The exponential term in Eqn. (3.17) can be expanded using the Taylor series as

pee _QOQZ —~ (kBT ) . (3.19)

Q
According to Ref. [82], Rkl
kgT

out the high-order polynomials as

< 1. Therefore, Eqn. (3.19) can be approximated by leaving

90’}/92
o — — A 2
Vs k:BT K, (3.20)

p07 02
(27Tm) (k:BT)

for mean curvature flow is derived as

¢

where A =

. By inserting Eqn. (3.20) into Eqn. (3.7), the level set equation

— Ar|Vo| = 0. 3.21

= Ak = (3.21)
For simulation purposes, it is reasonable to assume A = 1. Note that Eqn. (3.21) is analo-
gous to 8¢ = gx‘ﬁ, A stability condition At < Az? is required for numerical implementation

if exphmt methods are used [83].
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The mean curvature of an implicit function ¢ is defined as the gradient of the unit
surface outward normal [80]:

Vo
=V | = 3.22
(%51) (322
Kap = ¢i¢yy - 2¢x¢y¢xy + ¢321¢XX + ¢)2<¢ZZ - 2¢x¢z¢xz + (bgﬁbxx + ¢§¢ZZ - 2¢y¢Z¢yZ + ¢g¢yy
(62 +¢2 +¢2)"” |
(3.23)

Eqn. (3.23) shows the mean curvature of a grid point on a 3D surface. The partial differences
bx, Pxx a0d Py are discretized in a uniform Cartesian grid as central differences [80], namely
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Figure 3.13: Evolution of a 2D rectangle under mean curvature flow. The corners become
rounded and the rectangle shrinks into a small circle over time (a). The 2D rectangle
represents either the cross-section of a deep rectangular hole (b) or a long solid rod with
rectangular cross-section (c).
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Figure 3.14: Evolution of a 3D rod with triangular cross-section under mean curvature flow.
A cross-section of the 3D object at y = 0 is Zgown in the right panels.
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Figure 3.13 shows the evolution of the same rectangle (width W = 0.5, length L = 1)
under evaporation & condensation (i.e., mean curvature flow) over time. The 2D rectangle
can be regarded as the cross-section of a deep rectangular hole or a long solid rod with
rectangular cross-section. It can be seen that the mean curvature flow does not preserve
the cross-sectional area during evolution and the initial rectangle gradually shrinks into a
small circle.

Figure 3.14 shows the evolution of a 3D rod with triangular cross-section under mean curva-
ture flow. Similar to the 2D rectangle example shown above, the evaporation & condensation
shows a rounding effect of sharp corners and transforms the cross-section from a triangle into
a circle with reduced cross-sectional area. Therefore, hydrogen annealing at a temperature
T > 1100 °C could be employed to reduce the diameter of a SINW and achieve a circular
cross-section.

On the other hand, mass transport is dominated by surface diffusion if the annealing
temperature is blow 1100°C. The migration speed of silicon atoms along the surface
outward normal is then described by the Mullins-Herring surface diffusion model [82]:

D02
ysd = %vgm — BV, (3.27)
where Dy is the surface diffusion constant, and v is the number of atoms per unit area. The
surface Laplacian of the mean curvature is denoted as V2k.

By inserting Eqn. (3.27) into Eqn. (3.7), the level set equation for motion by the sur-
face Laplacian of the mean curvature is then derived as

0

9 BAk|V| = 0. (3.28)

ot
For simulation purposes, it is reasonable to assume B = 1. Note that Eqn. (3.28) is analogous
to % = —g%‘ff; A stability condition At < Az?* is required for numerical implementation
if explicit methods are used. Smereka [83] has derived the surface Laplacian of the mean
curvature for the 2D case. Based on his method, the surface gradient of mean curvature s
can be written as:

Vsk = VE — noyk, (3.29)
where for a 3D case Ohk = n*kx + n¥Ky + n”k,. Note that n* is the z-component of the
normal vector n which can be written as:

% (3.30)

NIRRT
y

With the derived normal gradient of the mean curvature 0,x, the surface gradient of  is
then:

Vik = RxX + Ky + K2 — (ki + 0¥ ky +17k,) (0%
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+n'y + n*z) = Ax + By + Cz, (3.31)

where x is the unit vector in the z direction. Surface Laplacian of the mean curvature is
then calculated as the following:

Ak =V Ve = (V —nd,) - (Ax+ By +Cz) = A+ B, + C,

—n* (n*Ax + nYAy +n”A,) —n’ (n*Bx + n' By +n’B,)
—n” (n*Cx + n"Cy +n*C,). (3.32)

Problems on numerically solving non-linear fourth-order partial differential equations are
known to be very stiff. Stability is a big issue even though the level set method counts as
one of the most effective approaches to compute motion by surface Laplacian of the mean
curvature |79]. In this thesis, an explicit method is used to numerically solve the level set
equation (3.28). Strategies used to improve the stability include:

e choosing a small time step (At < Az?),

e adding a small value of ¢ to the denominator in Eqn. (3.23) and Eqn. (3.30) which
then becomes /¢2 + ¢2 + @2 + ¢ allows smoothing the singularities caused by infinite
mean curvature values,

e reinitialization of the level set function frequently to keep ¢ approximately equal to
signed distance (chapter 7 of Ref. [80]).

In the present thesis, an algorithm using an explicit method is empolyed which is listed as
follows:

1. grid discretization, choice of simulation time ¢, and time step At

2. initialization of the level-set function ¢(r,t) as a signed distance function, set up
periodic boundary conditions

3. compute the surface outward normal n, surface gradient V¢(t), mean curvature x(t)
and surface Laplacian of the mean curvature Agx(t) at time ¢

4. update ¢ with the third-order TVD Runge-Kutta scheme [84] (see Appendix IV) and
re-initialize ¢ as a signed distance function every 10 iterations

5. update t and go to step 3 if t <ty

Figure 3.15 shows simulation and experimental results of the smoothing effect in the
inital phase of shape transformation. The level set method allows simulating arbitrarily
shaped profiles including the initial smoothing effect of scallops generated from the iterative
isotropic etching and passivation steps of the Bosch”" process as depicted in Fig. 3.15(b).
Sidewall becomes smooth after a short annealing process as displayed in Fig. 3.15(c).
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(a)

Figure 3.15: Simulation of the initial phase of hydrogen annealing showing the smoothing
effect of scallops (b). Part of a silicon grating structure etched by the Bosch” process with
typical scallops on the sidewalls. Sidewall becomes smooth after a short hydrogen annealing

process (c).
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Figure 3.16: Evolution of a 2D rectangle under surface diffusion. The corners are rounded
and the rectangle transforms into a circle while preserving its cross-sectional area over time
(a). An experimental annealing result of rectangular rods etched on a silicon-on-insulator
substrate reveals elliptical cross-section after the hydrogen annealing process.
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Figure 3.16 shows simulation and experimental results of shape evolution of the same
rectangle (width W = 0.5, length L = 1) under surface diffusion (i.e., surface Laplacian of
the mean curvature) over time. It is clear that topological evolution mediated by surface
diffusion rounds off sharp corners in the early stage and transforms the rectangle into a
circle while preserving its cross-sectional area.

54.74°
- 5 %08 |
05 0 0.5 1
1 _
1
05
0
05 >
-1
1
05 0 0.5 1

46



3 Device Fabrication Techniques

(c)
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Figure 3.17: Evolution of a 3D rod with triangular cross-section under surface diffusion.
A cross-section of the 3D object at y = 0 is shown in the right panels. The corners are

rounded in the initial phase and the triangle eventually transforms into a circle with a
radius of approximately 0.38 upon reaching equilibrium.

Figure 3.17 shows the shape evolution of a 3D rod with triangular cross-section driven by
surface diffusion. It is clear that the topological evolution mediated by surface diffusion
rounds off sharp corners of the triangle at the early stage and transforms the triangle into
a circle while preserving the cross-sectional area upon reaching equilibrium.
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3.3 An Improved Electron Beam Evaporation Process

As a short conclusion, the hydrogen annealing process is a very useful technique that
can be used to improve the surface roughness and transform the shape of silicon structures.
Annealing at a temperature higher than 1100 °C allows transforming the cross-sectional
shape of a SINW from a triangle into a circle while thinning down its cross-sectional
size. The shape transformation becomes predominantly driven by surface diffusion at an
annealing temperature below 1050 °C, yielding SINWs with circular cross-sections while
maintaining its area.

In the next section, a lift-off process utilizing e-beam evaporation in combination with a
bilayer PMMA resist will be employed to create source/drain and gate electrodes on the
fabricated SINWs. The electron beam evaporation setup is modifed in a way that can avoid
electron and ion bombardment on PMMA resist during the evaporation process, leading to
a significant improvement in fabrication yield and device performance.

3.3 An Improved Electron Beam Evaporation Process

In this section, a modified electron beam evaporation chamber equipped with two passive
measures — an appropriate magnetic field of two permanent magnets together with a
self-charging, hollow cylindrical electrode — is presented to get rid of blistering and cracking
of the deposited layer on a bilayer PMMA resist.

- 80nmNi

600 nm 600 nm 600 nm

(@) (b) (©)

Figure 3.18: A nickel lift-off process with the unmodified evaporation setup and image-
reversal photoresist AZ5214E". Approximately 80 nm of nickel evaporated on a resist mask
with inwardly tapered sidewalls (a). Incomplete resist removal after immersion in DMSO
(60°C) for 10min (b). Resist residues are removed after an O plasma ashing process (c).

The process of electron beam (e-beam) evaporation consists of placing the target material
in a crucible and vaporizing the top surface in a vacuum chamber by supplying kinetic
energy from an accelerated focused electron beam. The evaporated species travel at high
speed in a line-of-sight manner by keeping the chamber at a high vacuum (~ 107% mbar)
[85, 86] such that collisions between evaporant material and background gas molecules
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are kept at a low level. Such a directional deposition nature of e-beam evaporation in
combination with an inwardly tapered resist profile are well suited for lift-off processes. The
lift-off process is a widespread and indispensable patterning technique for creating micro-
and nano-structures of a target material on a substrate (e.g. silicon wafer) using a sacrifi-
cial layer (e.g. resist). The technique is particularly useful when there is no appropriate
etching method that provides good selectivity between the target material and the substrate.

In practice, it is often observed that optical resist (e.g., AZ5214E") becomes hardened after
an e-beam evaporation process and hence organic residues are left over (cf. Fig. 3.18(b))
even after cooking in hot DMSO, which features a strong resist stripping ability. The
surface becomes clean after an Oy plasma treatment as depicted in Fig. 3.18(c). However,
this is rather undesirable since the oxygen plasma process might oxidize the evaporated
material and introduce plasma damage.

resist flank
deforms

cracking

undesired
Ni deposition

Figure 3.19: A nickel lift-off process with the unmodified evaporation setup and a bilayer
PMMA resist. Top-view of 80nm Ni evaporated on a bilayer PMMA resist showing
undesired crackings (a). A scanning electron micrograph of the cross-section reveals resist
flank deformation and ear formation (b). A top-view scanning electron micrograph of the
sample after lift-off shows undesired Ni deposition as a result of peeling and cracking (c). A
top-view scanning electron micrograph of the device area shows ear formation at the edge
of contact lines (d).

In this work, polymethyl methacrylate (PMMA) is used in combination with e-beam evapo-
ration to create high-resolution nickel contacts from a lift-off process. PMMA was one of
the first materials developed for electron beam lithography [87] and it still remains as the

49



3.3 An Improved Electron Beam Evaporation Process

most commonly used positive-tone high-resolution e-beam resist. Moreover, an inwardly
tapered resist profile can be easily realized by combining a more sensitive bottom layer (i.e.,
short polymer chain with lower molecular weight) and a less sensitive top layer (i.e., long
polymer chain with higher molecular weight). Such an inwardly tapered resist profile is
essential to facilitate solvent attack from uncovered resist sidewalls in order to obtain the
best outcome in a lift-off process. However, one of the major drawbacks of such a process is
associated with resist shrinkage and bubble formation that lead to cracking and blistering
of the deposited layer. Fig. 3.19 displays typical results for nickel evaporation before and
after the lift-off process. Fig. 3.19(a) depicts a top-view optical microscope image that
clearly shows cracking, an electron micrograph cross-section along the dashed line in (a) is
displayed in (b) revealing substantial shrinkage that leads to a strongly deformed resist
pattern and hence to cracks and ear formation in the evaporated nickel film. Since ear
structures are connected to the pattern, undesired nickel deposition is left over after the
lift-off process as depicted in (c¢)-(d). Furthermore, more severe problems related to bubble
formation that lead to blistering of the deposited film are observed for materials with a
higher atomic number such as gold, hafnium, and platinum (cf. Fig. 3.24(a)).

Problems associated with resist shrinkage and blistering are due to a bombardment of the
PMMA with charged particles (electrons and ions) [88, 89, 90, 91]. A series of complex
mechanisms underlie the generation of these charged particles. According to Ref. [92], two
major groups of electrons can be distinguished from the energy spectrum when a primary
beam of electrons impinges on a specimen. The first group represents high energy electrons
that are elastically scattered from the target material having nearly the same energy as the
primary beam. The second group contains secondary electrons, electrons created through
thermal ionization, thermionic emission, electron-impact ionization, and photoelectrons that
feature an energy typically below 50eV as depicted in Fig. 3.20 [90, 91, 93|. Apart from
these high and low electrons, ions originating from thermal ionization and electron-impact
ionization also play a role as will be disscussed below. These ions feature a low energy
typically up to several electron volts [90].

secondary elastic scattered
electrons ) electrons
| l

number of emitted electrons

L Ll M
(o) 50 100 150 200
Emitted electron energy (eV)

Figure 3.20: Energy distribution of emitted electrons when a primary electron beam of
180 eV impinges on a specimen. (From Ref. [92])
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To study the impact of electrons and ions on resist shrinkage and blistering individually,
the beam current is first ramped up to a value that is high enough to generate a sufficient
amount of electrons yet still low enough to melt the material and induce any evaporation
rate. A high-vacuum (~ 10~%mbar) electron beam evaporation tool (Balzers’" PLS 500)
is used to evaporate platinum, which tends to cause severe cracking and blistering issues
with PMMA [88]. Bulk silicon substrates (p-type boron doped, 5-102-cm) are prepared
with spin coating of bilayer PMMA films (see Appendix II). Structures are patterned
with electron beam lithography and development in a mixture of methyl isobutyl ketone
(MIBK) and isopropanol (IPA) (MIBK:IPA=1:3). The samples are mounted into the
e-beam evaporation chamber and the emission current is increased up to 35 mA using a Pt
target; note that at 35 mA beam current, no evaporation rate is detected with a quartz
crystal microbalance, additionally the shutter remains closed. Thus, a direct irradiation
of charged Pt ions, neutral Pt atoms and high energy electrons on PMMA film can be
excluded.

T (—

sample

spring
shutter in closed shuFt'er in open
position position
"
270° e-beam gun

reference sample shutter closed 15min

i/ \E ./

(2) (b) (©

Figure 3.21: Comparison of bilayer PMMA film color for different evaporation conditions
using platinum. All samples initially exhibit a green color after PMMA coating, electron
beam lithography, and development like the reference sample (a). Film color changed to
blue after ramping up power to 35 mA while keeping the shutter closed for 15 min (b). Film
color changed to brown after ramping up current to 35mA and opening shutter for 15 min
(c). Note that the images are taken with the same settings of the microscope.

For a rapid initial study, optical microscopy of the PMMA film is employed using a Keyence
digital microscope. All samples initially exhibit a green color as displayed Fig. 3.21(a).
The PMMA film color changes into blue (see Fig. 3.21(b)) after ramping up the beam
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current to 35 mA while keeping the shutter closed for 15 min (note that the shutter is also
closed during the ramp up/down of beam current in a regular deposition process). This
is unexpected and means that a substantial fraction of the electron beam incident on the
target reaches the sample via multiple backscattering from the target and chamber walls.
In addition, high energy electrons hitting the chamber walls may also lead to secondary
electron emission that is incident on the sample. Next, when the shutter is opened for
15 min after reaching 35 mA beam current while keeping all other parameters the same,
the PMMA film color changes into brown (as shown in Fig. 3.21(c)). Thus, we conclude
that high energy electrons have a strong impact on PMMA even during the beam current
ramp-up when the shutter is closed.
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center opening
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negative ions_|
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Figure 3.22: Schematic (dimension is not to scale) of a modified electron beam evaporation
setup with permanent magnets and an electrically insulated metal plate installed to study
the impact of electron and ion irradiation on sample surface.

Since charged particles can be manipulated with electric and magnetic fields, two ferrite
ring magnets? together with the plate or the cylindrical electrode depicted in Fig. 3.22 and

3The inner diameter di,ue,=60mm, the outer diameter dyyte; =100 mm, thickness 20 mm. The magnets
are held with metal wires to an existing metallic rod which is designed by the manufacturer for mounting a
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Fig. 3.23 are mounted in different configurations and their impact on the deposition result
is studied. To this end, ~80nm of platinum is evaporated with a beam current of ~81 mA
(static spot ~3 mm in diameter centered at the crucible) yielding a deposition rate of ~1 A /s.
The initial evaporation setup yields a blistered and cracked surface as shown in Fig. 3.24(a).
If only the magnets are installed, the surface depicted in Fig. 3.24(c) merely shows slight
cracking compared to an evaporation process without magnets (cf. Fig. 3.24(a)). This
means the magnets are very effective in deflecting the high energy backscattered electrons.
However, despite the absence of blistering, the cross-sectional scanning electron micrograph
shown in Fig. 3.24(d) reveals a bent Pt film (particularly on top of Si) and the layer starts
to peel off the substrate. The reason for the peeling remains unclear but appears to be due
to Pt ions and low energy electrons involved in the deposition process leading to reduced
adhesion of the Pt film on the substrate.
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cylinder
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high energy
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Figure 3.23: Schematic (dimension is not to scale) of the improved electron beam evaporation
setup with permanent magnets and an electrically insulated metallic cylinder installed to
avoid electron and ion irradiation on sample surface.

substrate holder. The magnets are installed relatively close to the substrate holder (bottom of the magnets
to the substrate holder ~125 mm) to reduce the disturbance on the 270° e-beam source. It is observed that
there is no shift of the position where the electron beam hits the target within the crucible. The distance
between the two magnets is ~125 mm.
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Figure 3.24: Evaporation result with different measures. Initial setup (a). Passive plate
only (b). Magnets only (c). (d) is a scanning electron micrograph cross-section along the
dashed line in (c). Magnets and passive plate (e). Magnets and the actively biased plate
at —650V using an external voltage source (f). Magnets and the actively biased plate at
+650V (g). Passive cylinder only (h). Magnets and passive cylinder using an evaporation
rate of 1 A/s (g) and a cross-sectional scanning electron micrograph along the dashed line
in (i) is shown in (j).
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Next, the magnets are removed and an electrically insulated plate electrode is installed.
If it was only electron bombardment that yields blistering and resist shrinkage the plate
should also be effective since it is expected that the plate negatively charges up (which is
indeed the case as discussed further below) thus repelling at least the low energy part of
the electrons. However, as depicted in Fig. 3.24(b), strong blistering is observed which is
attributed to a significant bombardment of the sample with positively charged Pt ions that
are accelerated by the negatively charged plate electrode. This is confirmed when mounting
the magnets and the plate electrode showing slightly worse results compared to the case
with magnets alone (compare Fig. 3.24(e) with (c¢)). Furthermore, applying a large negative
bias of —650V at the plate electrode results in even stronger blistering due to accelerated
positive Pt ions as shown in Fig. 3.24(f). In addition, a positive voltage (+650 V) applied
at the plate electrode also leads to cracking which is mainly due to the acceleration of low
energy electrons towards the sample as depicted in Fig. 3.24(g) (the impact of Pt~ ions is
neglected since ions generated from the electron-impact ionization are almost exclusively
Pt™). The experiment continues by replacing the plate electrode with a cylindrical elec-
trode as illustrated in Fig. 3.23 (however, no magnets are installed in the present case).
As displayed in Fig. 3.24(h) a significant improvement compared to the plate electrode
alone (cf. Fig. 3.24(b)) is obtained showing that the cylindrical geometry of the electrode
shields the sample from a part of the Pt ions. Finally, if the magnets and a floating
cylindrical electrode are used, an ideal evaporation result could be achieved as depicted in
Fig. 3.24(i) and (j): No blistering is observed and a cross-sectional scanning electron micro-
graph of the line structure shows no resist shrinkage and no bending of the deposited Pt film.

To further elaborate on this, the insulated hollow metallic cylinder is used to measure
the potential of the electrode due to the charge accumulated during an electron beam
deposition process. This potential together with the evaporation rate, deposited layer
thickness and chamber pressure are plotted in Fig. 3.25 as a function of the electron
beam current (note that the xz-axis can also be interpreted as a time axis since the beam
current is changed in steps of ~5mA during the beam ramp up/down with a stabilization
time of ~30s-45s.). First, the potential increases from A to B with an increasing beam
current before the evaporation rate becomes non-zero reconfirming the observation shown
in Fig. 3.21(b). When increasing the electron beam current from ~55mA to ~81 mA, the
potential gradually drops while the evaporation rate increases (B to C). It is important
to note that in this stage of the deposition process the shutter is still closed and hence
the potential drop is likely caused by secondary electron emission due to a bombardment
with high energy electrons reflected from the chamber walls. After the desired evaporation
rate is reached, a sudden drop in plate potential is observed from C to D due to Pt ions
reaching the cylindrical electrode after opening the shutter (gray shaded area in Fig. 3.25).
For platinum the measured potential drops to nearly zero at an evaporation rate of ~3 A /8.
When the shutter is closed (D to E), Pt ions are prevented from reaching the electrode
and the potential increases accordingly and reaches approximately -40 V again when the
electron beam current is reduced (E to F); the potential is therefore ‘M’-shaped.
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Figure 3.25: Potential at the cylindrical electrode, evaporation rate, film thickness (not

corrected by tooling factor) and chamber pressure as a function of the electron beam current

during Pt evaporation. The z-axis can also be interpreted as a time axis. Time window for
an open shutter is indicated in the shaded area.

The investigations discussed above show that both electrons and ions play a predominant
role on the blistering and cracking issues. Temperature has a lesser impact as the resist
profile does not deform in an evaporation process using the modified evaporation setup
(magnets and cylinder) to deposit a relatively thin layer of Pt (~80nm). In addition, the
lift-off result shown in Fig. 3.26 obtained after cooking the sample in boiling acetone for
1 min without mechanical agitation also proves a non-crosslinked PMMA indirectly. Note
that the deposited Pt film sticks well to the silicon surface without any adhesion layer (e.g.,
Ti) which is usually necessary.

Figure 3.26: Top-view (a) and cross-sectional view (b) of the sample after cooking in hot
acetone for ~60s without mechanical agitation.
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3.3.1 Impact of temperature

(a) single-cycle / (b)

(9] multi-cycle

\ 200 nm P{
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Figure 3.27: Impact of temperature on the PMMA resist profile. A thicker layer of 200 nm
Pt using the proposed magnets/cylinder setup is deposited in a single-cycle evaporation
process (a)-(b) and in a multi-cycle evaporation process (c¢)-(d). Approximately 50 nm of
Pt is deposited in each cycle at a rate of 1A /s. The beam current is ramped down for
substrate cooling (20 min) after each deposition cycle.

To further elaborate on the impact of temperature, irreversible temperature test strips (RS
PRO") are used to measure the highest temperature reached during the entire evaporation
process through a color change of the sensing material. The test strips are mounted on a
sample holder with the color change material facing towards the crucible. The test strips
offer a measurement range between 40 °C and 260 °C.

The highest temperature measured in a Pt deposition process (80nm @ 1A /s) is <116°C.
According to the manufacturer of PMMA resist, the glass temperature is in the range of
105°C, and the polymers are thermostable up to a temperature of 230 °C. Furthermore,
it is observed that the highest temperature reached throughout a single-cycle deposition
process is still below 116 °C if a much thicker layer of 200 nm Pt is deposited. However, the
PMMA resist profile deforms as depicted in Fig. 3.27(b) due to heat accumulation. One
straight-forward approach to control the thermal budget is to split a single-cycle process
into multiple deposition steps. Indeed, it turns out that a 4-cycle deposition process with
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20 min of cooling interval is effective as depicted in in Fig. 3.27(d). Note that the 200 nm
Pt layer still adheres well to the silicon substrate.

In conclusion, it is clear that temperature is absolutely not the root cause for blister-
ing and cracking issues in a platinum e-beam evaporation process with a bilayer PMMA
resist. However, temperature does have an impact on PMMA resist profile especially for
thicker Pt layers due to heat accumulation. Therefore, it is recommended to water cool
the substrate holder especially for thick layers or deep submicron structures. A multi-
cycle deposition process is a straight-forward alternative that does not require any tool
modification. Furthermore, permanent ferrite magnets do not lose magnetism throughout
the evaporation process since the highest measured temperature is well below the Curie
temperature of commercial ferrite magnets [94, 95].

3.3.2 Impact of X rays

It is observed that Pt deposition using the modified setup (magnets and cylinder) yields a
quick and successful lift-off process in boiling acetone within 1 min as depicted in Fig. 3.26.
This indicates that X-rays, which can not be manipulated by electric or magnetic fields,
do not cause heavy cross-linking of PMMA throughout the evaporation process. In ad-
dition, this is separately confirmed by exposing a sample coated with a bilayer PMMA
resist with the X-ray source from an X-ray diffractometer (Philips” PANanalytical X Pert
PW3040,/60). The PMMA is exposed to a Cu Ka line (8.0478 keV, X\ = 1.5406 A) X-ray
source at an intensity of more than 10 million photons per second. The X-ray is generated
by bombarding a copper electrode with an electron beam (40 mA at 40kV acceleration
voltage) and the resulting X-rays are filtered with a monochromator. After 60 hours of
exposure, neither a change in film color nor bubble formation is observed. In addition, no
heavy crosslinking is observed since the exposed PMMA film can still be dissolved in acetone.

Furthermore, it has been reported that the dose of X-ray is estimated to be on the
order of ~10Mrad in a typical Al and Cr evaporation process [96]. According to Ref. [97],
such a dose is far below the limit to induce crosslinking although a soft X-ray (317eV) is
used in this case.

3.3.3 Evaporation of nickel

In previous sections, a modified evaporation chamber equipped with ring magnets and a
hollow metallic cylinder is proposed to deliver near perfect evaporation results for Pt. In
fact, the modified evaporation setup has been demonstrated to be effective for a variety
of materials commonly used in semiconductor fabrication, including metals, oxides, and
semiconductor [98]. In particular, all these materials show an ‘M’-shaped behavior of
the potential (see Appendix III for details). The maximum potential measured is found
to be strongly correlated with the atomic number of the material due to an increased
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backscattering of the electron beam from the target material. For some of the materials, e.g.
Si, Hf, TiO,, and Al;Og, the measured potential further increases or reaches a plateau with
increasing evaporation rate, which can be explained with different ionization degrees for
different materials. In conclusion, despite the difference in material properties, the modified
evaporation setup equipped with magnets and the passive cylinder using a moderate
evaporation rate (~1A /s) could deliver a blistering- and cracking-free deposition result for
a variety of materials.

bilayer
PMMA

c-Si

Figure 3.28: Evaporation of ~80nm Ni (a)-(b), and Co (c¢)-(d) using the modified setup
with magnets and a passive hollow cylindrical electrode at an evaporation rate of 1 A /s.

However, it is observed that despite the absence of blistering and cracking issues, the
proposed evaporation setup yields deposition results where resist sidewalls are slightly
covered with Ni as depicted in Fig. 3.28(b). Such sidewall coverage is even more pronounced
in the case of Co as displayed in Fig. 3.28(d). It is speculated that such a behavior is due to
the fact that both are ferromagnetic materials and the magnets are installed relatively close
to the substrate holder. In addition, a more pronounced sidewall deposition is observed
for Co since it features a higher Curie temperature (7 x; =354 °C, T¢.co &~ 1130°C). The
issue is mitigated by increasing the distance between the two magnets (from ~12.5cm
to ~16 cm) as can be seen from the deposition results shown in Fig. 3.29. Note that the
modified setup using a combination of magnets (~16 cm) and cylinder is not tested since
the atomic number of Ni is intermediate (no severe blistering is observed as shown in
Fig. 3.19). Near perfect deposition results can already be achieved by using the magnets
alone (cf. Fig. 3.29(a)) or even with the plate electrode also installed (cf. Fig. 3.29(b)),
although a bent film (in particular on PMMA) is also observed similar to the case of Pt as
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3.4 Nickel Silicidation

depicted in Fig. 3.24(d). Furthermore, it is worthwhile to mention that the lift-off of Ni
can be accomplished in cold acetone without mechanical agitation within 15s.

magnets only (~16 cm)

bilayer | ayer
Susmsssssy PMMA Rt

SOl substrate SOl substrate

200 nm

Figure 3.29: Evaporation results of Ni using different configurations. Cross-sectional
scanning electron micrographs of the evaporation result using magnets only (separated
wider from each other ~16cm) (b) and using both magnets (~16 cm) and the passive plate

(b).

3.4 Nickel Silicidation

Silicides fabricated by alloying silicon with metals such as Ti, Co, and Ni are essential
ingredients of CMOS technology. They feature very low resistances and hence are widely
used for the formation of polycide gate contact and Ohmic contacts in source/drain regions.
Silicide is grown on a heavily doped semiconductor material for commercial integrated
circuits as discussed in section 2.2 where low-resistive Ohmic contacts are formed as a result
of the small depletion width (cf. Fig 2.5(b)), thus yielding a thin, and highly transmissive
Schottky barrier. Compared with Ti and Co, the formation of nickel silicide offers an
excellent control of thermal budget, less consumption of Si, better scalability (the ability to
form uniform low-resistive silicide at a small gate length), and compatibility to SiGe [99].
Hence, nickel silicide has been extensively studied and integrated into CMOS technology
since the 90 nm node and beyond [99].

Figure 3.30 shows cross-sectional scanning electron micrographs of as-deposited Ni films
and silicidation results under different conditions. A two-layer material system is formed
after thermal treatment in forming gas (10 % Hj in Ny) ambient at 280°C for 30 min as
displayed in Fig. 3.30(c). According to Ref. [100], annealing at such a low temperature
yields a nickel rich composition, i.e., NiSi. Fig. 3.30(d) shows that full silicidation of the
deposited layer is obtained after a two-step annealing process, namely, first at 280 °C for
15 min followed with a second annealing step at 380 °C for another 15 min. The thickness
of the silicide film is approximately twice as much compared with the as-deposited layer.
According to Ref. [101], the composition of the silicide is NiSi, which features the lowest
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resistivity among all Ni,Si; phases [102|. In addition, the work function of nickel silicides
ranges from 4.86 ¢V for Ni rich films to 4.3 eV for silicon rich films [103]. The work function
of NiSi (~4.5-4.7eV) [104, 105] is closer to the midgap of silicon compared with other
composites. Hence, NiSi could facilitate a more symmetric electron/hole injection into an
ideal Schottky barrier which can be described by the Schottky-Mott model.

™ ® o oo o0 o o0 o000 oo

vsilicide growth in bulk Si:
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]
¢ 1. RCA clean of silicon substrate

0
2. HF dip immediately prior to mounting
(]
¢+ into the evaporation chamber
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¢ 3. evaporation of 100 nm Ni
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0

LR oot ¢ anncaling chamber
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300 nm
— 280 °C, 15 min, 380°C, 15min

280 °C, 30 min
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Figure 3.30: Nickel silicidation processes. A cross-sectional scanning electron micrograph of
~100 nm Ni evaporated on a bulk silicon substrate (a). Recipe for silicide formation in bulk
silicon substrate (b). Silicidation result after thermal treatment in forming gas at 280°C
for 30 min (c). Silicidation result after thermal treatment at 280°C for 15 min followed
with a second annealing step at 380 °C for another 15min (d).

In addition, the phase formation of nickel silicide can be quite different in thin films than in
silicon nanowires. It has been reported in Ref. [101] that the formation of the high-resistive
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3.4 Nickel Silicidation

NiSiy could occur at a much lower temperature than 750 °C in SiNWs. To avoid this, the
addition of 5at% Pt to Ni has been demonstrated to raise the nucleation temperature of
NiSi, and increase the thermal stability of the low-resistive NiSi composite [106].

Furthermore, the intrusion of nickel into a SINW has been reported to cover a broad range
of statistcal distribution[107|] which could be mitigated by flash lamp anneal [108, 109]
or a two-step annealing process, namely, create a finite source of Ni through selective
removal of superficial Ni from the first annealing at low temperatures followed with a
second anneal to form low-resistive NiSi [25]. The intrusion length is also dependent on the
crystalline orientation where the silicide diffusion speed is faster in <100> compared to
that in <110>-oriented SiNWs [107].

In the present thesis, nickel sicilide in direct contact with a moderately doped SINW
is used for the formation of a Schottky barrier. The intrusion of Ni into a SINW for both
with and without an oxide shell will be studied at different annealing temperatures. The
resistivity of the nickel silicide will be evaluated with I —V electrical measurements. Finally,
an appropriate annealing time will be chosen to form silicide-SiINW junctions and create a
gate overlap in order to achieve an excellent electrostatic control.
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Chapter 4

Gated Schottky-Barrier MOSFETs

In this chapter, both single- and dual-gate SB-MOSFET's based on top-down fabricated
silicon nanowires and nickel silicidation will be presented. Their principles of operation and
device characteristics will be discussed in more detail to bring up strategies for performance
improvement.

The next section first deals with the fabrication of triangular silicon nanowires from
a two-step TMAH etching process. The self-limiting nature of this fabrication approach
renders localized deep submicron silicon nanowires with atomically flat surfaces possible
with conventional h-line contact lithography.

4.1 Silicon nanowire from a two-step TMAH etching

In recent years, silicon nanowires have attracted a great deal of interest for a variety of
applications including gate-all-around field-effect transistors (GAA-FETs) [110, 111], tunnel
FETs [112], junctionless FETs [113], biosensors [114, 115], and single electron transistors
[116]. One-dimensional SiNWs intrinsically occupy less space and the small screening
length makes nanowire FETSs less susceptible to short-channel effects (see section 2.4),
yielding a higher packing density of devices on a single chip. In addition, silicon nanowires
facilitate the formation of gate structures that fully wrap a thin silicon body, yielding an
excellent electrostatic control of the channel and full depletion of charge carriers. Moreover,
silicon nanowires have a large surface-to-volume ratio and hence are attractive for highly
sensitive biosensing applications. Furthermore, the confinement of charge carriers in a
one-dimentional channel leads to a quantization of energy levels and hence SINWs allow
for the exploration of quantum mechanical effects.

Part of the work in Chapter 4 is published in IEEE Transactions on Electron De-
vices (DOI: 10.1109/TED.2021.3081527), and in IEEE Transactions on Electron Devices (DOLI:
10.1109/TED.2022.3161245).

63


https://www.doi.org/10.1109/TED.2021.3081527
https://www.doi.org/10.1109/TED.2022.3161245

4.1 Silicon nanowire from a two-step TMAH etching

The devices mentioned above are often built on SINWs that are fabricated from a bottom-up
or top-down approach. The traditional vapor-liquid-solid method offers high-quality SINWs
yet the unavoidable transfer process is a key limiting factor for upscaling. Moreover, trace
amount of non-CMOS-compatible material (i.e., Au), often unavoidable due to the growth
method, can be detrimental to the device performance. On the other hand, conventional
top-down fabrication techniques utilizing lithography and dry etching (see Appendix VII)
often transfer line-edge-roughness from resist pattern to silicon feature via reactive-ion
etching, which causes plasma damage and yields SINWs with rough sidewalls, leading to a
degradation in carrier mobility due to interface roughness scattering [42].

(b)

nitride -,

(d)

{111} facet -..
111} face
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Figure 4.1: Mask design and fabrication process flow of silicon nanowires. Nitride hardmask
patterning (a)-(b). A {111} facet is formed after resist removal and the first TMAH etching
step (c)-(d). Local oxidation of the etched {111} facet (e)-(f). Removal of the SizNy
hardmask (g)-(h). After the second TMAH etching step (i)-(j). A buffered oxide etch
removes the local oxide (k)-(1).

In this work, silicon nanowires (SiNWs) are fabricated from a two-step wet chemical etching
process as described in Ref. [117]. Tetramethylammonium hydroxide (TMAH) instead of
potassium hydroxide (KOH) is used as the wet chemical etchant of silicon to ensure a fully
CMOS-compatible fabrication process. The top-down fabrication approach yields localized
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4.1 Silicon nanowire from a two-step TMAH etching

SiNWs with atomically flat surfaces and minimal plasma damage manufacturable with
conventional h-line contact lithography. Fig. 4.1 shows the mask design and fabrication
process flow of SINWs with triangular cross-section. A {111} facet inclined at 54.74° with
respect to the {100} facet is formed due to the distinct etch-rate anisotropy of different
crystallographic planes [61] in an alkaline solution (i.e., TMAH) when a silicon nitride
hardmask is defined in a line-pattern along the <110> direction of a (100)-oriented silicon
substrate as depicted in Fig. 4.1(d). Fig. 4.1(f) shows a local oxidation of the etched {111}
facet that exploits the ability of SigNy to act as an effective diffusion barrier. After selective
removal of the SigNy (cf. Fig. 4.1(h)), a triangle bounded by two {111} facets is formed in
a second TMAH etching as displayed in Fig. 4.1(j) since the {111} facet fabricated from
the first TMAH etch step is protected by the grown, local oxide. Finally, a short dip in
buffered oxide etch (BOE) removes the local oxide and creates an undercut in the buried
oxide layer as depicted in Fig. 4.1(1). The complete run card including process parameters
for the fabrication of SINWs with triangular cross-section can be found in Appendix I.

145 nm BOX
Si

200 nm

(b)

Figure 4.2: Scanning electron micrography images of the fabricated SINWs. The SINW in
(a) reveals a triangular cross-section after cleaving (b). Length of the SINW is 40 pum.

Figure 4.2 shows scanning electron micrographs of the fabricated SINWs corresponding
to the step shown in Fig. 4.1(i)-(j). The SINW reveals a triangular cross-section (cf.
Fig. 4.2(b)) after cleaving along the green {110} plane as depicted in Fig. 4.1(a). The
buried oxide layer of a silicon-on-insulator substrate acts as an etch-stop layer. Hence,
size of the triangle mainly depends on the thickness of the top-silicon layer and thus the
nanowires are manufacturable with conventional h-line contact lithography. As it was
discussed in section 3.1, the wet-etched {111} facets feature minimal plasma damage and
exhibit a surface roughness comparable to that of a commercial prime-grade silicon wafer.
It is worthwhile to mention that an optional treatment in 40 % NH4F (see Appendix VIII)
could further improve the surface roughness.

Next, the local oxide depicted in Fig. 4.1(j) is removed in a buffered oxide etch (BOE 7:1)
for 15s. Subsequently, a dry oxidation process is carried out to reduce the size of the SINW
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4 Gated Schottky-Barrier MOSFETSs

and form a gate oxide at the same time. To simplify the fabrication process as much as
possible, a treatment in 40 % NH4F and the hydrogen annealing process is not carried out.
Finally, various electronic devices including resistors, single- and dual-gate Schottky barrier
transistors are fabricated and characterized.

4.2 Back-gate Schottky-barrier devices

AL (@D Top-down SiNW fabrication

e triangular SINW fabrication

® RCA clean

@ (@ SiNW thinning with dry oxidation
e dry oxidation

3 S/D contact formation

® BOE etch window

® N lift-off
? Silicidation

Figure 4.3: Schematics (dimension is not to scale) and key process steps for back-gate
Schottky-barrier MOSFETs. The dimensions of the device are: oxide thickness ¢, > 15 nm,
diameter of SINW dginw = ~ 25 nm, distance between source and drain Lg p = 900—1200 nm.

{100}

In this section, quality of the fabricated SINWs and nickel silicide are preliminarily tested
with back-gate Schottky barrier devices. First, the sample is cleaned with a standard
cleaning procedure (i.e, RCA clean [118]) after removal of the local oxide as depicted in the
first step of Fig. 4.3. Subsequently, a dry oxidation step is carried out to reduce the size of
the SINW. The dry oxidation is carried out for 3 min at a temperature of 1100°C, i.e., higher
than the viscous flow point. Although such a high temperature prevents a self-limiting
oxidation [119], it allows transforming the cross-section of the SINW from triangular to
a circular shape as shown in the second step of Fig. 4.3(b) (also check Appendix VI for
experimental results). In addition, it also minimizes the degradation of the Si-SiO, interface
due to roughness induced by the oxidation process [120|. Next, etch windows are patterned
and opened up by removing the oxide shell in a buffered oxide etch (BOE 7:1) step for 20s
(cf. the 3™ step in Fig. 4.3 and Fig. 4.4(a)). Afterwards, nickel contacts are fabricated
with electron beam lithography using a bilayer PMMA resist, the modified electron beam
evaporation (see section 3.3), and lift-off. Finally, the sample is annealed in forming gas
(10 % Hs in Ng) at various temperatures to grow the silicide and drive the silicide-SINW
junction towards the center of the SINW as depicted in the fourth step of Fig. 4.3. An
optical microscope image of two readily fabricated devices is shown in Fig. 4.4(b).
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Figure 4.4: A scanning electron micrograph of the SINW after removal of the oxide shell
(a). An optical microscope image of two back-gate devices (b).
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Figure 4.5: Axial diffusion of nickel along a SINW after 4 cycles of thermal treatment.
Almost no Ni intrusion is visible after the first annealing cycle (280°C for 60s, further
ramp up to 380 °C and anneal for another 60s) (a). Evident silicide growth is detected after
the second annealing cycle (450°C, 30s) (b). Ni intrudes further after the third annealing
cycle (450°C, 30s) (c). Silicide growth meets up from both ends after the fourth annealing
cycle (450°C, 60s) (d).

Figure 4.5 shows the first type of back-gate devices where four cycles of thermal treatment
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4 Gated Schottky-Barrier MOSFET's

eventually lead to full silicidation of the nanowire. Fig. 4.5(a) shows that there is almost
no Ni intrusion visible after the first annealing cycle at 280°C for 60s, and further ramp
up to 380°C and anneal for another 60s. Evident silicide growth is detected after the
second annealing cycle at a higher temperature of 450 °C for 30s as displayed in Fig. 4.5(b).
Further intrusion of Ni is facilitated by repeating the last process (450 °C, 30s) as depicted
in Fig. 4.5(c). Finally, a fourth annealing cycle at the same temperature (450°C) for 60s
turns the SiINW into a silicide nanowire.

Figure 4.5(c) shows that the length of the silicide is longer at the left-hand side. In-
deed, it is observed that the intrusion lengths from both sides are often not necessarily
identical. Similar phenomena are also observed in Ref. [121|. Fig. 4.6 shows the length of
axial Ni intrusion for 6 devices on the same chip after two cycles of thermal annealing at
450°C for 30s. It is clear that the silicide length covers a broad range from below 200 nm
to above 300nm. However, the mean intrusion lengths are almost the same for the left-
and right-hand sides.
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Figure 4.6: Axial diffusion of nickel along a SINW after 2 cycles of thermal treatment
(450°C, 30s). Silicide growth from left- and right-hand sides exhibits a broad range of
intrusion length. The mean intrusion length is approximately 250 nm from both sides.

Figure 4.7 displays two more examples of full silicidation. It can be seen that the radius of
the silicide nanowire is not homogeneous after the silicidation process. Similar phenomena
are also observed, e.g., in Ref. [122]. Repeated annealing cycles often result in ring- and pea-
like sections across the nanowire. These sections with substantially larger radii correspond
to nickel-rich silicide whereas the homogeneous middle part in Fig. 4.7(b) represents the
low-resistive monosilicide NiSi [122]. A homogeneous high-quaility monosilicide nanowire
can be achieved by avoiding repeated thermal cycling of SINWs [122], which is desirable
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4.2 Back-gate Schottky-barrier devices

since the monosilicide exhibits a midgap work function and a lower resistivity than the

nickel-rich silicides.

Figure 4.7: Two further examples of full silicidation. Repeated thermal cycling induces
ring- and pea-like sections at both ends of the nanowire.

1.5x107° 1

1.0x107° -

5.0x10°
:5; 0.0
B

-5.0x107° -

-1.0x10°

—0—T=300K
—o—T=4.26K

-1.5x10°°

current
compliance

&
&

o
p:
""""

(
e
i

-0.005 0.000 0.005 0.010

Vds (V)

Figure 4.8: Two-point I — V measurement of a nickel silicide nanowire at both room- and
cyro- temperatures. Note that the device is bonded on a chip carrier with Al wires.

Electrical characterization of the silicide nanowires is carried out with simple two-point
I —V measurements. Lower resistivity of the silicide nanowire at liquid helium temperature
(Ry06x = 795.8Q2) compared to that at room temperature (Rzoox = 829.92) as depicted
in Fig. 4.8 confirms the metallic behavior of the nickel silicide nanowire. In addition, the
silicide nanowires do not turn superconducting at liquid helium temperature, which is
consistent with Ref. [123]. Based on the room-temperature measurement results of 3 such
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4 Gated Schottky-Barrier MOSFETSs

devices, the calculated resistivity is in the range of 37.2 u2-cm—75.6 u€2-cm if the diameter
of the silicide nanowire is 30 nm. Note that this value is slightly larger than the resistivity
of monosilicide and rather corresponds to that of a nickel-rich silicide composition, although
the resistances of aluminum bonding wires, cables, as well as contact resistances, etc. are
not excluded in a two-point I — V' measurement.

Figure 4.9 depicts the second type of back-gate devices fabricated with the same an-
nealing process mentioned above where the intrusion of Ni leaves an ultrasmall silicon
island in the middle. Such a device can be used to realize extremely small single quantum
dots defined by two Schottky tunnel barriers with silicide-SINW junctions [124].

quaﬁtum ,
dot

Figure 4.9: SINW with nickel silicide source/drain contacts and an ultrashort channel
length.

Similarly, Fig. 4.10(d) shows a longer silicon section (~100nm) achieved using the same
annealing process merely by defining a larger distance between the source/drain contacts.
The transfer characteristic curve displayed in Fig. 4.11 reveals typical ambipolar behavior of
SB-MOSFETs due to the absence of a band gap in source and drain contacts [25]. Carriers
can be injected into the conduction band and into the valance band depending on the Vi
voltages applied.

It has to be noted that the back-gate Schottky-barrier MOSFET is similar to the so-
called W-MOSFET [125], which can be employed for testing the quality of an SOI substrate.
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Figure 4.10: SINW with nickel silicide source/drain contacts and a long channel length.
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Figure 4.11: Transfer characteristic curve of a long-channel back-gate Schottky-barrier
MOSFET. Note that Vs covers a broad range from -20V to 20V due to a small gate
coupling factor as a result of the thick buried-oxide layer (~ 145nm).
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4 Gated Schottky-Barrier MOSFET's

A W-MOSFET is formed by contacting the top-Si layer of an SOI substrate with two probe
needles and the bulk-Si substrate acts as the back-gate electrode. A conduction channel
can be formed at the interface of the buried oxide and top silicon layers by applying an
appropriate back-gate voltage whereas the buried oxide layer acts as the gate oxide. Despite
the simplicity of the device (no lithography needed), similar transistor characteristics
(cf. Fig. 4.11) can be obtained and analyzed to evaluate the quality of an SOI material
126, 127].

4.3 Single top-gate Schottky-barrier devices
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Figure 4.12: Schematics (dimension is not to scale) of the single top-gate Schottky-barrier
MOSFET before and after metallization and the key steps in device fabrication (a). An
optical microscopy image (b) and a scanning electron micrograph (c) of the readily fabricated
single top-gate Schottky-barrier MOSFET.

In this section, silicide growth in an oxide shell will first be investigated. Next, a top-gate
is then formed on top of the oxide shell to replace the back-gate electrode. Discussions
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will be elaborated on the behavior of single top-gate Schottky-barrier MOSFETs and in
particular to understand the kink formation in transfer characteristics.

The fabrication of single top-gate Schottky-barrier MOSFETs is similar to the back-gate
device presented in the previous section. The back-gate devices utilize the buried oxide layer
of SOI material as gate oxide whereas the oxide growth step depicted in Fig. 4.3 is employed
both for nanowire thinning and gate oxide formation for the single top-gate devices. After
the oxidation process, etch windows are patterned in source/drain contact areas and opened
up by removing the oxide shell with buffered oxide etch (BOE) as displayed in the left
panel of Fig. 4.14(a). Subsequently, source/drain contacts as well as the gate electrode are
formed using the same method as discussed in section 4.2. Finally, silicidation is carried
out at the same temperature (450 °C) in forming gas ambient (10 % Hj in Ny) with reduced
thermal cycling.
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Figure 4.13: Axial diffusion of nickel along a SINW in an oxide shell after thermal treatment
at 450°C for 300s. Schematic of the device after selective removal of unreacted Ni (a).
Silicide growth exhibits a broad distribution range of intrusion length (b). The mean
intrusion length is approximately 550 nm.
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To study the silicide growth behavior in an oxide shell, a test sample is deposited globally
with Ni after opening source/drain contact windows as depicted in the left panel of
Fig. 4.14(a). Note that the global deposition of Ni avoids alignment issues in an e-beam
lithography process. After the silicidation process, unreacted Ni is selectively etched away
in a Piranha solution (HySOy4 : HoOy = 4 : 1). Similar to the growth behavior disscussed
in the previous section and in Ref. [121], Ni diffusion in an oxide shell also exhibits a large
statistical distribution of silicide length as depicted in Fig. 4.13. Fig. 4.14 shows three
examples of Ni intrusion into a SINW surrounded by an oxide shell. The mean intrusion
length in a single-step annealing process at 450 °C for 300s is approximately 550 nm and
hence the growth speed is about half of that without an oxide shell (~45 %).
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Figure 4.14: Scanning electron micrographs of three devices on the same chip after selective
removal of unreacted Ni after the silicidation process at 450°C for 5min. The Ni intru-
sion into a SiINW surrounded by an oxide shell in a single-step annealing process shows
diverse silicide lengths, (a) Lmiddie_eft > Lmiddle_right, (P) Lmiddie_teft & Lmiddle_right; and (c)
Liniddie 1eft<Lmiddle_right-
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Figure 4.15: Transfer characteristic of a single top-gate Schottky-barrier MOSFET.
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With the calculated mean intrusion length, the width of the single top-gate is designed to
ensure a gate overlap and achieve a good electrostatic control of the channel as displayed
in Fig. 4.12(b). Fig. 4.15 shows an experimental measurement result of such a single top-
gate Schottky-barrier MOSFET. The transfer characteristic exhibits the typical ambipolar
behavior and clearly the gate coupling factor is significantly improved compared to the
back-gate device discussed in the previous section. Furthermore, a kink is clearly visible
in the p- branch. Such a kink sets in when the carrier injection becomes dominated by
tunneling through the Schottky-barrier as the gate voltage increases. Whereas such a kink
is not visible for the n- branch, this means the Schottky barrier for hole injection is smaller
than that for electron injection.

4.4 Dual-gate reconfigurable FET's

It has been discussed in the previous section that the typical ambipolar behavior of
single top-gate Schottky-barrier MOSFETSs leads to an increase in OFF-state leakage
current. This is highly undesirable as the transistor can not function as a proper switch
to turn the circuit ON/OFF in a logic circuit application. Recently, reconfigurable field-
effect transistors (RFETSs) have attracted an increasing attention because the ambipolar
operation of a Schottky-barrier MOSFET can be suppressed by adding one or two additional
gates to control the SBs at source/drain junctions electrostatically that allows substantial
improvement in device performance [23, 24, 128, 129, 130]. In addition, the utilization
of electrostatic doping for creating virtual n-/p- regions avoids dopant related issues.
Moreover, RFETSs can be switched to operate as unipolar n-type or unipolar p-type devices
that allow more functionalities in a single circuit block and thus enabling a reduction of
circuit topologies despite a more complex device architecture [25].

(b)

SINW

silicide

Figure 4.16: Scanning electron micrograph of a dual-gate reconfigurable FET (a). Cross-
sectional schematic of the device along the nanowire.

It has been demonstrated that RFETSs using triple gates, i.e., two gates for creating virtual
source/drain regions and the third one for ON/OFF switching, could function as recon-
figurable devices with high Ion/Iorr ratio and steep switching behavior (23, 128]. The
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adoption of three gates will certainly need more space and might become a key limiting
factor for downscaling. Hence, devices using only a dual-gate architecture have been investi-
gated, too [24, 129, 130]. In these dual-gate devices, studies were focused on using the gate
at the drain side for ‘programming’ the device either in n- or p- type configuration, while
employing the gate at the source side to turn the device ON/OFF. Although unipolar device
operation is obtained with this program gate at drain (PGAD) mode, the inverse subthresh-
old slope is significantly larger than the thermionic emission limit (i.e., S > 60mV /dec).
This is obvious since the RFET in PGAD mode is simply a Schottky-barrier MOSFET
with suppressed ambipolar operation [37].

In this work, the rather overlooked device operation mode with the program gate at
source (PGAS) is examined and compared with the PGAD. The fabrication process flow of
dual-gate RFETS is similar to the single top-gate SB-MOSFETSs discussed in the previous
section. Fig. 4.16(a) shows a scanning electron micrograph of such a dual-gate RFET where
the width of the two top-gates are designed to account for the statistical distribution of Ni
intrusion in an oxide shell. Thus, excellent electrostatic control is achieved by creating an
overlap of the Schottky-barriers at the drain and source sides as depicted in a cross-sectional
schematic of the device shown in Fig. 4.16(b). It is worthwhile to note that only an
estimation of the oxide thickness (dox > 15nm) and the diameter of SINW (dginw = ~ 25 nm)
is given mainly due to the different oxidation rates of the crystallographic planes of the
initial triangular nanowire. In addition, the distance between two gates Log pe — 450 nm,
distance between source and drain Lgp — 2 pm, width of each gate Lg — 500 nm.
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Figure 4.17: Transfer characteristics of the dual-gate RFET in PGAD and PGAS operation
modes for both n- and p- type configuations (a). Band diagrams of the device in PGAS
operation mode for n- type configuration (b) and in PGAD operation mode for n- type
configuration (c). Gate leakage currents (Icg, Ipg) are below ~5x10' A and are not
plotted for clarity.

77



4.4 Dual-gate reconfigurable FET's

Figure 4.17 shows transfer characteristics of the dual-gate RFET in PGAD and PGAS
operation modes for both n- and p- type configuations with the same |Vpg| and |Vys| values.
Band diagrams in PGAS and PGAD operation modes for the n-type configuration are
displayed in Fig. 4.17(b) and Fig. 4.17(c), respectively. It is observed that the OFF-state
leakage current in PGAS is approximately two orders of magnitude higher than that for
PGAD. In addition, the inverse subthreshold slope for the PGAS operation mode (n-type:
green, p-type: blue) is substantially smaller than that for the PGAD (n-type: black, p-type:
red). Furthermore, a kink in the p-branch of the PGAD operation mode (red curve) is
observed similar to that of the single-top gate device shown in Fig. 4.15; the n-branch of
the dual-gate RFET is, however, strongly suppressed due to the large negative voltage
(Vpg = —3V) applied to the program gate at the drain side.
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Figure 4.18: Transfer characteristics of an RFET for different drain source voltages in
PGAD mode for p-type configuration (a), in PGAD mode for n-type configuration (b), in
PGAS mode for p-type configuration (c), and in PGAD mode for n-type configuration (d).
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4 Gated Schottky-Barrier MOSFETSs

In order to elaborate further on the difference in leakage current for these two operation
modes, transfer curves are measured in PGAD and PGAS operation modes for both n-
and p-type configurations with increasing Vg, values as depicted in Fig. 4.18. A current
increase enabled by the modulation of the exit resistance at the drain side is observed for all
cases. However, while in PGAD mode the leakage remains below the measurable threshold
(~ 5 x 1071 A) due to the particular potential profile throughout the device, larger Vg
values lead to an exponential increase in leakage current in the PGAS mode as depicted in
Fig. 4.18(c)-(d). The reason for this is that in PGAS mode, the ambipolar operation due to
an increased carrier injection at the drain-side Schottky junction with increasing Vs is not
suppressed.
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Figure 4.19: Transfer characteristics of an RFET for different program gate voltages in
PGAS mode for p-type configuration (a), and in PGAS mode for n-type configuration (b).
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Figure 4.20: Transfer characteristics of an RFET for different program gate voltages in
PGAD mode for p-type configuration (a), and in PGAS mode for n-type configuration (b).
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Figure 4.19 shows transfer curves of an RFET in PGAS operation mode for both p-type
(left panel) and n-type (right panel) configurations with increasing Vpg values. A virtual
n-type source contact is created with a positive Vpg at the source side, and the behavior
of the device is similar to a conventional n-type MOSFET in terms of a steep inverse
subthreshold slope (i.e., close to 60 mV /dec). The ON-state current increases with a larger
Vpa due to the increased carrier injection at the source-side Schottky junction.

Figure 4.20 shows transfer curves of an RFET in PGAD operation mode for both p-
type (left panel) and n-type (right panel) configurations with increasing Vpg values. In this
case, carrier injection through the source-side Schottky-barrier is modulated by different
Ve which makes the transistor behave similar to a conventional Schottky-barrier MOSFET.
Therefore, the on-state current mainly remains constant even if a larger Vpq is applied at
the drain side. The transition of carrier injection from thermionic emission to tunneling
through the source-side Schottky-barrier is reflected in a kink in the transfer characteristic
in Fig. 4.20(a). While such a kink is not visible for the n-type configuration in Fig. 4.20(b),
it means that the Schottky-barrier for hole injection is smaller than that for electrons.
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Figure 4.21: A kink in transfer characteristic of an RFET in PGAS operation mode may
also appear for large Vs (a) or small Vpg (b) values.

As it was mentioned before, a kink may appear in PGAD when carrier injection at source
changes from thermionic emission to tunneling when increasing Vg to more negative
values (cf. Fig. 4.20(a)), a similar kink could also appear in the PGAS mode for large
Vis or small Vpg values as depicted in Fig. 4.21. The appearance of such a kink is due
to the charge-mediated impact of Vg on the potential distribution of the source-side
Schottky-barrier: in the case of (a), an almost equilibrium distribution of holes is induced in
the virtual p-type source contact if a large negative Vpq is applied at the source side. When
the CG moves the valence band up, this gives rise to the steep switching of PGAS. However,
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4 Gated Schottky-Barrier MOSFETSs

if the band under the drain-side CG is moved towards the source Fermi level, the carrier
density within the virtual source contact is reduced due to the current flow into drain. As
a result, the carrier density drops and the band in the virtual source can be moved further
upwards giving rise to an increased tunneling through the source-side Schottky-barrier (see
Ref. [25], chapter 7). Since this further increase of Iy is due to tunneling, a kink occurs. A
larger Vs will lead to a larger Vg range of the kink as is indeed observed experimentally
(see e.g. Fig. 4.18(a)). However, it is important to mention that the kink only sets in, when
the bands under drain-side CG are moved close to the Fermi level of source and hence a

close to ideal inverse subthreshold slope is obtained over several orders of magnitude in the
PGAS mode.
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Figure 4.22: Output characteristics of an RFET for different control gate voltages in PGAD
mode for n-type configuration (a), in PGAS mode for n-type configuration (b), in PGAD
mode for p-type configuration (c), and in PGAS mode for p-type configuration (d).
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Figure 4.22 shows output curves of an RFET in PGAD and PGAS operation modes for both
n- and p-type configurations with increasing Vog values. In the case of PGAD (left panels),
a non-linear current increase in the triode regime is observed, typical of a Schottky-barrier
MOSFET. In the PGAS mode, a non-linear current increase for small bias is also observed.
However, in contrast to PGAD, an exponential increase is obtained that is almost the
same for all CG voltages displayed in Fig. 4.22(b) and (d); a saturation of the current at
different levels occurs only for Vg, larger than ~ 1 V. Both non-linearities, i.e. in PGAD and
PGAS, might deteriorate the functionality of logic inverters built from those devices. This
is particularly detrimental for the PGAS mode, leading to a complete loss of noise margin.

The different behavior of the output characteristics of the two device operation modes may
at first be surprising since it is generally argued that the non-linearity of the I4-Vis curves
stems from the forward biased drain-side Schottky junction [131, 132, 133]. But this is not
the case as we will analyze below: while the non-linearity of the PGAS mode is indeed due
to a forward-biased drain-side Schottky junction, the non-linearity of the PGAD mode is
due to an increased tunneling through the source-side Schottky-barrier.

Figure 4.23: Schematic of the simulated dual-gate nanowire device (a). The top panel
shows the conduction and valence bands (blue lines) on a finite difference grid. Buettiker
probes are connected to each finite difference site with EL representing the quasi Fermi
level (green dashed line) through the device. For the simulation a device with L = 100 nm,
dnyw = 1nm, doy =10nm, E; =1eV, m; =0.1m, and a scattering mean free path of 15nm
is assumed.

In order to elaborate further on the behavior of RFETSs and in particular to understand
the difference in the non-linear behavior of the PGAD and PGAS operation modes, self-
consistent Poisson-Schrodinger simulations using the non-equilibrium Green’s function
formalism (NEGF) have been carried out* |25, 134]. An effective mass approximation with

4The NEGF simulations are carried out by Prof. Joachim Knoch
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4 Gated Schottky-Barrier MOSFETSs

symmetric conduction and valence band is assumed; the complex band structure within the
band gap is taken into account with Flietner’s dispersion relation [135]. To reduce the com-
putational burden, a nanowire FET with one-dimensional electronic transport with metallic
contacts exhibiting a SB @5, at the source and ®§y at the drain contact is considered as
illustrated in Fig. 4.23. An undoped NW of diameter d,, is assumed that is thin enough to
justify one-dimensional (1D) electronic transport. The electrostatics of such a device can be
described well by a 1D modified Poisson’s equation (Eqn. (2.29)). The device architecture is

accounted for with a proper choice of the screening length of \ = (ﬁ) dpwdox =1.83 nm.

€OX

Fermi level pinning with a midgap position of the source/drain Fermi level yielding a
Schottky-barrier of e®gy =edgy = E,/2 is assumed at the interface between source/drain
and the channel; all other device parameters are stated in the caption of Fig. 4.23. Other
simulation parameters are listed in the caption of Fig. 4.23. It is important to note that
these assumptions will certainly not allow a quantitative comparison between experiment
and simulation. However, qualitatively they replicate the experimental situation rather well
and the approach has been used successfully to reproduce and explain the device behavior
of conventional as well as Schottky-barrier field-effect transistors (see e.g. [136, 137]). An
important ingredient here is the inclusion of Buettiker probes (cf. Fig 4.23), i.e. virtual
contacts attached to the channel of the RFET that mimic inelastic scattering [138]; the
Fermi levels of all Buettiker probes are determined to ensure a net zero current from/into
each Buettiker probe thus representing the quasi Fermi level within the device (green
dashed line). Note that the quasi-Fermi level is a reference energy level that reflects the
charge carrier concentration in a nonequilibrium state [139].

Figure 4.24 shows simulated output characteristics in PGAD (upper panel) and PGAS
(lower panel) operation modes for the n-type configuration, qualitatively reproducing the
experimental results displayed in Fig. 4.22(a)-(b). It is observed that the non-linear current
increase for small bias for the PGAS mode is more pronounced compared to that for PGAD.
The reason for such a different behavior becomes obvious when comparing the quasi Fermi
levels shown in the inset of Fig. 4.24(a) and (b): in PGAD, the quasi Fermi level at the
drain end, i.e. underneath gate 2, drops substantially with increasing bias. This is due to a
loss of carrier injection into the drain such that the conduction/valence bands are moved to
lower energies because of the large Vpg at gate 2. As a result, the device does not behave
like a forward biased Schottky junction. Opposed to this, the small non-linearity observed in
PGAD (cf. Fig. 4.24(a)) stems from an increased tunneling through the source-side Schottky
diode with increasing Vg, due to a significant reduction of the carrier density underneath
the control gate. Note that the same is true in conventional, single-gate Schottky-barrier
MOSFETSs [25]. In contrast, in the case of PGAS (cf. Fig. 4.24(b)) the quasi Fermi level
remains rather fixed by the source contact and increasing the bias yields a forward biased
Schottky junction with an exponential increase of the current. This rather undesirable
behavior strongly deteriorates, e.g., the performance of inverters made of RFETSs operated

in PGAS mode.
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Figure 4.24: Simulated n-type output characteristics using NEGF approach for
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4 Gated Schottky-Barrier MOSFETSs

It has been mentioned before that the kink formation in transfer characteristics of the
PGAS operation mode is due to a feedback of carrier loss due to Vg on the potential
redistribution of the source-side Schottky barrier. While a similar feedback is also observed
in the output characteristics of the PGAD operation mode, the sub-linear current increase
in the triode operation regime of the dual-gate Schottky-barrier MOSFET is mainly due to
a charge-mediated impact of increasing Vgs: an enhanced tunneling through the source-side
Schottky barrier is enabled by a feedback where the bands are moved to lower energies due
to a carrier loss in the channel with increasing drain-source bias.

Since each individual gate of the dual-gate Schottky-barrier MOSFET allows a flexible
tuning of the effective Schottky barrier height at the drain-channel and the source-channel
junctions, the behavior of the dual-gate Schottky barrier MOSFET could also be explained
with simulation using a single top-gate architecture as depicted in Fig. 2.9 with varying
WSy and ¥ values.
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Figure 4.25: Band profiles (solid lines) and quasi Fermi level (dashed line) in the case of
Ui = 0.5eV and ¥y = 0eV (c), ¥y = 0.2eV and ¥ = 0.5eV (d) for varying V.

Figure 4.25(a) shows conduction band profiles of a single top-gate SB-MOSFET under three
Vs values with ¥§; = 0.5e¢V and ¥§; = 0.0eV, corresponding to the PGAD operation
mode of the dual-gate SB-MOSFET. Note that only the n-type branch is presented here
for simplicity purpose, although both electron and hole injection are considered in the
simulation. A positve voltage applied at gate 2 ensures that the drain-side Schottky barrier
is made rather thin and therefore the effective Schottky barrier height ¥gs is made smaller
than ¥&g. It can be seen in Fig. 4.25(a) that the conduction band drops rather significantly
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as Vs increases. While such a behavior is often referred to as drain induced barrier lowering
(DIBL) in conventional MOSFETSs with a short channel length, the dependence of channel
potential on Vs in such a Schottky-barrier MOSFET is mediated by the charge within the
channel in the device’s ON state. As a result, this is not a consequence of short-channel
effects (SCEs) and will also appear in long channel Schottky-barrier MOSFETSs. In fact, the
channel potential is both dependent on the gate bias Vs and the drain-source bias Vg even
for a long-channel SB-MOSFET. Therefore, the impact of Vs via channel charge on the
potential distribution in the channel leads to a narrowing of the source-side Schottky barrier.
As a consequence, the tunneling through the source-side Schottky barrier is increased and

this gives rise to the sub-linear current increase in the triode operation regime of a dual-gate
SB-MOSFET as depicted in Fig. 4.22(a) and the upper panel of Fig. 4.24.

On the other hand, Fig. 4.25(b) shows conduction band profiles of a single top-gate
SB-MOSFET under three Vg, values with VS = 0.2eV and ¥, = 0.5eV, corresponding
to the PGAS operation mode of the dual-gate SB-MOSFET. A positve voltage applied at
gate 1 makes the source-side Schottky barrier more transparent and therefore Vg, < ¥ds.
While the quasi-Fermi level is almost at the same level as the drain Fermi level in the case
of PGAD (cf. Fig. 4.25(a)), the channel is almost in equilibrium with the source Fermi
level in case of PGAS as depicted in Fig. 4.25(b). In this case, a substantial portion of the
applied bias drops across the drain-side Schottky barrier. Hence, the device behaves more
like a forward-biased Schottky diode at drain and this leads to the sub-linear behavior as
depicted in Fig. 4.22(b) and the lower panel of Fig. 4.24.

4.5 Towards a linear I; — Vs behavior of SB-MOSFETSs

It has been shown in the previous section that the difference in output characteristics of the
dual-gate Schottky-barrier MOSFET could also be well explained with the simulation of a
single top-gate SB-MOSFET with varying LPS}S values. Furthermore, in addition to the
flexibility of choosing different w;g‘ , the model allows changing various other simulation
parameters to study their impact on device performance.

The sub-linear current increase in output characteristics of the triode operation regime is
a rather undesirable behavior which leads to a loss in noise margin for inverters made of
SB-MOSFETs. Up to now, it has been demonstrated that the two device operation modes
of a dual-gate SB-MOSFET have their strengths and drawbacks. The PGAS operation
mode yields an almost ideal switching behavior, however its output characteristics are
deteriorated when compared to PGAD, which exhibits improved output but less ideal
transfer characterisitics. Therefore, the PGAS operation mode is more favored for building
an amplifier (due to a larger transconductance g,,) whereas the PGAD is more suitable
for the implementation of an inverter (due to the less sub-linear Iy — Vg behavior). In
the following, simulations are performed on a single top-gate nanowire transistor to find
strategies for the optimization of SB-MOSFETS, in particular to achieve a linear Iy — Vg
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behavior.
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Figure 4.26: Simulation of a single top-gate nanowire SB-MOSFET with decreasing carrier
density. Conduction band profiles with dox = 20nm, d,,,, = 1 nm (blue) and dox = 2nm,
dyw = 10nm (red) (a). Output characteristics of the SB-MOSFET with varying dy, dox
resulting in the same screening length A (b). Note that Vi = 1.4V, ¥§; = ¥d, = 0.5V,
m* = 0.05myg, lnyp = 50nm, Vi = 1.4V and L = 60 nm are the parameters used for the
simulation.

In the case of a single-gate nanowire FET as depicted in Fig. 2.9, 1D electronic trans-
port is justified. An increase in d,, yields a reduced carrier density if a constant charge
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carrier density nip is assumed with carriers confined to the nanowire cross-section using
a particle-in-a-box approximation. As a result, the wave function spreads across the
nanowire cross-section leading to a reduction in carrier density (n(z) oc n'P/d2) for in-
creasing d,, if contributions from higher subbands of the nanowire are not taken into
account. Furthermore, in order to rule out the impact of different device parameters [37]
and to keep the transmission probability unchanged, d,, and d,, are changed leaving the
screening length A constant. To be specific, the following four devices are considered®:
1) dox = 20nm, dpy, = 1nm, 2) doxy = 10nm, dyy = 2nm, 3) doxy = 5Hnm, dy, = 4nm
and 4) doxy = 2nm, d,, = 10nm. Since a single-gate device architecture is considered,
A=, /?T‘:doxdnw = 7.58 nm in all cases. In addition, since carrier density in the channel is

proportional to the density of states which is proportional to \/m*/E for a 1D system, the
effective mass is lowered from m* = 0.2mq to m* = 0.05m¢ in order to carve out the impact
of the channel charge more clearly. Note that an increase of the effective band gap due to
carrier confinement is neglected. The simulations are carried out for NW SB-MOSFETs
with constant ¥§ = ¥y = 0.5eV. As it will be shown below, a linear Iy — Vg, behavior
can be achieved even if there is a substantial Schottky barrier present at the drain side.

Figure 4.26(b) shows output characteristics for the different d,,,, and d,, mentioned above.
It is observed that an increasing sub-linear behavior develops if d,,, decreases. The reason
for this is the increasing charge carrier density with decreasing d,,, leading to a stronger
charge-mediated impact of the potential distribution of the source-side SB with larger
Vas. In contrast, the carrier density becomes rather small in the case 4) and therefore,
substantially less impact of the charge on the potential distribution is obtained which can
also be observed in the conduction band profiles plotted in Fig. 4.26(a) by comparing the
distances between neighbouring band profiles. As a result, in the case 4), the carrier density
has become so small that linear output characteristics are obtained although a substantial
Schottky barrier at the drain end exists. It is important to note that it is not an increased
tunneling through the Schottky barrier (due to the low m*) that leads to the linear I; — Vi
behavior, as evident from the sub-linearity of the device 1), but a strongly suppressed
impact of the charge on the source-side Schottky diode. In fact, the device approaches from
case 1) towards case 4) more and more the so-called quantum capacitance limit (QCL)
[38, 25| which can be explained with the dependance of channel potential on the gate and

0?® @ — (P + Pw;
5Tt is observed in the 1-D modified Poisson’s equation () - 7(2) = (9 + Poi) = _en(x)
0z 2 €0Esi
that the potential in the middle of the channel for a long-channel device where the curvature term

82 D (x d X .
8f 2( ) is approximately zero, the position of @;(x) for a given &, depends on the ratio of dL since
X nw

N e2ntP/d?  eny e2nil do.
((I)f ((bg * (I)bl)) - €0€nw Eox dOanW B €0€ox dnw
transmission probability T through a Schottky barrier calculated using the Wentzel-Kramers-Brillouin
(WKB) approximation is proportional to e~ AVm* [25], parameters are designed in a way that doy is reduced
while d, is increased while keeping the same /doxdpnw (i-€. a constant A to ensure the same transmission
probability in all cases) in order to study the impact of the channel charge density on device behavior.

. Furthermore, given the fact that the
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4 Gated Schottky-Barrier MOSFETSs

drain bias:
cH CY
§ Prax — ox 5D, + d 0Py, (4.1
e, et o, raer e )

It is clear that the impact of drain bias is suppressed in a long-channel device where
CT is significantly smaller than C. The quantum capacitance CqD (i.e. inversion layer
capacitance) is defined as the change of the channel charge with changing surface potential
[25]:

i~ o E+ Wy — E3
C = _eaaQ—wH: = —¢? . D(E)af( J“WSS P g ~ Do ES — Wg). (4.2)
Note that the derivative of the Fermi distribution function is a delta function. Eqn. (4.2)
shows that the quantum capacitance CqD is proportional to the density of states. In the
case of a nanowire architecture, the density of states D(F) decreases with increasing
energy (i.e. D(E) o< /m*/FE for a 1D system). As a result, the oxide capacitance C5)
can be made significantly larger than C’qD by scaling down the oxide thickness d... There-
fore, the factor of the first term in Eqn. (4.1) approaches unity (i.e. CY/CY ~ 1) and
therby a one-by-one dependence of channel potential on gate bias can be achieved. In
this case, the so-called quantum capacitance limit is obtained where the position of the

band is entirely determined by the gate potential while the impact of drain bias is suppressed.

In conclusion, the operation of the single top-gate nanowire SB-MOSFET is similar to that
of the dual-gate RFET operated in PGAD (cf. Fig. 4.24(a)): First, an almost equilibrium
distribution of charge carriers is induced in the channel when Vjq is close to 0. As Vg
increases, an increased tunneling through the source-side SB which is mediated by the
impact of Vg, via carrier density on channel potential gives rise to a sub-linear behavior in
output characteristics. In this case, the channel potential is both dependent on the gate
bias Vs and the drain-source bias Vys even for a long-channel SB-MOSFET. The sub-linear
behavior can be suppressed by scaling down the size of the nanowire and the oxide thickness
to approach the quantum capacitance limit where the potential in the channel is fully
dependent on the gate bias. Indeed, it has been demonstrated experimentally that a linear
I; — Vs behavior can be achieved for highly scaled devices [130, 140, 141, 142|. For a
large Vs, charge carrier density in the channel has dropped significantly and hence the
source-side SB stays mostly unchanged for a certain gate bias even if Vs further increases,
leading to a saturation of the current. Since the operation of the dual-gate reconfigurable
transistor in PGAD mode is similar to that of a single top-gate device with a reduced
Schottky barrier height at the drain side, approaching the quantum capacitance limit could
lead to a performance improvement of the dual-gate RFET to obtain a linear Iy — Vg
behavior.
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Chapter 5

Summary and Outlook

In the present thesis, dual-gate reconfigurable FETs with wet chemically etched SINWs
and Ni silicidation are fabricated and characterized.

The top-down fabrication approach using a two-step TMAH etching yields localized silicon
nanowires with atomically flat surfaces and minimal plasma damage manufacturable with
conventional h-line contact lithography. After the fabrication of silicon nanowires with
triangular cross-section, a wet chemical treatment in 40 % NH4F could further develop
the {111} facet into a clean and atomically ordered surface. The key of this process is
to remove the dissolved oxygen in the solution which could reoxidize the surface and
induce etch pits. Next, a hydrogen annealing step at a high temperature and reduced
pressure can be optionally used to further improve the surface roughness and transform the
cross-section of the silicon nanowire from a triangle into a circle while maintaining its cross-
sectional area. In particular, a simulation tool based on the level-set method is designed
to simulate such a shape transformation process. After the silicon nanowire fabrication,
a dry oxidation step is carried out to grow gate oxide and reduce the cross-sectional size.
After removing the oxide shell in source/drain areas, nickel contacts are fabricated using a
bilayer PMMA resist, the modified e-beam evaporation setup, and lift-off. The modified
evaporation setup equipped with two permanent magnets and a hollow, metallic cylinder
allows avoiding the irradiation of electrons and ions on PMMA, yielding near perfect depo-
sition results and hence significantly improved fabrication yield and device performance.
In the end, a silicidation process is carried out to finalize the fabrication of dual-gate RFETs.

The dual-gate architecture allows operating the device in two different operation modes.
In PGAD mode, the reconfigurable FET is a Schottky-barrier MOSFET with suppressed
ambipolar behavior. The price paid for a lower off-state leakage current and more unipolar
device behavior is a larger inverse subthreshold slope. Whereas in PGAS, the RFET demon-
strates a steeper inverse subthreshold slope comparable to a state-of-the-art conventional
MOSFET. However, Vg, should be kept low to prevent leakage increase induced by the
other carrier type.
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The kink observed in transfer characteristics of the PGAD mode for p-type configura-
tion indicates that the silicide created from the one-step silicidation process at 450°C
exhibits a Fermi level close to the valance band of silicon. On the other hand, the kink in
transfer characteristics of the PGAS operation mode is due to the charge-mediated impact
of Voa on the potential distribution of the source-side Schottky-barrier.

The charge-mediated impact also has an impact on the output characteristics of the
PGAD operation mode. In this case, a sub-linear increase of the drain current as a function
of Vgs in the PGAD operation mode is observed: When Vs is increased, the charge in
the channel is strongly reduced from the equilibrium value to a value proportional to the
transmission probability through the source Schottky-barrier. In turn, the reduced charge
yields an increased gate impact and hence a larger carrier injection from source. This
results in the typical sub-linear output characteristics of SB-MOSFETSs even if the drain
Schottky-barrier is very small since the large Vpg applied at gate 2 ensures that the drain
SB is made rather thin thereby increasing the tunneling probability through it (i.e., ¥ is
reduced). On the other hand, the more pronounced sub-linearity in output characteristics
for the PGAS operation mode is due to the forward-biased Schottky-diode at the drain side.

The dual-gate reconfigurable nanowire transistor operated in PGAS is more favored for
building an amplifier due to its larger transconductance. In PGAD, it is more suitable for
the implementation of logic circuits such as an inverter due to its less sub-linear Iy — Vg
behavior compared with PGAS. The simulation using a non-equilibrium Green’s function
method reveals that a linear characteristic can be achieved in PGAD by approaching the
so-called quantum capacitance limit even if there is a substantial Schottky barrier present
at the drain side. In this limit, the charge in the channel is irrelevant and the channel
potential is solely determined by the gate bias. The quantum capacitance limit can be
reached by scaling down the oxide thickness (i.e. large C)) using a nanowire architecture

(i.e. small Cf due to D(E) o< \/m*/E for 1D transport).

Future work might include:

e incorporate the NH4F treatment and hydrogen annealing processes in device fab-
rication and compare device performance. To simplify the fabrication as much as
possible, these two processes are not employed in the present thesis. In particular,
the hydrogen annealing process could facilitate a wrap-gate or {2-gate which features
a smaller screening length, yielding an improved performance compared with the
current A-shaped gate architecture;

e carry out cryogenic measurements of the dual-gate RFET to study the transistor
behavior at low temperatures;

e carry out experiments and simulations for tri-gate RFETs;

e build simple logic circuits such as an inverter, NAND gate, etc.
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Appendix

I. Process parameters for triangular SINW fabrication

1. Starting material

| Step | Description | Tool | Parameters
specifications of the silicon-on-insulator substrate:
- diameter=12"
- top-Si=~80 nm
. : - BOX=~145nm
1 starting material - (100)-oriented
- p=13.5-22.50-cm
- doping type: boron
- doping concentration = 1x10' atoms/cm?
. 1/4 of the 12" wafer is prepared with a diamond
: diamond
2 cleaving . scratch and cleaving method, the cleavage follows
scriber .
<110> directions
HMDS 1. dehydration: 135°C, 5 min
) 2. HMDS coating: 135°C, N, bubbler, P<1 bar
: : oven/spin :
3 spin coating coater /hot 3. sample cooling: cool on cold plate for 30s
lates 4. apply AZ5214E, 3000 rpm for 30s
P 5. pre-bake @ 95°C for 90s
4 dicin Disco dice the 1/4 wafer along cleaved edges into
& DAD321 15 mmx 15 mm sample pieces
1. boiling acetone: 10 min
wet bench 2. boiling IPA: 5 min
3. DI water rinse
5 strip resist 4. Ny blow dry
(P)I);(afsonrwcilab O, plasma ashing
PRS0 - power=250W, O, flow=40 %, duration=60 min
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2. RCA-clean

| Step | Description | Tool Parameters |
. 1. piranha solution: HySO4 : HyO, = 4 : 1, 10 min
0 organics removal 2. DI water rinse 10 min
: 1. 1% HF till surface is hydrophobic
7 wet oxide removal : :
2. DI water rinse 10 min
8 organics and par- 1. SC-1: H,O : NH4OH : H,O, =5:1: 1, 10min
ticle removal RCA wet 2. DI water rinse 10 min
: benches 1. 1% HF till surface is hydrophobic
9 wet oxide removal . .
2. DI water rinse 10 min
metallic impurity 1. SC-2: H,O : HCl : H,O, =6 :1: 1, 10min
10 removal 2. DI water rinse 10 min
3. N, blow dry
3. Marker definition
| Step | Description | Tool Parameters |
HMDS 1. dehydration: 135°C, 5 min
) 2. HMDS coating: 135°C, N, bubbler, P<1 bar
: . oven/spin :
11 spin coating coater /hot 3. sample cooling: cool on cold plate for 30s
olates 4. apply AZ5214E, 3000 rpm for 30s
5. pre-bake @ 95°C for 90s
MA/BA6 1. _exposure: vacuum contact mode, 15mW/cm?,
12 | exposure (SUSS h-line (405 nm), 2
MicroTec) 2. image reversal bake @ 115°C for 2min
3. flood exposure for 10s
development:
- AZ726MIF, 36s
13 development wet bench . DI water rinse, 10 min
- Ny blow dry
14 dry etch PlasmaPro | SF=37.5sccm, Os=11sccm, P=15mTorr, RF
100 Cobra | power=20W, t=10min (target depth=2.4 um)
1. boiling acetone: 10 min
wet bench 2. boiling IPA: 5 min
3. DI water rinse
15 strip resist 4. Ny blow dry
Oxford .
Plasmalab O, plasma ashing ‘ .
PRS0 - power=250 W, O, flow=40 %, duration=60 min
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LY

Si from handle wafer

top-Si

(b)

Figure 1: Laser microscope images of sample surface after resist removal. (b) is a zoom-in view
of the area framed by dashed rectangle shown in (a).

4. Thermal nitridation

| Step | Description | Tool Parameters |
. 1. piranha solution: HySO4 : HyO, =4 : 1, 10 min

16 organics removal 2. DI water rinse 10 min

wet oxide 1. 1% HF till surface is hydrophobic
17 . .

removal 2. DI water rinse 10 min

organics and 1. SC-1: H,O : NH4OH : H,O, =5:1: 1, 10 min
18 : i .

particle removal 2. DI water rinse 10 min
19 wet oxide RCA wet 1. 1% HF till surface is hydrophobic

removal benches 2. DI water rinse 10 min

tallic i " 1. SC-2: H,O : HCl : H,O, =6 :1: 1, 10min
20 2;2\/; 'mpurity 2. DI water rinse 10 min
3. N, blow dry
et oxide 1. 1% HF till surface is hydrophobic
21 \rl\émojelll 2. DI water rinse 10 min
3. Ny blow dry

thermal Annealsys T=1050°C, NH3 flow=2000sccm, P=1bar, dura-
22 . AS-One :

nitridation 150 tion=250s
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5. Line structure patterning

| Step | Description | Tool | Parameters
. 1. dehydration: 150°C, 5min
. >pin 3. sample cooling: cool on cold plate for 30s
23 PMMA coating coater/hot 4. apply PMMA resist AR 679.02, 2000 rpm for 60's
plates 5. pre-bake @ 150°C for 5 min
e-beam exposure:
- aperture 10 um
- acceleration voltage (EHT) 20 keV
Raith  150- | - beam current ca. 32 pA
24 EBL Two - area step size (U=V) 4nm
- beam speed ~5.4mm/s
- area dose 150 1As/cm?
- dose factor 1.2
development:
25 development wet bench Z/Il:)BIE I.Pl,f'?or_lgosml - 90ml, 30s
- Ny blow dry

Figure 2: An optical microscope image of the sample surface after patterning PMMA resist.
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6. Open hardmask and 15*t TMAH etch

| Step | Description | Tool | Parameters |
26 dry etch PlasmaPro | CHF3=19sccm, Os=2sccm, P=10mTorr, RF
100 Cobra | power=10W, t=30s
. Oxford O, plasma ashing
21 strip PMMA Plasmalab | power=250W, O, flow=40 %, duration=60 min
PRS90
native oxide removal:
- 1% HF (~155)
wet bench T TPR wiore @ 80°C or 25
s etch in a mixture °C for 25s
28 | 1% TMAH etch | fume hood /| “ry 1 a1 (259 100 ml, IPA 20 ml, 80°C, magnetic
hot plate .
stirrer 200 rpm
- DI water rinse, 10 min
- Ny blow dry

& &

markers
SiN

v P

40 pm

Figure 3: An laser microscope image of the sample surface after the first TMAH etch step.
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7. Local oxidation (sidewall passivation)

| Step | Description | Tool | Parameters |
organics and par- 1. SC-1: H,O : NH4O0H : H,O, =5:1: 1, 10 min
29 i i .
ticle removal 2. DI water rinse 10 min
30 wet oxide removal | RCA wet 1. 1% HF til! surface i's hydrophobic
benches 2. DI water rinse 10 min .
metallic impurity 1. SC-2: H,O : HCl: H,O, =6 :1: 1, 10min
31 removal 2. DI water rinse 10 min
3. Ny blow dry
Annealsys | target thickness ~20 nm
32 dry oxidation AS-One - T=1100°C, Oy flow=2000sccm, P=1bar, dura-
150 tion=180s
8. 2" TMAH etch
| Step | Description | Tool | Parameters |
PlasmaPro oxynitride removal:
33 nitride 100 Cobra - SF¢=40sccm, 0y=10sccm, P=10mTorr, RF
hardmask power=20W, t=10s
removal wet bench hot H3PO, acid (85 %), 150 °C, duration=10 min
native oxide removal:
- 1% HF ~10s
R
n etch in a mixture °C for 25s
34 | 27 TMAH etch | fume hood /| "yt 5500 100 ml, IPA 20 ml, 80°C, magnetic
hot plate .
stirrer 200 rpm
- DI water rinse, 10 min
- Ny blow dry
local oxide removal:
35 BOE etch wet bench | BOE solution (7:1), ~15
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P 5

5 <110>
markers s
SINW

buried oxide /

P %  40um T @

&
Q
N

Figure 4: A laser microscope image of the sample surface after the second TMAH etch step.
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II. Other process recipes

KOH etching recipe

| Step | Description | Tool

\ Parameters

prepare 40 % KOH solution saturated with IPA:

wet bench mix 89.81 g (assay 86.1 %) KOH pellets with 100 ml
1 prepare KOH | (non-CMOS H,O, temperature rises up to ~120°C right after mix-
solution compatible) /| ing. Mix the solution with 20 ml IPA until temperature
hot plate drops to ~72°C, temperature drops to ~70°C and
keep stirring the mixture
native oxide removal:
wet bench - 1% HF ~10s
. non-CMOS - quick dump rinse in DI water
2 KOH etching gompatible) / | - etch in the prepared KOH solution @ 70°C for 60's
hot plate - DI water rinse, Ny blow dry

Bilayer PMMA patterning for lift-off

| Step | Description

| Tool \

Parameters

1 PMMA coating

spin
coater/hot
plates

dehydration: 150°C, 5 min

sample cooling: cool on cold plate for 30's

apply PMMA resist AR 639.04, 4000 rpm for 60's
pre-bake @ 150 °C for 5 min

sample cooling: cool on cold plate for 30's

apply PMMA resist AR 679.04, 4000 rpm for 60s
pre-bake @ 150 °C for 5 min

N oA W

2 EBL

Raith
150-Two

e-beam exposure for thin wires: (7.5 um aperture)
- acceleration voltage (EHT) 20 keV

- area dose 100 1As/cm?

- dose factor 1.8

- tune area step size to ensure beam speed < 10mm/s
e-beam exposure for thin wires: (120 ;m aperture)
- aperture 120 um

- acceleration voltage (EHT) 20 keV

- area dose 100 1As/cm?

- dose factor 2.8

- tune area step size to ensure beam speed < 10mm/s

3 development

wet bench

development:
- MIBK : IPA =30ml : 90ml, 425
- dip in IPA for 155, N blow dry
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Image-reversal optical lithography process with AZ5214E™

| Step | Description | Tool | Parameters

HMDS 1. dehydration: 135°C, 5min
A75014E™ oven /spin 2. HMDS coating: 135°C, N5 bubbler, P<1 bar
2 . i coater /hot 3. sample cooling: cool on cold plate for 30s
Spin coating r 4. apply AZ5214E, 3000 rpm for 30s
plates 5. pre-bake @ 95°C for 90s
MA/BAG 1. exposure: vacuum contact mode, 15mW/cm?,
3 exposure (SUSS h-line (405nm), 15
MicroTec) 2. image reversal bake @ 115°C for 2 min
3. flood exposure for t5s
development:
3 development wet bench - AZ726MIF, 36
- DI water rinse, 10 min, Ny blow dry

b " 4 =2s,t,=10s
(b)

t=3s,t,=9s t,=3s,t,=10s

(d)

Figure 5: Image-reversal lithography process with AZ5214E™ using different exposure dose. Note
that the UV lamp power is 15 mW /cm?.

101



It is worthwhile to note that AZ5214E" is a versatile photoresist that can change from
positive-tone to image reversal by performing a so-called image-reversal bake and a subse-
quent flood exposure step. This versatility is enabled by adding a small amount of base
additives, e.g. amine salts, to diazonaphthoquinone (DNQ) novolac based resists through
the process of decarboxylation [143|. The amine salts decompose at an elevated temperature
and neutralize the carboxylic acid produced during the first exposure. A flood exposure
then follows to release carboxylic acid and hence increase its solubility in developer for the
area which was covered by the mask during the first exposure. Resist patterns produced
from the image-reversal lithography feature an inwardly sloped sidewall (cf. Fig. 5(b))
which is favored for a lift-off process.

Positive optical lithography process with AZ5214E™

| Step | Description | Tool Parameters
spin coating:
HMDS 1. dehydration: 135°C, 5 min
5 AZ5214E™ oven/spin | 2. HMDS coating: 135°C, N, bubbler, P<1 bar
spin coating coater/hot | 3. sample cooling: cool on cold plate for 30s
plates 4. apply AZ5214E, 3000 rpm for 30s
5. pre-bake @ 95°C for 90s
exposure:
MA/BA6 | - 15mW/cm?
3 exposure (SUSS - h-line (405 nm)
MicroTec) | - vacuum contact mode
- duration 6's
development:
3 development wet bench | - AZ726MIF, 36s
- DI water rinse, 10 min, Ny blow dry

Figure 6: Positive lithography process with AZ5214E™.

102




Appendix

Bosch™ high aspect ratio (HAR) etching process

The Bosch™ process is an alternating sequence of SFg and octafluoro cyclobutane (C,Fg)
etching and sidewall passivation steps to create high aspect ratio structures in silicon. The
result shown in Fig. 7 is processed by two steps where the power and duration are increased
in the etching cycle of step 2 to enhance the attack of passivation layer with increasing

depth.
| Step | Description | Tool | Parameters
50 iterations of:
- deposition: 25 mTorr, 1500 W ICP, 5W HF®, -5°C
1 C4Fg: 180sccm, SF4: 10scem, 2s
Oxford ICP | - etching: 40 mTorr, 1800 W ICP, 20W HF, -5 °C
Bosch™ HAR Etcher C4Fs: 10scecm, SFg: 200 sccm, 2200 ms
etching (PlasmaPro | 80 iterations of:
100 Cobra) | - deposition: 25 mTorr, 1500 W ICP, 5W HF, -5°C
2 C4Fg: 180sccm, SF4: 10scem, 2s

- etching: 40 mTorr, 1800 W ICP, 256 W HF, -5 °C
C4Fg: 10scem, SFg: 200 scecm, 2300 ms

step 1 {

step 2 {

—>>

Figure 7: Cross-sectional scanning electron micrograph of a grating structure etched by the
Bosch™ process. A close-up of the sidewall shows typical scallops of the Bosch™ etching process.

5Note that the ‘HF' here differs from the abbreviation for “hydrofluoric acid”, it refers to the radio frequency
(13.56 MHz) power of an RF generator.
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III. Evaporation of other materials

Evaporation and potential measurements are also carried out for a variety of other ma-
terials using the magnets/cylindrical electrode setup depicted in Fig. 3.23 at a moderate
evaporation rate of ~1 A /s. Left panels in Fig. 8 show cross-sectional scanning electron
micrographs of the evaporation results and the right panels show their corresponding poten-
tial measurements as well as other deposition parameters. It is clear that the resist profile
remains intact after the evaporation, which facilitates solvent attack from the undeposited
inwardly tapered sidewalls.

Potential measurements on a passive cylindrical electrode” reveal that almost all ma-
terials exhibit an ‘M’-shaped potential profile like the case for Pt as depicted in Fig. 3.25.
Moreover, the maximum potential measured is found to be strongly correlated with the
atomic number of the material due to an increased backscattering of the electron beam
from the target material. For some of the materials, e.g. Si, Hf, TiO,, and Al;Og, the
measured potential further increases or reaches a plateau with increasing evaporation rate.
This can be explained with different ionization degrees for different materials. However,
for most of the tested materials, a potential drop is observed during the switching of the
shutter after reaching the desired evaporation rate.

In conclusion, despite the difference in material properties, the modified evaporation
setup equipped with magnets and the passive cylindrical electrode using a moderate evapo-
ration rate (~1A/s) is very effective in avoiding any irradiation with charged particles,
yielding an almost ideal evaporation scheme for a variety of materials commonly used in
micro- and nanofabrication.

(b) i — 1R
8 {1.4E-5
N 08 112E-5_
: > " 5loe]ies £
a-Si =4 =3 E
o = o]n,8{8E-6 @
. bilayer s ) 0551042 5
; S 2 Pl S{6E6 &
. PMMA g {0.25 £
: 0l {4E-6
c-Si 0 10 {12E-6

11 25 42 42 50 42 30 16
Beam current (mA)

"Magnets are also used in this measurement setup as indicated in Fig. 3.23. Note that the beam current
is changed in steps of ~5mA during the beam ramp up/down with a stabilization time of ~30s-45s.
Therefore, the z-axis can also be interpreted as a time axis. It is observed that the measured potential
value is dependent on the position of the beam spot and whether wobbling is used. Therefore, the potential
measurements are carried out with a static spot centered at the crucible regardless of the material used.
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Figure 8: Evaporation results and potential measurements of some other commonly used
materials in micro- and nanofabrication using the modified setup with magnets and a
passive cylindrical electrode at an evaporation rate of 1 A /s for amorphous Si (a)-(b), TiO,

(¢)-(d), Co (e)-(f), Hf (g)-(h), Au (i)-(j)-

105



IV. Third-order TVD Runge-Kutta scheme

Instead of updating ¢ with the conventional first-order finite difference method, the applica-
tion of the third-order total-variation-diminishing (TVD) Runge-Kutta time discretization
scheme offers good shock transitions and a higher numerical approximation accuracy in
smooth regions [84]. The level-set equation for surface diffusion is rewritten as:

d¢ d¢

— 4+ (Ask|Vo| = — + L(¢) = 0. 1

0 AVl = 9 4 L(9) (1)
The third-order TVD Runge-Kutta scheme approximates the level-set equation by surface

diffusion Eqn. (1) as follows:
o) = o" + ALL ("),

6@ = ¢ 4 iAt [L (&™) +L(eM)],

P ="+ éAt [L(¢") + L (¢) +4L (¢@)] . (2)
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V. Surface density of silicon atoms

Silicon belongs to group IV in the periodic table and it has a diamond crystal structure.
The surface density of atoms is important, e.g., for determining how another material such
as an insulator, will “fit”” on the surface of a semiconductor material [144]. In addition,
surface atoms provide the so-called ‘‘dangling bonds’ that play an important role for the
functionality of MOSFETSs [25].

(a) (b)

Figure 9: Silicon atoms in a unit cell of the diamond structure cut by the (110) plane (a),
by the (100) plane (b), and by the (111) plane (c).

Figure 9 shows how the silicon atoms in a unit cell is cut by the (110), (100), and (111)
planes, respectively. The lattice constant of the unit cell is m =5.43 A. The surface density
of silicon atoms on the (110) plane as depicted in Fig. 9(a) is calculated as follows: the
atom at each corner of the rectangle (framed in cyan) is shared by four equivalent lattice
planes. Therefore, each corner atom contributes 1/4 of its area to the (110) lattice plane.
Similarily, each silicon atom at one side of the rectangle contributes 1/2 of its area and
the remaining two silicon atoms inside the rectangle completely belong to the (110) lattice
plane. The surface density of silicon atoms on the (110) lattice plane is then

1 1
1, (110) number of atoms per lattice plane _ 4 x 1 +2 X 3 +2

S =

atoms
~ 9.6 x 10" ——
area of lattice plane V2m?2 cm?

. (3)

The surface density of atoms for a (100) plane is calculated as

1
4x-+4+1
(100) 4 N atoms
ns = T ~ 6.8 X 1014 W (4)

Similarily, the surface density of atoms for a (111) plane is calculated as

1 |
n{tY = MR 7.8 x 101 2O,
S \/g cm2

vy
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VI. Oxidation of triangular silicon Nanowires

The cross-sectional scanning electron micrograph of the triangular silicon nanowire after
oxidation is not shown in section 4.2. To further elaborate on the strain-induced oxidation
behavior, V-groove structures are patterned with TMAH etching and a subsequent dry
oxidation process is carried out at 1000°C (800 mbar, 2000sccm Oq flow rate). The
handstanding triangular silicon nanowire is formed due to slight over-etching of the SiN
hardmask. Therefore, part of the silicon underneath the SiN hardmask is attacked and
a sandglass-shaped structure bounded by four {111} planes is formed after the TMAH
etching as indicated by the black solid lines depicted in Fig. 10(a). The left part of the
V-groove displayed in Fig. 10(a) shows oxygen diffusion through the silicon-nitride interface,
forming the so-called ‘‘bird’s beak’ and leading to an up-bending of the SiN hardmask. The
close-up of silicon nanowire area (framed by white dashed rectangle) in Fig. 10(b) shows
how compressive strain in concave corners in combination with oxygen diffusion through
the silicon-nitride interface leads to the formation of a silicon nanowire with quasi-circular
cross-section.

bird's & |
beak

100 nm

(a) (b)

Figure 10: Oxidation of a handstanding triangular silicon nanowire. The solid line in black
color in (a) indicates the initial shape after TMAH etching and a close-up of the silicon
nanowire area is shown in (b).
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Appendix

VII. Reduction of line edge roughness

The line edge roughness of resist patterns from a lithography process could be transferred
to the layer beneath via subsequent etching steps. This is often undesirable since a rough
surface could lead to deteriorated device performance. For example, charge carriers flow at
the oxide/silicon interface in a field-effect transistor, a rough surface would hence lead to
a degradation in charge carrier mobility. In the present thesis, a short treatment in O,
plasma and a hardbake of resist pattern are carried out to reduce the line edge roughness
prior to a subsequent SFg/O2 dry etching process as depicted in Fig. 11. It is clear that
the etched surface still demonstrate certain roughness (see Fig. 11(a)-(b)) even after 10 min
of O5 plasma treatment. However, a smooth etched surface could be obtained as depicted
in Fig. 11(c)-(d) if a hardbake of the resist pattern at 150 °C for 5min is carried out in
combination with a short O plasma treatment.

AVAYAEIY
Si

(b)

smooth

VAYATAD

Si

400 nm

(© (d)

Figure 11: Plasma etching of line structures using SFg/Oy gas mixture. Etched sidewall
exhibits a rough surface that is transferred from the resist mask even after 10 min of O,
plasma treatment (a) and (b). A combination of Oy plasma treatment and resist reflow
bake prior to the silicon dry etching process leads to a very smooth etched sidewall (b).
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VIII. NH,F treatment of {111} surfaces

It has been mentioned in section 3.1 that both {111} and {100} surfaces after TMAH
etching are atomically flat although the surface roughness of {111} facets is slightly larger
than that for {100}. Since charge carriers flow at the oxide-silicon interface in a field-effect
transistor, surface roughness plays an important role in device performance, in particular
the surface mobility of charge carriers [65, 66]. In order to further improve the quality of
{111} surfaces, an aqueous NH,F etching process can be employed [145, 146, 147, 148, 149].
It is well known that Si{111} prepared by standard HF solutions are atomically rough
[148]. Higashi et al. [148| found that increasing the pH value of an aqueous NH4F solution
could produce ideally terminated {111} silicon surfaces that are microscopically smooth.
An established model for silicon etching in such a solution is presented in Ref. [150].

200nm
T

(a) Sample 1 (b) Sample 2 (c) Sample 3

Figure 12: Atomic force microscopy images of {111} oriented silicon substrate treated by
different solutions. Standard 1% HF solution delivers an atomically rough surface (a). Etch
results in an oxygen free 40 % NH4F solution for 15min (b) and 30 min (c).

In the present thesis, similar experiments are carried out to confirm the effectiveness of this
technique. To this end, <111>-oriented silicon substrates with a miscut of £0.5° are used
as starting material. After a standard cleaning procedure, etching in a NH,F-based solution
is carried out. the pH value of the solution is tuned to 9.45 (18.9°C) by mixing NH,F
with ammonia solution. Furthermore, the oxygen dissolved in the solution is removed by
adding (NH4)2SO3. In addition, the beaker is kept in a nitrogen ambient to prevent further
dissolution of oxygen. After the wet chemical treatment, samples are sealed in a bag filled
with nitrogen and surface probing with AFM is carried out without delay.

Figure 12 shows atomic force microscopy images of three samples treated under different
conditions as depicted in the table shown below. It is observed from the reference sample
shown in Fig. 12(a) that the surface prepared using a 1% HF solution is atomically rough.
A treatment in oxygen-free solution with its pH value tuned to approximately 9.45 yields
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Appendix

an atomically flat surface with terraces (15min) and hillocks (30 min) as depicted in (b)
and (c), respectively. The atomic steps are formed to correct the misorientation of the
{111}-oriented wafer from the {111} surface. The hillock growth is due to the retardation
of flat terraces [149].

- <111>-oriented silicon substrate

- miscut <111>40.5°

1 starting material - prime grade, Czochralski-grown

- p—type, boron doped, p =5 — 10 2cm

- single-side polished

please refer to Appendix I for details (wet SC-2
oxide is not stripped)

1. 1% HF dip, until surface becomes hydrophobic
2. DI water rinse, Ny blow dry

1. (NHy4)2SO3:NH,F:ammonia=5ml:100 m1:10 ml,
3.2 | sample 2 15min

2. DI water rinse, Ny blow dry

1. (NH4)2SO3:NH4F:ammonia=5 ml:100 ml:10 ml,
3.3 | sample 3 30min

2. DI water rinse, Ny blow dry

2 RCA-clean

3.1 sample 1

In conclusion, it has been demonstrated that an oxygen-free, pH-modified 40 % NH4F
solution could deliver an ultraclean and atomically ordered (111) surface in good agreement
with literature results [149]. Compared with an hydrogen annealing process, which is an
essential step prior to silicon epitaxy to remove native/wet oxide and deliver an atomically
ordered seed layer for subsequent growth, NH4F solution allows preparing such an ideal
surface at room temperature. The key of this process is to remove the dissolved oxygen in
the solution and to tune the pH value to 9-10 [149, 151, 152].
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IX. Used chemicals

’ Chemical ‘ Concentration ‘ Manufacturer ‘ Comments
BOE 7:1 Technic" France HF P NHF = 125+ 87.5%
with surfactant

TMAH 25 % Technic™ France
KOH 86.9 % VWR" in pellet form
H,SO, 96 % Technic” France
H50, 30.5 % Technic™ France
HF 1% Technic” France | VLSI grade
NH,OH 28-30 % Technic” France
HC1 37% Technic” France
H;PO, 86 % Technic” France
AZ5214E" Merck "
AZT726MIF" 2.38% TMAH | Merck " with surfactant
DMSO Technic France | TechniStrip” Micro D350
AR-P 679" 4% Allresist” GmbH | AR679.04, 950k
AR-P 639" 4% Allresist” GmbH | AR639.04, 50k
AR-P 679" 2% Allresist” GmbH | AR679.02, 950k
MIBK Technic” France
acetone Microchemicals”

GmbH
isopropyl alcohol Microchemicals™
(IPA) GmbH
NH,F 40 % J.T. Baker
(NH4)2S03 35 % Sigma-Aldrich” | ammonium sulphite
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